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Abstracts

5042
VARIATIONS OF CHEMICAL COMPOSITION OF MATRICES OF
CARBONACEOUS CHONDRITES 
K. Abe1, N. Sakamoto2, H. Kojima3, A. N. Krot4 and H. Yurimoto1,2.
1Department of Natural History Sciences, Hokkaido University, Sapporo
060-0810, Japan. E-mail: abeken@ep.sci. hokudai.ac.jp, 2Isotope Imaging
Laboratory, Creative Research Institution Sousei, Hokkaido University,
Sapporo, 001-0021, Japan, 3Antarctic Meteorite Research Center, National
Institute of Polar Research, Itabashi, Tokyo 173–8515, Japan, 4Hawai’i
Institute of Geophysics and Planetology, School of Ocean and Earth Science
and Technology, University of Hawai’i at Mãnoa, Honolulu, HI 96822, USA.

Introduction: Acfer 094, classified in ungrouped carbonaceous
chondrite, is believed to one of the most primitive meteorites. This meteorite
contains highly abundance of presolar grains [1] and cosmic symplectite
(COS) [2] in the matrix. The COS has not been discovered in other
carbonaceous chondrite [3]. The uniqueness of Acfer 094 may be appeared in
chemical characteristics of the matrix. In this report, we observed variations
of chemical composition of fine grains (<~µm) in matrices of various
carbonaceous chondrites to compare with Acfer 094.

Experimental: We prepared polished thin section of 20 carbonaceous
chondrite in this study: C-ung.: Acfer 094; CI: Y-980115, Y-980134; CM:
Murchison, Y-980050, Y-980070, Y-980085, Y-980086, Y-980093, Y-
980094; CV: Allende, Vigarano, Y-980010, Y-980011; CR: Acfer 209, NWA
530, Renazzo; CO: ALHA77307, Colony, Y-81025. The matrices were
analyzed by X-ray elemental mapping using an energy dispersive X-ray
spectrometer (Oxford INCA Energy) attached on a field-emission type
scanning electron microprobe (JEOL JSM-7000F). X-ray elemental maps
were prepared for one or two regions of 45 × 60 µm2 matrix area for each thin
section. The X-ray maps were acquired by 15 kV electron probe with 10nA
beam current and composed by of 0.2 µm pixels. Calculations of chemical
compositions from X-ray spectra were performed by a commercial
application “INCA Quant map”.

Results and Discussion: Al, S and Ca contents of fine-grained matrix
minerals less than ~µm are highly variable in average composition among the
carbonaceous chondrite groups. The Acfer 094 matrix has ratios of S/Al
(~2.5) and Ca/Al (~1.5), whereas matrices of most chondrite groups have
lesser ratios comparing with those of Acfer 094. S/Al ratios of CM chondrites
are comparable with those of Acfer 094, but the Ca/Al ratios are much
smaller than of Acfer 094. On the other hand, Ca/Al ratios of CR chondrites
are comparable with those of Acfer 094, but the S/Al ratios are smaller.
Therefore, distinctive chemical characteristics for Al, S and Ca contents are
appeared in Acfer 094 matrix comparing with other carbonaceous chondrites,
although bulk composition of Acfer 094 is similar to CM chondrite [4, 5].
Because dark inclusions of Acfer 094 show smaller ratios of S/Al and Ca/Al
than the matrix, the variations of Al, S and Ca compositions may result from
micro scale elemental redistribution by aqueous and thermal metamorphism.
This approach may be useful to classification of chondrite matrix to identify
the pristine nature. 

References: [1] Newton J. et al. 1995. Meteoritics 30:47–56. [2]
Sakamoto N. et al. 2007. Science 317:231–233. [3] Abe K. et al. 2008. LPSC
XXXIX, Abstract #1509. [4] Wlotzka F. 1991. Meteoritics 26:255–262. [5]
Spettel B. et al. 1992. Meteoritics 27:290–291.

5181
MASS INDEPENDENT ISOTOPE FRACTIONATION OF
MOLECULAR OXYGEN DURING ELECTRON IONIZATION
O. Abe1, M. Ozima, A. Yamada2. 1Nagoya University. E-mail:
osamu.abe@nagoya-u.jp. 2University of Tokyo.

Introduction: It is theoretically demonstrated that almost all of isotope
fractionations, which occur during both chemical reactions in
thermodynamically equilibrium systems and kinetic processes (e.g.,
evaporation, condensation, adsorption and so on), can be described as simple
equations in connection with mass differences between isotopes (mass
dependent isotope fractionation, MDF). On the other hand, evidences of mass
independent isotope fractionation (MIF) have been found in oxygen three
isotopic composition of CAI chondrites and/or photochemical ozone
formation and dissociation processes at the Earth’s stratosphere. In MIFs,
reaction rates should be equal among isotopologues (e.g., among 16O16O,
17O16O and 18O16O), so changes in isotopic composition will be plotted along
1:1 line on the δ-δ diagram. MIF processes are one of the most active research
topics both in theoretical and experimental earth-planetary sciences.

Anomalous Isotope Shifts Observed in Mass Spectrometry:
Recently, Abe and Yoshida [1] reported anomalous results during “normal”
oxygen gas sample analyses. They measured three-isotope composition of
oxygen gas mixed with nitrogen or argon gases. They found that 1) oxygen
isotopic composition (δ18O and δ17O) increased with increasing N2 or Ar
mixing rates although identical O2 gas was used, 2) Ar-mixed O2 showed
more isotopic enrichments than N2-mixed one, and 3) δ18O and δ17O
variations did not obey MDF relation [d(δ17O)/d(δ18O)�0.5]. Almost
simultaneously, Barkan and Luz [2] also showed similar results using O2-Ar
mixture. 

Main purposes of both studies were to suggest the necessity of
correcting raw isotope data in connection with their mixing rates when one
measured oxygen three isotopic composition as a mixture form, so they did
not argue the possibility of MIF processes in the mass spectrometer. 

Purpose of This Study: To discuss the possibility of MIF processes
during the electron ionization in the mass spectrometer [3] with following
experimental procedures; 1) to determine the abundance and isotope ratios of
fragment ions of oxygen, 2) to determine the influence of doubly-charged
ions of oxygen molecule to the fragment ion analysis, and 3) to use other
interfering gases (He and Ne) in addition to N2 and Ar and determine their
apparent effects on oxygen isotope ratios. 

References: [1] Abe O. and Yoshida N. 2003. Rapid Commun. Mass
Spectrom. 17:395–400. [2] Barkan E. and Luz B. 2003. Rapid Commun.
Mass Spectrom. 17:2809–2814. [3] Griffith K. S. and Gellene G. I. 1992. J.
Chemical Geology 96:4403–4411.
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5177
IRON SULFIDE FORMATION IN ASTROPHYSICAL
ENVIRONMENTS: EXPERIMENTALLY PRODUCED SULFUR-
BEARING SILICATE SMOKES 
N. M. Abreu1 and J. A. III Nuth2. 1Pennsylvania State University DuBois
Campus. nma12@psu.edu. 2Astrochemistry Laboratory—Goddard Space
Flight Center.

Introduction: Nanophase Fe-sulfides in association with amorphous
silicates are ubiquitous components of the matrices of the most primitive
carbonaceous chondrites [1, 2], chondritic interplanetary dust particles [3–5],
and samples from Comet 81P/Wild 2 [6,7]. Furthermore, observations of the
outer disks of young stellar objects suggest that sulfides may be the primary
reservoirs for S [e.g., 8]. However, the mechanism by which these sulfides
formed is unclear. Three different scenarios for sulfide formation in nebular
environments have been proposed: (1) nebular sulfidization of pre-existing
metallic Fe precursors [9]; (2) formation by annealing during chondrule
formation events [2]; and (3) direct condensation during cooling of a parcel
of nebular material under disequilibrium conditions [2]. We have initiated an
experimental study to test the third hypothesis.

Experimental Protocol and Results: Five different experimental runs
were carried out by vaporizing solid S in a H2 atmosphere and exposing it to
Fe-carbonyl, silane, and O gas streams in a dust generator flow apparatus
under a range of temperatures (175–340 °C) and Fe:Si:O (60:30:30, 50:20:
40, 50:20:20) ratios. Samples were ground into a powder, suspended in
isopropyl alcohol, and dispersed by sonication. Droplets from the resulting
solutions were deposited onto holey C-grids for transmission electron
microscopy (TEM) examination. High-resolution TEM and energy
dispersive spectroscopy (EDX) revealed that these samples are texturally
heterogeneous, non-stoichiometric, low-density, amorphous condensates
containing Fe, Si, O, and S in variable proportions. Sulfur contents of these
smokes was generally very low (≤5 element wt%). No systematic spatial
correlations have been observed among the different elemental abundances.
No crystalline phases have been identified. 

Discussion: Our observations suggest that direct condensation of
crystalline Fe-sulfides may not occur under the experimental conditions
described above. There are several possible explanations for this result. First,
insufficient mixing between stagnant S vapor and gas streams may have
precluded the formation of sulfides. Low S content observed in most regions
of the samples may be attributable to limited mixing. Subsequent studies will
substitute vaporized S for a H2S stream in an effort to facilitate gas-phase
reactions. Alternatively, low S content may be a matrix-effect artifact of EDX
analysis. Finally, it is also possible that Fe-sulfides may form by processing
of this or other nebular phases, as suggested by hypotheses (1) and (2). These
scenarios will be evaluated in forthcoming studies. 

References: [1] Brearley A. J. 1993. Geochimica et Cosmochimica
Acta 57:1521–1550. [2] Abreu N. M. and Brearley A. Forthcoming.
Geochimica et Cosmochimica Acta. [3] Zolensky M. E. and Thomas K. L.
1995. Geochimica et Cosmochimica Acta 59:4707–4712. [4] Rietmeijer F.
J. M. 1998. In Planetary materials. Reviews of Mineralogy. pp. 2-1–2-95.
[5] Leroux H. et al. 2008. Meteoritics & Planetary Science 43:1–24. [6]
Zolensky M. E. et al. 2006. Science 314:1735–1739. [7] Dutrey A. et al.
1997. Astronomy & Astrophysics 317:L55–L58. [8] Keller L. P. et al.
2002. Nature 417:148–150. [9] Lauretta D. S. et al. 1998. Meteoritics &
Planetary Science 33:821–833.

5446
CHEMICAL CONSEQUENCES OF THE FORMATION OF OPAQUE
ASSEMBLAGES ON THE MATRIX OF CR2 GRA 06100 
N. M. Abreu and G. L. Stanek. Pennsylvania State University—DuBois
Campus. E-mail: nma12@psu.edu.

Introduction: Several studies have contributed to our understanding of
the record of alteration of CR chondrites [e.g., 1–5]. However, recent
observations of CR2 GRA 06100 suggest that hydration of the CR parent
body was a more diverse process than previously anticipated [6]. [6]
observed that Fe,Ni metal in this meteorite was invariably and extensively
altered to form complex assemblages containing Ni-bearing Fe-oxyhydrates,
Fe-sulfides, partially oxidized Fe-sulfides, and in some cases relic metal.
Here, we use EMPA and TEM to assess the effect that alteration of Fe,Ni
metal grains has on the chemistry and mineralogy of the fine-grained
materials in GRA 06100. 

Results: Texturally, no distinct boundaries between fine-grained
materials and chondrules are observed. Furthermore, typical CR2 matrix
secondary assemblages [1, 2], containing framboidal magnetite and calcite
are not observed. However, individual magnetite grains were identified.
Multiple regions of matrix were analyzed by EPMA for 13 elements (Na, Mg,
Al, Si, P, S, K, Ca, Fe, and Ni) using a 10 µm beam. Fine-grained regions in
GRA 06100 are significantly more Fe-rich than the matrices of CR1 GRO
95577 [4] and moderately altered CR2 chondrites Renazzo [1, 2]. Iron
contents are comparable to weakly altered CR2 chondrites [5]. The average
elemental abundance patterns are indistinguishable from other CR chondrite
matrices. TEM observations reveal that the fine-grained materials are highly
porous. In contrast with weakly altered CR2 chondrites where phyllosilicates
are relatively rare, GRA 06100 matrix is dominated by phyllosilicates with
basal spacings ranging from 14–17Å in association with rounded Fe-oxides,
up to 100s of nm in diameter. 

Discussion: [3] and [5] have argued that aqueous alteration of CR
chondrites results in progressive decrease in the Fe content of the matrix,
formation of rounded and framboidal magnetite, and the development of
phyllosilicates. In this scenario, decrease in Fe content from the fine-grained
materials is attributed to preferential incorporation of Fe into magnetite.
Observations presented above indicate although GRA 06100 primary fine-
grained materials were altered to form phyllosilicates, Fe contents remained
high. Influx of Fe from hydrated metal probably played a key role in the
alteration of the fine-grained materials in GRA 06100, potentially
maintaining elevated Fe contents in phyllosilicates as magnetite continued to
form. Finally, TEM textures described above are reminiscent of those
observed in hydrated and thermally altered chondrites described by [7]. [7]
argued that the high porosity and large phyllosilicates basal spacings resulted
from heating previously hydrated serpentine-saponite rich matrices. We
suggest that GRA 06100 underwent a similar process. 

References: [1] Weisberg M. K. et al. 1993. Geochimica et
Cosmochimica Acta 57:1567–1586. [2] Zolensky M. E. et al. 1993.
Geochimica et Cosmochimica Acta 57:3123–3148. [3] Kallemeyn G. W.
et al. 1994. Geochimica et Cosmochimica Acta 58:2873–2888. [4]
Weisberg M. K. and Huber H. 2007. Meteoritics & Planetary Science 42:
1495–1503. [5] Abreu N. M. and Brearley A. J. 2008. Abstract # 2013.
39th LPSC. [6] Abreu N. M. and Stanek G. L. 2009. Abstract # 2393. 40th
LPSC. [7] Akai J. 1990. 14th Symposium on Antarctic Meteorites.
Proceedings of the NIPR Symposium. pp. 55.
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BULK OXYGEN-ISOTOPE COMPOSITIONS OF EQUILIBRATED
ORDINARY CHONDRITE FALLS USING CO2 LASER-BRF5
FLUORINATION TECHNIQUE 
I. Ahn1,2, B.-G. Choi1, C. K. Park1, J. I. Lee2, J. T. Wasson3, 1Earth Sci. Ed.
Seoul National Univ., Seoul, Korea, 151–748. E-mail: breeze94@kopri.re.kr,
2Korea Polar Research Institute, Incheon, 406-840, Korea, 3IGPP, UCLA,
Los Angeles, CA 90095, USA.

We measured O-isotopic compositions of equilibrated ordinary
chondrites (EOCs) using the CO2 laser-BrF5 fluorination technique at Korea
Polar Research Institute. Fifty one EOC falls from UCLA collections were
selected for this study. About 30–50 mg from each chondrite was gently
crushed using agate mortar and pestle. About 2 mm-size fragment each was
used to make polished thick sections. We observed terrestrial weathering
products in 5 EOCs. Their O-isotope compositions differ (higher in δ18O and
lower in ∆17O) from those of the others, also indicating that terrestrial
contamination. Thus we discuss only the 46 fresh EOCs: 10 H, 17 L, 4 L/LL
and 15 LL chondrites.

Three or more samples, each about 2-mg of non-magnetic fractions
washed with dilute acid were analyzed using the analytical procedures similar
to those described in [1].

Results are generally similar to [2] but differ in details. The highlights
of the observations follow: (1) our data define a much sharper mixing trend
than those of [2]. Variation of δ18O at a given ∆17O is small in the low ∆17O
end (H-group) and becomes larger in high ∆17O end (LL-group). It is
plausible that the correlated changes in O-isotopic composition and degree of
oxidation of OCs is related, possibly because the oxidizing agent and the high
∆17O materials were in the same water-bearing nebular component [3,4]. It
seems possible that the spread in δ18O at constant ∆17O is related to the partial
loss of this component during thermal metamorphism. If we ignore six type-
4 LLs and two L/LLs with high δ18O (>5‰) the other 38 EOCs form a well
defined linear array with a slope close to unity. The line intersects with
CCAM line [5] at δ18O ≈ ∆17O ≈ −50‰. This is further evidence that the O-
isotopic composition of chondritic matter was largely controlled by mixing of
two reservoirs that fall along the slope-1 line differing greatly in their 17O
values. (2) Our L and LL data are marginally separated but our L/LL data
scatter widely; we assume that the latter is a stochastic effect. (3) There are
correlations between ∆17O values and some bulk volatiles and siderophiles
[6]; e.g., positively with Ga and Zn, negatively with As, Au, Ir and Os. (4) A
positive correlation between Co in kamacite and fayalite contents (fa) of OCs
has been known [7]. The high-Co (>100 mg/g) and high-fa (>31 mol.%) LL
members generally have higher ∆17O values. They have low contents of
metallic iron and are the most oxidized LL chondrites.

References: [1] Kusakabe M. et al. 2004. Journal of the Mass
Spectrometry Society of Japan 52:205–212. [2] Clayton R. N. et al.
1991. Geochimica et Cosmochimica Acta 55:2317–2337. [3] McSween
H. Y. and Labotka T. C. 1993. Geochimica et Cosmochimica Acta 57:
1105–1114. [4] Wasson J. W. 2000. Reviews in Geophysics 38:491–512.
[5] Clayton R. N and Mayeda T. K. 1999. Geochimica et Cosmochimica
Acta 63:2089–2104. [6] Kallemeyn G. W. et al. 1989. Geochimica et
Cosmochimica Acta 53:2747–2767. [7] Rubin A. E. 1990. Geochimica
et Cosmochimica Acta 54:1217–1232.

5363
ZIRCONIUM ISOTOPE HETEROGENEITIES IN THE SOLAR
SYSTEM
W. M. Akram1, M. Schönbächler1, H. M. Williams2, A. N. Halliday2.
1SEAES, The University of Manchester, M13 9PL. E-mail:
waheed.akram@physics.org. 2Department of Earth Sciences, University of
Oxford, Oxford OX1 4BH, UK. 

Introduction: Evidence for isotopic anomalies in bulk carbonaceous
chondrites relative to other meteorites, the moon and Earth have recently
been reported for several elements (Sm, Nd, Ba, Ti and Cr[1, 2, 3]). The
nature of these heterogeneities is not very well understood. The isotopic
composition of Zr mainly reflects a mixture of different s- and r-process
nucleosynthetic components. The s-process is capable of producing 90Zr,
91Zr, 92Zr and 94Zr, while 96Zr needs higher neutron fluxes, making the r-
process a more likely mechanism for producing most of 96Zr. Earlier work
on bulk samples showed that the Zr isotope compositions of various solar
system materials (e.g., chondrites, eucrites, moon and Earth) do not vary
outside of the analytical uncertainty and concluded that Zr isotopes were
distributed evenly in the solar system at the bulk rock and larger scale.
However, studies of bulk carbonaceous chondrites hinted at a potential
enrichment in 96Zr/90Zr compared to Earth [4]. Such anomalies would be
indicative of a nucleosynthetic heterogeneity in the solar nebula,
characteristic of incomplete mixing of gas and dust. In the present study, we
improved the analytical uncertainty of Zr isotope measurements using a Nu
Plasma MC-ICPMS. 

Analytical Technique and Results: All five Zr isotopes were analyzed
simultaneously and the instrumental mass fractionation corrected using the
exponential law relative to 94Zr/90Zr. Molybdenum and Ru corrections were
applied to account for isobaric interferences on 96Zr (and 94Zr, 92Zr for Mo).
Samples were measured using sample-standard bracketing. The Zr isotope
compositions are given in epsilon relative to a Zr standard solution acquired
from Alfa Aesar. The previously reported analytical uncertainty [4, 5] was
significantly improved by measuring Zr solutions at higher ion beams (~9 ×
10−11 A for 90Zr). This yielded an external reproducibility (2 sd) of ~
±18 ppm, ±20 ppm and ±50 ppm for 91Zr/90Zr, 92Zr/90Zr and 96Zr/90Zr,
respectively, which represents an improvement of more than a factor of two
compared to previous results for 96Zr/90Zr. We report high precision Zr data
for four zircons from Jack Hills (Australia), a lunar whole rock sample
(15555) and ilmenite separated from 70035. All measured ε(96Zr/90Zr)
values are found to be identical within the analytical uncertainty. However,
these measurements are different from the previously reported value for the
carbonaceous chondrite Allende (ε(96Zr/90Zr) = 1.00 ± 0.82) [5]. Thus, there
are indications of non-uniformity in the isotopic composition of 96Zr between
the primitive meteorites and the spectrum of terrestrial and lunar material.
Similar heterogeneities in carbonaceous chondrites showing a r-process
component have also been reported for Ba isotopes [1], while Sm and Nd
heterogeneities are restricted to isotopes formed by the p-process only,
suggesting different r-process sources for Zr/Ba and Sm/Nd, respectively. We
will also discuss new results for carbonaceous chondrites.

References: [1] Andreasen R. and Sharma. M. 2007. The
Astrophysical Journal 665:874–883. [2] Trinquier. A. et al. 2009. Science
324:374–376. [3] Leya I. et al. 2008. Earth and Planetary Science Letters
266:233–244. [4] Schönbächler M. et al. 2003. Earth and Planetary
Science Letters 216:467–481. [5] Schönbächler M. et al. 2004. The Analyst
129:32–37.
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METAL AND SULFIDES IN EUCRITES AND DIOGENITES
O. Alard1 and M. Gounelle. 1Geoscience Montpellier, UMR 5243 CNRS,
Université de Montpellier II, France, oalard@gm.univ-montp2.fr.

Introduction: Fe-Ni metal and sulfides are common accessory
minerals in eucrites and diogenites. We have investigated the occurrence,
mineralogy and composition of these phases in 4 eucrites (EET-92023,
Petersburg, Stannern, Camel Donga, hereafter CD) and in two diogenites
(Johnstown and Tatahouine). In addition to conventional techniques (SEM,
EMP), LA-ICP-MS was used to specifically measure the highly siderophile
elements (HSE) abundances of sulfides and Fe-Ni metal [1,2].

Results: In eucrites, except for CD, Fe-Ni Metal (kamacite- tetra-
taenite ± taenite) is associated with troilite. In diogenites, troilite is associated
with pentlandite and Cu-rich sulfide as previously described by [3]. HSE
abundances are extremely variable from sample to sample and between
phases. For instance Fe-Ni metal has high Os and Ir abundances ((Os)N≈ 15;
N, Chondrite CI1 normalized) in EET-92023. The normalized HSE pattern
shows a slight negative slope toward Pd and Re ((Re)N ≈ 10), while Au and
Ag are much more depleted relative to Ir ((Au/Ir)N<0.5, (Ag/Ir)N<0.01). The
coexisting troilite shows an inverse HSE pattern, with low Os and Ir content
(e.g. (Os)N < 0.1), positive slope toward Pd ((Pd)N > 0.1) and extreme Au and
Ag enrichment ((Au/Ir)N > 10). These two types of complementary patterns
are found in all eucrites and diogenites (except Stannern), including CD
which contains only Ni-poor metal. This suggests that part of the metal is due
to desulfidation of preexisting troilite in CD, as suggested by [4]. 

Overall the high abundance of HSE in metal (±sulfide) suggest that
metal was not formed by reduction of silicate. Similarly, petrographic
observations and metal/sulfide compositions (major elements and HSE)
indicate that metal was not formed by S-loss of sulfide due to thermal
event(s) -except for Ni-free metal grains in CD (see above)—and inversely
troilite was not formed by sulfurization of metal [3]. Our observations rather
suggest the evolution (common to Diogenites and Eucrites) of a HSE-rich Fe-
Ni-S magmatic liquid, with sequential crystallization of Fe-Ni-metal,
followed by the crystallization of an immiscible sulfide melt. 

References: Alard et al. 2000. Nature 407:891–894; [2] Mullane et al.
2004. Chemical Geology 208:5–28; [3] Lauretta et al. 2004. LPSC XXXV,
A#1752; [4] Palme et al. 1988. Meteoritics 23:49–57.

5321
MARTIAN ATMOSPHERIC AR AND THE TRAPPED COMPONENT
IN SHERGOTTITES
F. Albarède1, A. Bouvier2, and J. Blichert-Toft 1Ecolé Normale Supérieure,
Lyon 69007, France (albarede@ens-lyon.fr). 2Arizona State University,
School of Earth and Space Exploration, Tempe, AZ 85287-1404, USA.

Until 25 years ago, shergottites were thought to give relatively old Ar-
Ar ages and the Rb-Sr and Sm-Nd ages were seen as an impact feature [1,2].
The accumulation of young concordant Rb-Sr and Sm-Nd ages given by
mineral isochrons, with a prominent peak at 165–185 Ma [3] shifted the
consensus to young igneous emplacement events. This prompted Ar
chronologists to reinterpret some embarrassingly old Ar ages as indicating
excess or ‘trapped’ ages. Upon re-examination of Pb-Pb ages, Bouvier et al.
[4–6] found that the old Pb-Pb isochron ages of shergottites (4.1 and 4.3 Ga)
are consistent with the range of isotopic variations observed for whole-rock
Rb-Sr (and to a large extent Sm-Nd) data. They observed that (i) the K-Ar
ages of melt inclusions [7] are actually old and compatible with Pb-Pb
chronology and (ii) that the 40Ar/36Ar ratio of the trapped Ar component
(~1500) would be smaller than the atmospheric component (~3000): 40Ar has
to be produced in the mantle be-fore it is lost by the atmosphere and a
comparison with terrestrial mantle-atmosphere systematics makes this option
totally unlikely. Walton et al. [8]. provided new Ar-Ar analyses in melt
inclusions from shergottites and found “impossibly” old ages in some of
them and used their observations to reject the old shergottite age
interpretation. They also correctly pointed out that the model used by Bouvier
et al. [5] does not allow the atmospheric escape of Ar.

We are here reinvestigating some critical aspects of Ar evidence. First,
we show that all gas fractions indicating impossibly old Ar-Ar ages of shock
melts contain essentially no 39Ar and no 37Ar, and therefore correspond to
melts of K- and Ca-free phases, most likely olivine. It is rather clear that
whichever 40Ar is present in these melts is unsupported and has diffused into
it under unspecified conditions. Shock melts with measurable amounts of K
and Ca give old but not unreasonably old ages (0.5 to 4.0 Ga).

We finally considered a model of Ar isotope evolution in the mantle-
atmosphere system that includes atmospheric escape. In order to get a 40Ar/
36Ar ratio smaller in the atmosphere than in the mantle, we need to assume
that 36Ar is lost much faster than 40Ar, but then 36Ar should also be lost
preferentially to 38Ar and the 36Ar/38Ar ratio of the Martian atmosphere
should be much lower than the value reported by the Viking missions. We
therefore conclude that the low 40Ar/36Ar ratio of the trapped Ar component
used in the literature is not justifiable.

References: [1] Bogard D. D. et al. 1979. Geochimica et
Cosmochimica Acta 43:1047–1055. [2] Bogard D. D. et al. 1984 Geochimica
et Cosmochimica Acta 48:1723–1739. [3] Nyquist L. E. et al. 2001. Space
Sci. Rev. 96:105–164. [4] Bouvier et al. 2005. EPSL 220:221–233. [5]
Bouvier et al. 2008. EPSL 266:105-124. [6] Bouvier et al. 2009. EPSL 280:
285–295. [7] Walton E. L. et al. 2007. Geochimica et Cosmochimica Acta 71:
497–520. [8] Walton E. L. et al. 2008, Geochimica et Cosmochimica Acta 72:
5819–5837.
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OXYGEN ISOTOPE ANATOMY OF A COMPOUND CAI-
CHONDRULE INCLUSION FROM EFREMOVKA
J. Aléon1 and M. Bourot-Denise2. 1CSNSM, Bat 104, 91405 Orsay Campus,
France. Jerome.Aleon@csnsm.in2p3.fr. 2LMCM, Museum National
d’Histoire Naturelle, 61 rue Buffon, 75005 Paris, France.

Introduction: We recently reported the discovery of E-MNHN-002, a
compound Ca-Al-rich Inclusion (CAI)—chondrule object from the reduced
CV3 chondrite Efremovka, composed of an amoeboid olivine aggregate
(AOA) core surrounded by a type I chondrule mantle [1]. Its petrographic
study indicates that a Ca-Al-rich AOA accreted an olivine + metal mantle
akin to the precursors of type I chondrules and that this compound precursor
underwent partial melting in the conditions of chondrule formation with
inward diffusion of SiO2 condensed from the nebular gas and concomitant
outward diffusion of refractory elements. To confirm this interpretation and
obtain new insights on CAI and chondrule formation we performed a detailed
O isotopic study of E-MNHN-002 and several neighboring chondrules by
multicollector SIMS with the IMS 1270 ion microprobe at the CRPG national
facility in Nancy, France, using well-established analytical procedures.
Typical errors were between 0.3‰ and 1‰ (2σ), allowing a detailed study of
small mass fractionation effects.

Results and Discussion: O isotopes in E-MNHN-002 plot along a
slope 1.0 line [2] with the innermost AOA spinels (sp) being the most 16O-
rich minerals (δ17O ≈ δ18O < −40‰). An O isotope exchange with a 16O-poor
outer reservoir is recorded by 16O depletions correlated with both mineralogy
[sp < olivine < pyroxene (px) < plagioclase (plag)] and position in the
inclusion (interior < exterior). Minerals in the chondrule mantle lay at the
16O-poor end of the trend with low-Ca px being systematically the most 16O-
depleted mineral (apart from mesostasis) and having O isotopic compositions
similar to those observed in chondrules (−13‰ < δ17O ≈ δ18O < −9‰)[3].
This distribution of O isotopic compositions indicates that O isotope
exchange occurred during the melting event that formed the chondrule
mantle. The correlation with the mineralogy and the analogy with chondrule
observations, support the suggestion that 16O-poor nebular SiO gas
condensed as SiO2 into a 16O-rich partial melt. Mesostasis in the chondrule
portion appears to be mass fractionated relative to the rest of the object
(δ18O = +5.61‰; δ17O = +0.28‰) and plot on the Carbonaceous Chondrite
Anhydrous Minerals (CCAM) mixing line [4]. The comparison with several
mesostasis-rich type I chondrules suggests that this mass fractionation could
be due to evaporation of the residual melt during cooling. 

Similarly to coarse-grained type B CAIs, intergrown plag and cpx are
16O-enriched to different degrees, with plag systematically 16O-depleted
relative to cpx, although the isotopic difference is much smaller than that in
type B CAIs. This suggests a comparable O isotope exchange process, albeit
with a different amplitude, possibly due to different cooling rates, as
suggested by grain size differences (E-MNHN-002 being much more fine-
grained than type B CAIs). 

E-MNHN-002 thus presents O isotopic characteristics both of
chondrules and CAIs and may shed light on the formation of both types of
objects.

References: [1] Aléon J. and Bourot-Denise M. 2008. LPSC 39, 1638.
[2] Young E. D. and Russell S. S. 1998. Science 282:452. [3] Chaussidon M.
et al. 2008. Geochimica et Cosmochimica Acta 72:1924. [4] Clayton R. N.
et al. 1977. EPSL 34:209. 
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THE CENTRAL IMPORTANCE OF CHONDRITIC ORGANIC
MATTER TO UNDERSTANDING THE ORIGIN OF THE SOLAR
SYSTEM AND MAYBE EVEN LIFE
C. M. O’D. Alexander, DTM, Carnegie Institution of Washington,
Washington, DC 20015, USA.

Studies of organic matter has always been the poor stepchild of
meteoritics. However, a recent resurgence of interest has demonstrated that it
is an essential element in the puzzle of the origin of the solar system.

Soluble organic material, especially amino acids and nucleic acids in
CI-CM-CRs, have been a particular focus of study given their potential
significance for the origin of life, a significance that was enhanced by the
discovery of non-chirality in some. At first, it was speculated that this non-
chirality was created in the ISM, but now it seems that it is the product of
aqueous alteration. This diminishes the potential importance of exogenous
organics to the origin of life on Earth if: (i) comets were their main source,
and (ii) comets did not experience aqueous alteration.

Amino acids may also provide important constraints on the
temperatures during accretion of the chondrites. The likely formation
mechanism for amino and hydroxy acids is Strecker synthesis that requires
HCN and NH3. These molecules presumably accreted in the ices responsible
for aqueous alteration, but they are both relatively volatile. The accretion of
ice already places an upper limit of ~200 K on the ambient temperature when
CI-CM-CRs formed. The HCN and NH3 may require even lower
temperatures.

It has yet to be demonstrated that indigenous amino acids were ever
present in CVs, COs, and OCs. All three groups experienced some
hydrothermal activity and presumably accreted the water as ice, although
oxidation of organic matter during metamorphism could also have produced
some water.

All chondrites, including the ECs, accreted an insoluble organic
material (IOM) in ~CI-like matrix-normalized abundances, suggesting that
CI-like material is a major component of all chondrite matrices. The
progressive transformation of this material into something more graphitic
during metamorphism has proven to be a very useful petrologic tool.
However, most work on IOM has tended to focus on the petrologically most
primitive chondrites (CI-CM-CRs) whose IOM have large D and 15N
enrichments. The general assumption has always been that the larger the
isotopic anomalies the more primitive the IOM. However, recent
measurements of IOM in the OCs have found that D enrichments increase
with increasing metamorphism, reaching ~12,000‰ in one meteorite. This
enrichment is almost 4 times that in the most primitive chondrites. One
explanation for the OC data is that oxidation of metal by water at low
temperatures produced isotopically very light H2 that escaped leaving
isotopically heavy residual water that then exchanged with the IOM.

H2 would also have been produced during alteration of the CI-CM-CRs,
and could potentially explain the D enrichments in them. However, at present
there is no obvious parent body explanation for the large 15N excesses present
in their bulk IOM. Also, CP-IDPs have largely avoided aqueous alteration,
but they have large isotope anomalies in their organic material. If the isotope
anomalies in primitive IOM were not produced in parent bodies, they must
have formed in the nebula and/or ISM. Either way, establishing how the IOM
acquired its isotope anomalies and was accreted into chondrites will reveal
important information about processes during and after solar system
formation.
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NEW K-AR DATING ON IMPACT-GENERATED MELT FROM THE
CARSWELL ASTROBLEME, EVIDENCE FOR A
MESOPROTEROZOIC IMPACT EVENT 
P. Alexandre1, M. Cuney2 and I. Duhamel2. 1Dept. of Geo.Sc., Queen’s
University, Kingston, K7L 3N6, ON, Canada. E-mail: alexan-dre@
geol.queensu.ca. 2G2R, Nancy-Université, CNRS, CREGU, BP239 F-54506
Vandœuvre-lès-Nancy, France.

The Carswell astrobleme is situated in NW Saskatchewan (Canada), in
the Paleoproterozoic Athabasca Basin. It is a 39 km-wide complex impact
structure with an 18 km diameter central uplift made of crystalline basement
rocks. The age of the impact event has never been accurately constrained: a
very large range of ages has been found from 115 to 515 Ma [1, 2, 3, 4, 5],
though the distribution of shock metamorphism features, restricted to the
basement rocks, suggests a pre-Athabasca age [6, 7]. Because several
occurrences of uranium have been discovered at the basement-sediment
unconformity as in some breccias from the central uplift, it is essential to
determine the age of the impact event and its possible influence on the
mineralization.

This work provides new K-Ar dating of impact generated melt sampled
in the shocked crystalline rocks of the central core: two samples of impacted
breccias collected in drill-cores (CLU02-00, CLU4667-92) and one from an
outcrop near the unconformity (CLU02-Af). Shock metamorphism features
observed are relevant of high PT conditions ~60 GPa and >1500 °C (stage I
to IV [8]), sufficient for the resetting of K-Ar isotopic system by the impact
event. Thirteen measurements were conducted in different separates: a
mixture of melt and fine grained host rock fragments gave weighted averages
of 1194 ± 15 Ma (CLU02-00), 1092 ± 54 Ma (CLU4667-92) and 511 ± 12 Ma
(CLU02-Af), pure melt yielded a 1026 ± 25 Ma age and feldspar directly in
contact with the melt a mean at 1116 ± 36 Ma (both in CLU4667-92).

The youngest result ~510 Ma is consistent with previous K-Ar and Ar-
Ar ages [3, 5], but the rest of our data ranging between 1.1 and 1.2 Ga were
previously unknown. We interpret our oldest result at 1194 ± 15 Ma as the
minimal age for the impact event. The presence of a chloritized clay material
in the matrix of sample CLU02-Af could explain the youngest ages,
assuming a local and late hydrothermal event partly resetting the clock.
Moreover, the main stage of U mineralization emplaced in the Carswell
structure evaluated between 1050 and 1150 Ma by U-Pb dating method [9] is
much younger than for the other unconformity-type U deposits elsewhere in
the Athabasca Basin and aged from 1350 to 1560 Ma [10]. We suggest that
either the U-Pb isotopic system of U-minerals within the astrobleme has been
reset by the thermal impact effect or that secondary crystallization happened
consecutive to the impact event, facilitated by fracturing and brecciation.
Considering these new data, the Carswell impact event is thought to be of
Mesoproterozoic age.

References: [1] Wanless R. K. et al. 1968. GSC Rep. 8, Pap. 67–2, part
A, 141 p. [2] Currie K. L. 1969. GSC Pap. 67–32, 69 p. [3] von Einsiedel C.
A. 1981. B.Sc. thesis, Carleton Univ. (ON, Canada) 44 p. [4] Bottomley R. J.
1982. Ph.D. thesis, Toronto Univ. (ON, Canada) 104 p. [5] Bell K. 1985.
GAC Spe. Pap. 29:33–46 [6] Duhamel I. et al. 2005. Meteoritics & Planetary
Science 40:A41 (Abs.) [7] Duhamel I. 2006. M.Sc. thesis, UQAM (QC,
Canada), 188 p. [8] French, B.M., 1998, LPI Contrib. 954, 120 p. [9] Tona
et al. 1985. GAC, Spe. Pap. 29:1–18. [10] Alexandre P. et al. 2009.
Mineralium Deposita 44:41–59.
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THE MAIN BELT ASTEROID 3628 BOZNEMCOVA AS A SOURCE
OF THE LL6 CHONDRITES
V. A. Alexeev, V. D. Gorin, L. L. Kashkarov and G. K. Ustinova. Institute
of Geochemistry and Analytical Chemistry, RAS, Moscow 119991 Russia,
E-mail: aval37@chgnet.ru.

Introduction: The reflection spectrum of LL6 Manbhoom chondrite is
similar to that of the 3628 Boznemcova main belt asteroid [1], which seems
to be the most natural candidate parent body for two more LL6 chondrites,
Bensour and Kilabo, which fell in Africa in 2002. The similarity of the
petrography and fayalite composition of these chondrites can testify to the
same origin of theirs [2]. We can adduce some evidence in support of that. 

Pre-Atmospheric Sizes and Orbits: The measured density of tracks of
VH-nuclei and the contents of radionuclides of 54Mn, 22Na, 60Co and 26Al in
the Kilabo chondrite have been used for determination of its pre-atmospheric
size and orbit by the methods developed earlier [3]: the pre-atmospheric
radius of the Kilabo chondrite, average for the last ~8 years before the fall to
the earth is R = 34+6

−4 cm, the corresponding pre-atmospheric mass is equal to
~529 kg, the ablation through the passage of the earth atmosphere constitutes
~96.4%; the orbit of the Kilabo chondrite has the following elements: q′ =
3.6  AU, a = 2.3 AU, e = 0.565, and P = 1273 days. Using the similar
methods, we have analyzed the data of [2] on radionuclides and contents of
the noble gases in the Bensour chondrite. The results show that the pre-
atmospheric mass of the Bensour chondrite is 1250 kg, R ~ 45 cm, and its
orbital elements are as follows: q′ = 3.51 AU, a = 2.255 AU, e = 0.557, and
P = 1236 days. The orbits of both the chondrites can cross the orbit of the
3628 Boznemcova asteroid near the inner boundary of the asteroid belt (at
2.15 and 2.16 AU, respectively).

Summary: The orbit of the 3628 Boznemcova asteroid lies in the
region affected by two resonances, the Kirkwood gap 3:1 at 2.5 AU and the
secular resonance 6 g = g at 2.1 AU, which can drive the knocked out
fragments to meteorite orbits in about 1 million years [4]. The drift of
fragments into the resonance zones is facilitated by the Yarkovsky
mechanism [5]. The exposure ages of the Bensour and Kilabo chondrites are
different: namely, 19 and 33 million years, respectively [2]. Besides, our
analysis of the tracks of VH nuclei in the Kilabo chondrite revealed a bi-
modal character of the distribution of pyroxene crystals with respect to the
track density, which is indicative of a complicated exposure history of this
chondrite. Taking into account all the information obtained, we can propose
the following most probable scenario. Both the chondrites were knocked out
from the 3628 Boznemcova asteroid about 19 million years ago at a distance
~2.2 AU from the sun. However, the Bensour chondrite was knocked out
from deeper layers of the parent asteroid, which were completely shielded
from cosmic rays, while the material of the Kilabo chondrite was probably
irradiated by cosmic rays on the asteroid surface for 14 million years before
being knocked out [2]. Then the chondrites drifted due to the Yarkovsky
effect into the region of the secular resonance 6g = g, which was
accompanied by variation of the semi major axis a by ~0.05 AU over ~18
million years. For the last million years, the Kilabo and Bensour chondrites
were driven by this resonance to their present orbits.

References: [1] Binzel R. P. et al. 1993. Science 262:1541–1543. [2]
Cole K. J. et al. 2007. Abstract # 1477. 38th LPSC. [3] Alexeev V. A. et al.
2008. Doklady Physics 53:257–260. [4] Zimmerman P. D. and Wetherill G.
W. 1973. Science 182:51–53. [5] Hartmann W. K. et al. 1999. Meteoritics &
Planetary Science 34:A161–A167. 
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THE BREAKUP OF THE L-CHONDRITE PARENT BODY AND ITS
SIGNATURE IN ORDOVICIAN SEDIMENTS—AN UPDATE
B. Schmitz. C. Alwmark, A. Cronholm, and M. Tassinari, Department of
Geology, Lund University, SE-22362 Lund, Sweden. E-mail:
birger.schmitz@geol.lu.se. 

Introduction: Edward Anders, in 1964, was the first to pro-pose that
K-Ar gas retention ages of ~400–500 Ma (now revised to 470 Ma [1]) for a
major fraction of recently fallen L chondrites indicated a major breakup event
in the asteroid belt at that time [2]. Although this idea became generally
accepted based on subsequent refined K-Ar dating of many meteorites [3],
for a long time no one considered that this event could have left any coeval
traces in Earth’s geological record. During the past fifteen years, however,
substantial evidence has accumulated for that there is a major physical
signature from this event in the sediments on Earth [4–6]. The distribution
and abundance of both fossil meteorites and sediment-dispersed
extraterrestrial chromite grains provide strong, of each other independent,
evidence for a two orders of magnitude increase in the flux of L-chondritic
matter to Earth for at least 2–3 Myr after the breakup.

Mid-Ordovician Fossil Meteorites: In a search project, pursued
together with quarry workers since 1993, a total of 87 fossil meteorites (� =
1–21 cm) have now been found in condensed, marine limestone in the
Thorsberg quarry, southern Sweden [4]. For about 60 of these an L-chondritic
origin has been established, for the remainder analyses still need to be per-
formed. The meteorites have been found over ~4 m of strata, representing
deposition during ~2 Myr. They represent a mixture of petrographic types
from L3 to L6, in about similar proportions as recently fallen L chondrites
[7]. Their cosmic-ray exposure ages increase upward in the strata [8]. They
definitely represent a large number of individual falls. 

Extraterrestrial Chromite Grains: Abundant sediment-dispersed L-
chondritic chromite (EC) grains (>63 µm) have now been recovered from
mid-Ordovician limestone worldwide [5, 6]. These grains originate primarily
from micrometeorites that decomposed on the seafloor [8]. Their first
abundant appearance in the strata represents the breakup event. Distribution
trends have now been reproduced in two sections 350 km apart in Sweden
and one section in the Hubei province, central China [6]. At these sites, in
strata representing the ~5 million years before the breakup we found only 8
EC grains in 614 kg of limestone. In the strata representing the ~first 2–3
million years after the breakup we found 954 EC grains evenly distributed
through 536 kg of limestone. 

Questions: Would one expect to find material also from a body that
collided with the L-chondrite parent body? Was the Earth and the Moon hit
also by an L-chondrite asteroid shower? Why are shocked L chondrites still
so common among recent falls?

References: [1] Korochantseva E. V. Meteoritics & Planetary
Science 42:113–130. [2] Anders E. 1964. Space Science Reviews 3:583–714.
[3] Keil K. et al. 1994. Planetary and Space Science 42:1109–1122. [4]
Schmitz B. et al. 2001. Earth and Planetary Science Letters 194:1–15. [5]
Schmitz B. and Häggström T. 2006. Meteoritics & Planetary Science 41:
455–466. [6] Schmitz B. et al. 2008. Nature Geoscience 1:49–53. [7] Bridges
J. C. et al. 2007. Meteoritics & Planetary Science 42:1781–1789. [8] Heck P. R.
et al. 2008. Meteoritics & Planetary Science 43:517–528.
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PRESOLAR GRAPHITE FROM THE MURCHISON METEORITE
S. Amari1, E. Zinner1, R. Gallino2, and R. S. Lewis3. 1Laboratory for Space
Sciences and the Physics Department, Washington University, St. Louis, MO
63130, USA. E-mail: sa@wuphys.wustl.edu. 2Dipartimento di Fisica
Generale, Universita’ di Torino, 10125 Torino, Italy. 3Enrico Fermi Institute,
The University of Chicago, Chicago, IL 60637, USA.

Introduction: Presolar graphite grains from the four Murchison
separates, KE3 (1.65-1.72 g/cm3), KFA1 (2.05-2.10 g/cm3), KFB1 (2.10–
2.15 g/cm3), and KFC1 (2.15–2.20 g/cm3) [1] have been extensively studied
[2–4]. Isotopic, elemental, and morphological features of presolar graphite
depend on density. We have compiled data on ~1,700 graphite grains
extracted from Murchison, mainly obtained with secondary ion mass
spectrometry, and discuss stellar sources of the grains.

Discussion: In general, grains from KE3 and KFA1 formed in core-
collapse supernovae [4, 5], while those from KFB1 and KFC1 formed in
asymptotic giant branch (AGB) stars [6]. However, detailed examination
reveals differences between the separates [7]. In order to evaluate those
differences as well as similarities, we divide the graphite grains into three
populations based on their C isotopic ratios. Grains having 10 ≤ 12C/13C are
categorized as Population I, those having 10 < 12C/13C < 200 as Population II,
and those with ≥12C/13C as Population III.

Population I. Grains of this population are enigmatic. Many of them
have normal isotopic ratios except for their extreme C isotopic ratios.
However, at least some of the population I grains from all four separates
formed in supernovae, showing 18O excesses, 25Mg excesses, high inferred
26Al/27Al ratios, and 28Si excesses.

Population II. Many of these grains from KE3 and KFA1 formed in
supernovae. A few KFB1 grains with 18O and 28Si excesses undoubtedly have
a SN origin. In contrast, no KFC1 grains show typical SN signatures such as
18O and 28Si excesses. Only one grain has 29,30Si excesses and Ca and Ti
isotopic anomalies, showing a signature of neutron capture. It remains to be
seen whether this grain formed in an AGB star or a supernova.

Population III. Only few grains from KE3 and KFA1 belong to this
population. The KE3 grains show the highest 18O/16O (0.37) and 26Al/27Al
(0.13) ratios. In contrast, a few KFA1 grains have 18O excesses, with 118O/
16O ratios much lower than those observed in the KFA1 grains from
population II. Most grains from KFB1 and KFC1 are in population III. Grains
with excesses of the neutron-rich Si isotopes are often found among KFB1
and KFC1 grains, but the 30Si excesses are much larger than the 29Si excesses,
suggesting neutron capture. Although no KFB1 grains show 18O and/or 28Si
excesses, two KFC1 grains show 18O and 28Si excesses, respectively: among
KFC1 grains, there are a few with a typical supernova signature, but there are
none among KFB1 grains.

References: [1] Amari S. et al. 1994. Geochimica et Cosmochimica
Acta 58:459–470. [2] Amari S. et al. 1995. Geochimica et Cosmochimica
Acta 59:1411–1426. [3] Hoppe P. et al. 1995. Geochimica et Cosmochimica
Acta 59:4029–4056. [4] Travaglio C. et al. 1999. The Astrophysical Journal
510:325–354. [5] Nittler L. R. et al. 1996. The Astrophysical Journal 462:L31–
L34. [6] Amari S. et al. 2004. Meteoritics & Planetary Science 39:A13. [7]
Amari S. et al. 2004. 35th LPSC Abstract #2103.
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GEOLOGY AND PETROGRAPHY OF TABUN KHARA OBO
CRATER 
Tsolmon Amgaa and Christian Koeberl, Department of Lithospheric
Research, University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria
(tsolmon@gmx.net, christian.koeberl@univie.ac.at).

Introduction: Tabun Khara Obo (TKO) is a 1.3 km diameter crater
structure centered at 44°17′50′′N, 109°39′20′′E in South East Mongolia.
Previous researchers suggested that the structure is of its impact origin [1–3].
However no direct mineralogical shock evidence has been found to date.
Here we present the results of our 2007 mapping and laboratory work, as well
as first results of a 208 drilling project.

Methods: Detailed geological mapping has been carried out in the area
using high resolution, SPOT 2.5 m resolution, satellite image for topographic
reference. The mapping area was ex-tended to about one crater diameter out
of crater rim. Lithology, foliation, faults, and fractures were recorded.
Around 70 hand samples were collected from regional lithology and breccias.
55 thin section samples were prepared and analyzed under petrographic
microscope. For geochemistry 29 samples were analyzed by INAA.

Results and Discussions: The crater is located on an uplifted
Proterozoic intrusive metamorphic rock block surrounded by basins filled
with Cretaceous sediments. The dominant regional structure is the North
Zuunbayan left lateral strike slip fault, the shear zone of which is dominated
by steeply dipping NE trending foliations. crater formation the outer wall
collapsed preferentially along NE regional foliation planes, resulting in
slightly oval shape of the final crater. A fragmented line of concentric
basement rock outcropping in the NW and SE sectors of the crater is possibly
due to this reason. The dominating strike of the bedding and foliation is
NE50, but the dip is near vertical. No structural impact feature, such as
overturned bedding at the rim, was found. Breccias occur along the NE-E
crater rim. Monomict breccias form narrow lenses, whereas polymict
breccias form layers outside of the E rim of the crater. The bedding plane for
the breccia sheet is irregular, which may imply its deposition on a
paleosurface. No ejecta blanket has been preserved. The basement rocks are
schist, gneisses, and amphibolites. Breccias contain clasts of these rocks,
cemented by carbonates. No evidence of shock metamorphism was yet found
in these breccias. The geochemistry has not yet revealed any contribution of
extraterrestrial material to the breccia composition.

Conclusions: While geophysics [1] and morphological data consistent
with impact origin [2, 3] the surface mapping and sampling did not reveal
structural, mineralogical and geochemical evidence of an impact origin. For
small craters like TKO it is very difficult to confirm an impact origin from
surface studies; thus we carried out a drilling project in the fall of geophysical
and drilling work in 2008, in which core was retrieved to a depth of xxx m in
the center of the structure. The investigations of the core samples are
currently ongoing.

Acknowledgements: This research is supported by the Austrian OEAD
NSD Scholarship program, the Austrian Academy of Sciences, and the
Barringer Crater Company.

References: [1] Bayaraa T., Arvisbaatar N., Khosbayar P. 2005, 5th
Russian-Mongolian Conf., 111–112. [2] Shkerin L. M. 35:97–102. [3]
Suetenko O. D., Shkerin L. M. 1970. Astronomischeskii Vestnik 4:261–263.
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FIELD OBSERVATIONS AND GEOCHEMISTRY OF THE STAC
FADA MEMBER (TORRIDONIAN SUPERGROUP, SCOTLAND); A
MESOPROTEROZOIC PROXIMAL IMPACT EJECTA BLANKET
K. Amor1, S. P. Hesselbo1, D. Porcelli1, S. Thackrey2 and J. Parnell2.
1Department of Earth Sciences, University of Oxford, Parks Road, Oxford,
OX1 3PR. E-mail: kena@earth.ox.ac.uk. 2Department of Geology and
Petroleum Geology, King’s College, Aberdeen, AB24 3UE, UK.

Introduction: Proximal ejecta blankets surrounding impact craters are
rarely preserved on Earth due to dynamic geological processes; erosion,
tectonics etc. We have recently discovered a 1.2 Ga meteorite impact layer in
a continuous sedimentary sequence in North West Scotland. The horizon
contains abundant devitrified melt clasts, up to 50% at some locations. The
presence of shocked quartz with multiple, intersecting, planar deformation
features provide unequivocal evidence for an impact origin. Subsequent
burial by a sedimentary cover has preserved the ejecta in almost pristine
condition and provides an excellent opportunity for studying proximal
impactites.

Results: Initial analyses show evidence for an enrichment in the
platinum group elements (PGE) in the impact layer (20 ppb iridium), relative
to surrounding strata (0.9–6 ppb iridium). The increased abundance in PGE is
most likely caused by incorporation of a meteoritic component which is
highly enriched in these elements compared to crustal rocks. 

The country rocks exhibit crustal Ni/Cr values and fall in the range 0.3–
0.6, whereas in the impact horizon Ni/Cr ratios are elevated (2.9–3.9) and
comparable with chondritic values.

High precision chromium isotope ratio measurements made using a
multiple collector, inductively coupled plasma, mass spectrometer exhibit a
positive, anomalous enrichment in 53Cr (ε53Cr ~+0.27) relative to NIST Cr
standard SRM979. Such Cr isotope variations are absent in terrestrial rocks
but widespread in meteorites and are assumed to be caused by the
heterogeneous distribution of 53Mn (which decays to 53Cr t1/2 = 3.74 Ma) in
the early solar system [1], [2]. The chromium isotope data confirms the
presence of a meteoritic component in the impact layer. 

Discussion: The presence of planar deformation features in quartz, an
enrichment in PGEs relative to adjacent strata, chondritic Ni/Cr ratios and an
ε53Cr isotope anomaly point to an impact origin for the emplacement of this
layer. The thickness (up to 22 m) and extent of outcrop (50 km) imply
proximal rather than distal ejecta. Field evidence infers that the impact
occurred in a terrestrial, continental setting with extensive groundwater in the
underlying strata. The sedimentary environment is similar to those ascribed
to Mars and this impactite may be an analogue for Martian fluidized crater
ejecta.

References: [1] Shukolyukov A. and Lugmair G. W. 1998. Science,
282:927–929. [2] Koeberl C. et al. 2002. Geological Society of America
Special Paper 356:607–617.
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NO MEANINGFUL CORRELATION BETWEEN MINERALOGY
AND NOBLE GAS COMPOSITIONS OF CARBONACEOUS
MATERIALS IN SHI™R 007 UREILITE 
K. Ando1, T. Nakamura1, T. Noguchi2, R. Okazaki1, D. Nakashima3, Y. Kakazu1

and F. Kitajima1. 1Department of Earth and Planetary Sciences, Kyushu
University, Fukuoka 812-8581, Japan. E-mail: k-ando@geo.kyushu-u.ac.jp.
2Department of Materials and Biological Sciences, Ibaraki University, Mito,
Ibaraki, Japan. 3Laboratory for Earthquake Chemistry, University of Tokyo,
Hongo, Bunkyo-ku, Japan.

Shi∫r 007 is an olivine-pigeonite type monomict ureilite and
experienced moderate S3 shock responsible for irregular and subparallel
fractures in olivine [1, 2]. Diamond, compressed graphite, and normal
graphite occur in a large blade-like shape carbonaceous material (BCM;
1000 × 1500 µm in size) [2]. In this study, mineralogy and noble gas
compositions of the BCM are compared to those of other, more common
amoeboid-shape carbonaceous material (ACM; typically 100–300 µm in
size) to clue formation process of enigmatic carbon phases in ureilites.

Half the BCM was cut into small pieces typically 200–300 µm in
diameter, and they were analyzed by synchrotron X-ray diffraction (XRD)
and subsequently by noble gas mass spectroscopy [2]. A specimen prepared
from the rest of BCM using a FIB technique was investigated by a high
resolution TEM (HRTEM). ACM samples were separated from the polished
section with HF/HCl, and were measured by XRD and noble gas analyses.
Noble gas analyses of 9 separated BCMs and 7 ACMs were performed by the
stepwise pyrolysis (600, 1300, 1900, and 2100 °C). 

Like BCM, ACMs occur at silicate-silicate grain boundary and are
composed of fine-grained diamond and compressed and normal graphites.
Separated ACMs and BCMs have variable diamond/graphite ratios with a
similar range and release a greater part (80~95%) of primordial 36Ar, 84Kr,
and 132Xe at 1300–2100 °C. The separated ACMs have variable 36Ar contents
(30–200 × 10−6ccSTP/g) and 36Ar/132Xe elemental ratios (150–200), while
separated BCMs show a wider range of 36Ar contents (3–400 × 10−6ccSTP/g)
and a higher 36Ar/132Xe ratios (200–450).

The HRTEM observation of the BCM specimen reveals that it consists
of diamond, graphite, and amorphous carbon. High-temperature release of
primordial noble gases suggests that diamond and amorphous carbon are
main gas carriers [3, 4]. However, simple mixing of these two components
cannot explain the wide variations in gas contents and elemental ratios in
individual separated BCMs and ACMs. Rather, both diamond and/or
amorphous carbon would have variable noble gas concentrations and
elemental ratios. The heterogeneous noble gas compositions of the BCMs
and ACMs imply that they have formed from multiple stages of thermal and
shock metamorphism [5].

References: [1] Russell S. S. et al. 2002, The Meteoritical Bulletin,
No.86, 2002 July, Meteoritics & Planetary Science 37:A157–A184 [2]
Ando K. et al. 2008. Meteoritics & Planetary Science 43:A17. [3] Rai V. K.
et al. 2003. Geochimica et Cosmochimica Acta 67:4435–4456. [4] Göbel R.
et al. 1978. Journal of Geophysical Research 83:855–867. [5] Rubin A. E.
2006. Meteoritics & Planetary Science 41:125–133.
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PROTOPLANETARY DISKS AROUND COOL STARS:
DIFFERENCES IN THE DISK STRUCTURE, DUST PROCESSING
AND ORGANIC CHEMISTRY
D. Apai1, I. Pascucci2. 1Space Telescope Science Institute, Baltimore. E-mail:
apai@stsci.edu 2Department of Physics and Astronomy, Johns Hopkins
University, Baltimore. 

Introduction: The Sun is neither an average or a typical star: the
galactic stellar population is dominated by cool red dwarf stars and brown
dwarfs. We now know that also these cool objects form via disk accretion and
at an age of a few million years are often surrounded by the remnants of their
accretion disks, possible sites for planet formation [e.g., 1, 2]. Given their low
masses and temperatures, and tiny luminosity the question naturally arises:
How will the conditions for planet formation differ around these stars from
those around Sun-like stars? 

Here, we review results from our comprehensive, comparative mid-
infrared Spitzer spectroscopic study of the dust and gas properties of disks
around young Sun-like stars and cool stars/brown dwarfs [3]. 

Results: The comparison of these two large samples of over 60 sources
reveal major differences in the evolution of both the dust and gas components
[3]. We report the first detection of organic molecules in disks around brown
dwarfs. The detection rate statistics and the line flux ratios of HCN and C2H2
show a striking difference between the two samples, demonstrating a
significant under-abundance of HCN relative to C2H2 in the disk surface of
cool stars. We propose this to originate from the large difference in the UV
irradiation around the two types of sources. The statistical comparison of the
10 µm silicate emission features also reveals a difference between the two
samples. Cool stars and brown dwarfs show weaker features arising from
more processed silicate grains in the disk atmosphere. These findings
complement previous indications of flatter disk structures and longer disk
lifetimes around cool stars. 

Results: Our results highlight important differences in the chemical and
physical evolution of protoplanetary disks as a function of stellar mass,
temperature, and radiation field that are expected to strongly influence planet
formation. The prominent difference in the detection rate of nitrogen-bearing
simple organic molecules around cool stars and Sun-like stars is likely the
result of the major difference in the UV luminosity of the two types of stars.
We note, that the different chemistry of preplanetary materials in the disk may
also influence the bulk composition and volatile content of the forming
planets. In particular, if exogenous HCN has played a key role in the
synthesis of prebiotic molecules on Earth as proposed, then prebiotic
chemistry may unfold differently on planets around cool stars. 

References: [1] Apai D. et al. 2008 in ASP Conf. Proc. 384, 383. [2]
Apai D. et al. 2005 Science 310:834–837. [3] Pascucci I. et al. 2009. The
Astrophysical Journal 696:143–159.
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DISTRIBUTION OF IMPACT-INDUCED STRESS AROUND LONAR
CRATER, INDIA
Md. Arif1, S. Misra1, N. Basavaiah1 and H. Newsom2. 1Indian Institute of
Geomagnetism, Navi Mumbai 410218, India. E-mail: mdarifkrl@gmail.com.
2Institute of Meteoritics, University of New Mexico, NM 87131, USA.

Introduction: The 52 ± 6 ka old Lonar crater, India [1, 2], is the only
known terrestrial impact crater in basaltic target rocks (Deccan Traps,
~65 Ma). The impactor asteroid of this ~1.8 km diameter crater was perhaps
a chondrite [3] that hit the pre-impact surface from east at an angle of 30–45°
with horizon [4]. Presently, we report the possible distribution of impact-
induced stress around Lonar crater using Anisotropy of Magnetic
Susceptibility (AMS) technique and also variations in Natural Remanent
Magnetization (NRM) with reference to the direction of impact.

Experimental Procedures: Oriented drill cores of shocked basalts and
apparently unshocked basalts were collected from all around the crater rim
and at ~2 km east from the crater rim respectively. The AMS measurements
were carried out by an AGICO KLY-4S Kappabridge instrument with an
alternating field intensity of 300 Am–1 and operating frequency of 875 Hz.
The NRM was measured by a Molspin Spinner Magnetometer.

Results: The K3 axes of AMS of shocked basalts collected from the
eastern, southeastern, and northern sectors along the crater rim show a major
westward shift. A southwest-ward shift of K3 axes is noticed for shocked
basalts from the southern and southwestern sectors of the crater rim, and for
samples from near the Kalapani dam and Khini village situated at ~2 km
WSW of crater. The samples from west-northwest and northwest sectors of
crater rim and from the Saraswati village, ~2 km NW of crater, show a major
northwest-ward shift of K3 axes. The unshocked basalts ≥2 km away from
crater rim have an average NRM of ~5 Am−1. The shocked basalts from
Kalapani dam, however, show a lower NRM of an average of ~2.6 Am−1. The
shocked basalts from western sector of crater rim show a relatively high
NRM with an average of ~11 Am−1 whereas those from other sectors show
NRM between ~4–6 Am−1, which are closed to that of the unshocked basalts.
A few shocked basalts from eastern half of crater rim including N, E, SE and
S sectors occasionally show a very high NRM between ~70 and 360 Am−1. 

Discussions: The general westward shift of K3 axes of AMS of shocked
basalts around crater rim indicates an impact-induced stress from the east
when compared with experiments [5]. This finding is consistent with our
early observations on ejecta distribution and structural analyses of basalt
flows around the crater rim [4]. The major SW- and NW-ward shifts of K3
axes in the S, SW, and WNW and NW sectors of crater respectively indicate
a possible branching of impact stress in the downrange direction at an angle
of ~45° with east-west plane of impact. The NRM values of shocked basalts
show systematic distribution around crater rim. The values are abnormally
high in cases along eastern half of the crater rim in uprange direction, while
values become lower along one of the directions of major branching of
impact stress in SW. Present study shows that impact stress may result
systematic decrease and increase of NRM of target rocks.

References: [1] Fredriksson et al. 1973. Science 180:862–864. [2]
Sengupta et al. 1997. Revista de Fisica Aplicada e Instrumentacao 12:1–7.
[3] Misra et al. 2008. Meteoritics and Planetary Sciences (in press). [4] Misra
et al. 2006. 37th LPSC, abs. #1085. [5] Nishioka et al. 2007. Earth Planets
Space 59:e45–e48.
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SHOCK METAMORPHISM IN NUMERICAL MODELING:
TEKTITES, SUEVITES, AND MORE
N. A. Artemieva1, 2. 1Institute for Dynamics of Geospheres, Moscow.
2Planetary Science Institute, Tucson. E-mail: artemeva@psi.edu.

Introduction: Shock metamorphic features are the most profound
indicators of high-velocity impacts [1,2]. They are studied in the field,
calibrated in impact experiments, and information about them may be
extracted from numerical models. These models produce impactites from
numbers, i.e. from ejecta trajectories, shock compression values, and cooling
histories. Quite often the models confirm well-known hypotheses; sometimes
they inspire us to look for new ones. The 26 km diameter Ries impact
structure (Germany) is of particular interest because of its distal ejecta
(moldavites) and its proximal double ejecta layer (suevite overlying Bunte
Breccia with a sharp contact). 

All results to be reported have been obtained with the SOVA hydrocode
[3]. The code includes a special procedure to describe particle motion in the
evolving ejecta gas plume. The real target is simplified to a double layer: 600
m of sediments overlying crystalline basement. A 1.2 km diameter asteroid
strikes the surface at 18 km/s with an impact angle varying from 30° to 90°.

Tektites: Numerical modeling [4] shows that tektites (fusion products
of Tertiary sand) are ejected downrange at the very early stage of Ries
formation. They are immediately entrained into an intensive impact plume.
Expansion of this plume allows transport of particles up to 500 km from the
crater without substantial dynamic loading and slow cooling of particles. 

Suevite versus Bunte Breccia: The early hypothesis [5] for suevite
origin is based on the separation of ejected material into ballistic ejecta
(coarse, unshocked sediment), and plume-related ejecta (fine particles
derived from the basement that are highly shocked or molten). The model
shows that 1) ejecta from all stratigraphic units with velocity <1 km/s are
deposited ballistically, without separation; 2) deposition of sediment prevails
by an order of magnitude at any distance from the crater; 3) the impact plume
above the crater consists mainly of a sediment-derived vapor/melt mixture,
with the total thickness of plume deposits inside the crater <2 m (much less
outside); 4) the crater floor is covered by a 100–200 m thick layer of impact
melt. Thus, the plume hypothesis consistent with tektite formation and
deposition can not explain the proximal double-layered ejecta and
prominence of suevite within the crater.

Discussion: A sharp Bunte Breccia/suevite boundary means a
substantial hiatus between ballistic ejecta emplacement and highly turbulent
low-velocity suevitic flow. It seems that the single source of suevitic material
is the Ries melt pool. Interaction of hot rocks with volatiles (similar to fuel-
coolant interaction or phreato-magmatic explosion) may be a powerful driver
of the flow. However, to initiate the flow we need at least 10–20 wt% of
water, i.e., an order of magnitude more than the amount of water bound in the
crystalline or metamorphic target rocks. Possible sources include: water
condensing from the impact plume; water in sediments around the crater;
rivers or lakes which feed into the Ries basin within a few thousand years
after the impact.

References: [1] Stöffler D. 1971. Journal of Geophysical Research 76:
5541–5551. [2] Stöffler D. and Grieve R. A. R. 2007. In Metamorphic rocks,
eds. Fettes and Desmons. pp. 82–92. [3] Shuvalov V. 1999. Shock Waves 9:
381–390. [4] Stöffler D. et al. 2002. Meteoritics and Planetary Sciences 37:
1893–1907. [5] Stöffler D. 1977. Geologica Bavarica 75:443–458.
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A THEMIS VIS INVESTIGATION INTO THE POTENTIAL FOR
SMALL METEOROID IMPACTS ASSOCIATED WITH THE
ORBITAL PASS OF NEAR-MARS ASTEROID 2007 WD5
J. W. Ashley1,2, P. R. Christensen1. 1Mars Space Flight Facility, Arizona State
University. 2Minor Planet Research, Inc., E-mail: james.ashley@asu.edu. 

Introduction: The idea of hypothetical, unseen debris fields associated
with asteroidal parent bodies, either as cobble/boulder-sized families, or as
particulate meteoroid streams, has been entertained for decades. Such objects
could result from low-energy impact ejecta, whole-body fragmentation from
impacts, or tidal disruption of weak bodies from planetary interactions.
Dispersion is likely to occur over time scales that depend in large part on the
energy of disruption [1]. However, because the smaller of these objects would
be beneath the detection limits of ground-based optical systems, very little is
known about their true occurrence, size-frequency distribution, or persistence
as populations.

With the recent close Mars-pass of near-Mars asteroid (NMA) 2007
WD5, it therefore seemed appropriate to explore the possibility of any debris
fragments that may be travelling in association with the object, and which
might collide with the Martian surface in a manner that would produce
recognizable features. Both positive and negative results would be valuable
to our understanding of asteroidal dynamics from such a study.

Methods: A 2007 WD5 ground path for areodetic latitude and longitude
at 1 minute intervals from Jan. 29, to Feb. 01, 2008, was generously provided
for this research by NASA’s Near Earth Object Program. These data were
produced from their orbital solution #13, and include zones of uncertainty to
± 2σ. Hypothetical debris field objects would essentially constitute early or
late arrivals of 2007 WD5 in this solution, where the main mass would pass
1.7 × 10−4 AU from the planet center.

At 0.045 mrad (18 m) resolution, the Thermal Emission Imaging
System (THEMIS) Visual camera on the 2001 Mars Odyssey orbiter is a
useful screening tool for the identification of recent impact-related
anomalies, and to constrain the timing of impacts [2]. This is possible
because of the large spatial area dust-clearing effects of many impacting
bolides [3]. Depending on the size and shape of the resulting feature, higher
resolution imaging might then serve as follow-up for confirmation. Images
were collected throughout the month of February 2008 for visual comparison
with archived images of the same area acquired prior to the pass. A total of 80
image pairs with 60% overlap were collected across the study area to a
latitude of approximately −25° S (the extend of polar night at the time of the
pass).

Preliminary Results and Future Work: Of the 80 image pairs
reviewed, several have revealed anomalous features that may be associated
with impacts. Some appear to have been present prior to the asteroid pass,
while others fall within the image pair interval. This is a work in progress,
and at present it is unknown how many of the features may be attributable to
shadow effects, dust devil tracks, or other non-impact-related processes.
Confirmation will require 1) higher-resolution imaging from MOC, CTX
and/or HiRISE detectors, combined with 2) statistical analysis of the anomaly
distribution, and 3) a comparison with regions of similar area outside the zone
of interest.

References: [1] Bendjoya Ph. and Zappalà V. 2002. In Asteroids III,
Univ. Ariz. Press. [2] Christensen P. R. et al. 2004. Space Science Reviews
110:85–130. [3] Malin M. C. et al. 2006. Science 314, doi:10.1126/
science.1135156. 
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BIOWEATHERING OF A REDUCED CHONDRITIC MATERIAL:
IMPLICATIONS FOR ENSTATITE CHONDRITES
C. Avril1, V. Malavergne1, E. van Hullebusch1 F. Brunet2, F. Guyot3, J.
Labanowski4 1Université Paris Est- Marne La Vallée, Laboratoire
Géomatériaux et Géologie de l’Ingénieur, 5 boulevard Descartes, 74454
Marne la Vallée Cedex 2, France. 2Laboratoire de Géologie, ENS-CNRS, 24
rue Lhomond, 75005 Paris, France. 3 IMPMC, 140 rue Lourmel, 75015 Paris,
France. 4Laboratoire de Chimie et Microbiologie de l’Eau, UMR CNRS
6008, 40 avenue du recteur Pineau, 86022 Poitiers, France.

Introduction: Even though enstatite chondrites (E chondrite) could
have played a key role as primitive material to form the Earth, we still don’t
know how these meteorites have evolved during geological ages of earth
history, particularly in the presence of microorganisms. The aim of this study
is to investigate the mineralogical and chemical processes which take place
during the bioweathering of an E chondrite by bacteria. We first focus on Fe
and S because: (i) these two elements are major constituents of E chondrites,
(ii) they played a significant role in the appearance of life. Synthetic E
chondrites were used in this study since it represents starting materials of
simplified and well-defined composition and mineralogy. Synthesis
conditions of 0.8 GPa and 1473 K (4 to 7 days in a piston-cylinder apparatus)
were suitable to achieve well-equilibrated E chondrite analogs. A simplified
CI chondritic glass mixed with FeS and metallic Si was used as starting
material. These analogs contain the major phases of E chondrites: enstatite,
Si-rich kamacite and troilite but also quartz and monosulfides such as
oldhamite or niningerite. Pure culture of an iron oxidizing bacterium
(Acidithiobacillus ferrooxidans DSM 14882-DSMZ Germany) was used for
the bioweathering experiments (42 to 48 days of weathering). Their culture
medium is Fe and S-deficient in order to force the bacteria to use these
elements as available in the starting material. Piston cylinder samples as well
as the starting composition of PC experiments are characterized before and
after bioweathering using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), electron microprobe analysis (EMPA), Raman
spectroscopy and X-ray diffraction. Composition in major and trace elements
are analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) in leachates recovered from different bioweathering experiments.

Results and Discussion: Bacterial activity was detected in each
medium seeded with A. ferrooxidans. By using SEM and TEM, a P and S-rich
biofilm was also observed. Composition of leachates show that the presence
of the bacteria modify the chemical composition of the medium: the
composition of leachates differs in biotic middle in comparison with abiotic
growth medium. ICP-OES data show that, in the leachates, the concentration
of Si is lower in the biotic experiments than in the abiotic ones. These ICP
analyses together with EDX data show that A. ferrooxidans restricts the
alteration of some Si-rich phases such as Fe-Si alloys or some silicates.
Apparently, the bacterial activity restricts the mobilization of the silicate
phases in the solution. After weathering, monosulfides were no longer
present in the sample showing their dissolution in the aqueous medium. In the
abiotic and biotic experiments, we observe tiny globules of iron phosphate. In
the abiotic experiment, these globules are smaller, more porous and contain
sulfates. These iron phosphates are believed to precipitate by reaction
between iron from the sample and phosphorus from the growth medium.
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UNMELTED ACHONDRITIC MICROMETEORITES FROM THE
NOVAYA ZEMLYA GLACIER
D. D. Badjukov1, F. Brandstätter2, J. Raitala3, and G. Kurat2. 1V. I. Vernadsky
Institute RAS, Kosygin str. 19, 119991, Moscow, Russia,
badyukov@geokhi.ru, 2Naturhistorisches Museum, Burgring 7, 1010 Wien,
Austria, 3Astronomy, University of Oulu, PO BOX 3600, Finland.

Introduction: During the last decades, a huge number of
micrometeorites (MMs) were collected from glaciers of Greenland and
Antarctica [1]. It has been well established that MMs are related to
carbonaceous chondrites mostly [2] and only one basaltic unmelted MM
(UMM) and rare achondritic cosmic spherules were found in Antarctic MM
collections [3, 4]. A large suite of MMs was recovered from glacier deposits
located at the Novaya Zemlya ice sheet. The particles comprise melted,
partially melted and unmelted groups of micrometeorites. UMMs are
dominated mostly by chondritic matter but also achondritic UMMs are
present. 

Description: Out of a total sample of 176 UMMs four—according to
their textures, mineralogy, and chemistry—are classified as basaltic breccias.
They have irregular shape and are transected by irregular cracks; with two of
them containing vesicles. Two particles have discontinuous magnetite rims.
Three particles consist of angular mineral fragments embedded in various
glassy matrices. The constituent phases are low- and high-Ca pyroxenes,
plagioclase, silica, ilmenite, chromite, and glass. Compositions of pyroxenes
in the UMMs differ from each other with average Fs contents of low-Ca
pyroxenes of 10, 30, 55, and 58 mol% in particles NZ6-2-4,5, NZ6-2-4,33,
NZ6-1-1,44, and NZ6-2-5,15 respectively. The composition of high-Ca
pyroxenes is Fs5–6Wo38–44, Fs35–42Wo18–24, and Fs42–48Wo19–24 for UMMs
NZ6-2-4,5, NZ6-1-1,44, and NZ6-2-5,15 respectively. The pyroxene average
Fe/Mn atomic ratios for UMMs NZ6-2-4,33 and NZ6-2-5,15 are 31 and 30,
respectively, whereas UMMs NZ6-1-1,44 and NZ6-2-4,5 have Fe/Mn ratios
of 24.6 and 18.7, respectively. Plagioclase in three UMM is bytownite and
UMM NZ6-2-4,5 contains An75–65. Bulk compositions of the particles
obtained by defocused microprobe beam technique are close to basalts.

Summary: Based on textures and compositions of basaltic melt breccia
UMMs we suggest that they originated from surface layers of a basalt-
bearing asteroid that has been re-worked by high velocity impacts. Pyroxene
Fe/Mn ratios combined with An contents in plagioclase [5] indicate for two
UMMs a possible relationship to eucrite and/or mesosiderite meteorites
whereas two others seem to have two distinct parent bodies of a composition,
which is not present in meteorite collections. However, the conclusion needs
to be further investigated utilizing trace element abundances and isotope
studies. The basaltic breccia UMMs constitute 0.5% of the total population of
the Novaya Zemlya MM suite. This content should be lowered to 0.25% if
this MM collection is biased statistically due to depletion in some group(s) of
UMMs, e.g., carbonaceous UMMs.

Acknowledgments: This work was funded by CNRS-RFFI PICS
(grant No 07-05-92165), RFFI (grant 09-05-00444-α), FWF in Austria and
the Academy of Sciences of Austria and Finland.

References: [1] Maurette M. Micrometeorites and the Mysteries of Our
Origin, Springer, 2006; [2] Kurat G. et al. 1994. Geochimica et
Cosmochimica Acta 58:3879–3904; [3] Gounelle M. et al., 2005. 34th LPSC
abs. #1655; [4] Taylor S. et al. 2007. Meteoritics & Planetary Science 42:
223–233 [5] Papike J. J. et al. 2003. American Mineralogist 88:469–472.
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81KR-KR AGE OF THE VACA MUERTA MESOSIDERITE: ON
THEIR PARENT BODY EXPOSURE
K. Bajo and K. Nagao. Laboratory for Earthquake Chemistry, Graduate
School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan.
E-mail: k-bajo@eqchem.s.u-tokyo.ac.jp. 

Introduction: Vaca Muerta is classified as a mesosiderite, a breccia of
approximately equal mixture of silicate and metal [1]. The mesosiderite
includes several types of igneous pebbles [2], of which various textures
suggest collision event(s) between differentiated asteroidal bodies for its
formation. The unique textures have been attracting interests to investigate
formation mechanisms and histories of Vaca Muerta mesosiderite. Since the
formation process of mesosiderite is complicated, multi-stage cosmic-ray
irradiation is also conceivable. A portion which had existed on surface layer
(< 3 m) of the parent body would show evidence for cosmic-ray exposure. We
utilized 81Kr-Kr method to investigate different histories of cosmic-ray
exposure (CRE) among the different rock types from the Vaca Muerta.

Sample and Experimental: We measured two chips of different
lithologies taken from a Vaca Muerta sample; a general metal-rich brecciated
rock (VM-B) and a coarse grained gabbroic pebble (VM-P) which resembles
polygenic and monogenic cumulates [2]. Abundances and isotopic ratios of
noble gases were measured by using stepwise heating method with the
modified VG5400 (MS-II) mass spectrometer at the University of Tokyo.
Duplicate measurements of 81Kr-Kr ages were carried out on each sample to
confirm the obtained ages. 

Results and Discussion: The production rate ratio 81Kr/83Kr for the
samples were determined using a least squares fitting to the Kr isotopic data
obtained by the stepwise heating method. Resulted 81Kr-Kr ages for the VM-
B and VM-P samples are 141 ± 9 and 167 ± 9 Myr, respectively. 36Cl-36Ar
CRE age of 138 ± 11 Myr [3] was reported for metal phase (VM-M) from the
Vaca Muerta. The CRE age of VM-P is longer than those for VM-B and VM-
M, indicating that the VM-P had been irradiated in addition to the space
irradiation, ~140 Myr, during transit from the parent body to the Earth as
observed for VM-B and VM-M.

The difference of CRE ages among the samples reveals that VM-P was
irradiated by cosmic rays on its parent body, on which only VM-P was
present on the surface. This result is consistent with the model calculation for
its temperature evolution by Stewart et al. [4]. They mentioned burial depths
greater than ~20 m for metal or ~1 m for regolith which corresponds to the
VM-P sample. A precursor of VM-P had been located in shallower depth
than VM-M and VM-B. It is considered reasonable that a mixing of VM-B
and VM-P occurred before the impact metamorphism and reassembly due to
collisional breakup [5] of the Vaca Muerta parent body at ~3.8 Gyr ago [6],
because recent large-scale mixing on the parent body is unlikely due to a lack
of chance and driving force of the agitation. 

References: [1] Powell B. N. 1969. Geochimica et Cosmochimica Acta
33:789–810 [2] Rubin A. E. and Mittlefehldt D. W. 1992. Geochimica et
Cosmochimica Acta 56:827–840. [3] Albrecht A. et al. 2000. Meteoritics &
Planetary Science 35:975–986. [4] Stewart B. W. et al. 1994. Geochimica et
Cosmochimica Acta 58:3487–3509. [5] Rubin A. E. and Mittlefehldt D. W.
1993. Icarus 101:201–212. [6] Bogard D. D. et al. 1990 Geochimica et
Cosmochimica Acta 54:2549–2564.
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GEOCHEMISTRY OF PSEUDOTACHYLITES IN TARGET ROCKS
OF THE SUDBURY IMPACT STRUCTURE, ONTARIO, CANADA
Siyamend Al Barazi1,2, Ulrich Riller3, and Lutz Hecht1,2 1Freie Universität
Berlin, D-12249 Berlin, 2Museum für Naturkunde Berlin, D-10115 Berlin,
3McMaster University, School of Geography and Earth Sciences, Hamilton,
Ontario, Canada L8S 4K1.

Archean and Paleo-Proterozoic target rocks of the 1.85 Ga Sudbury
Impact Structure host fragment-rich pseudotachylites. They vary from
millimeter-wide veins to hundreds of meter wide fragment-rich zones and are
often associated with lithological contacts and faults. The mechanism of
pseudotachylite formation in large impact structures is still a matter of debate
[1]. Based on previous geochemical analyses [e.g., 2, 3], the main formation
processes which are currently discussed are shock melting within target rock,
in situ cataclastic milling, and friction-induced melting, or a combination of
these processes. Our study aims to elucidate if the pseudotachylite matrix can
be exclusively derived from the immediate host rock, as required for these
processes, or if an allochthonous melt component is involved.

Whole rock chemical analyses were complemented with microprobe
analyses (defocused beam) of matrix material to minimize the effect of host
rock fragments on matrix composition. Pseudotachylite matrix within
granitoid host rocks (n = 11) are depleted in SiO2, Al2O3, K2O, and are
enriched in Fe2O3, MgO, CaO, MnO, and TiO2. The opposite trend is
observed for pseudotachylite matrix within mafic host rocks (n = 3).
Pseudotachylite matrix sampled from lithological contacts plot on the mixing
line between the adjacent host rocks for major elements with minor
deviations for the more mobile elements Na2O and K2O. Electron microprobe
analyses revealed compositional differences between marginal and central
phases of some pseudotachylite dikes in granitoid host rocks. Finer grained
dike margins are similar in composition to the adjacent host rock, whereas the
matrix composition of the vein centre is more mafic, similar to most bulk
analyses. 

Trace elements display complex pattern. Significantly Cr-enrichment
has been observed for most pseudotachylites, except for pseudotachylite
hosted by Nipissing Gabbro. However, sills of Cr-rich Nipissing Gabbro
bodies are ubiquitous in Paleo-Proterozoic and Archean target rocks at
Sudbury. The contribution of melts from this rock type can account for the
observed enrichment of Cr in pseudotachylites. In addition, calculations and
estimates of the initial impact melt composition [e.g., 4, 5] show elevated Cr
contents (about 107–190 ppm) compared to most pseudotachylitic host rocks.
In summary, an allochthonous melt component is required to account for
matrix compositions. Injections of superheated (>1800°C) impact melt or
melt derived from Nippising Gabbro into dilation zones and mixing with melt
derived from local host rocks can explain the Cr-enrichment in the
pseudotachylites at Sudbury.

References: [1] French B. M. 1998. Lunar and Planetary Institute,
Houston, LPI Contribution No. 954. pp.120. [2] Dressler B. O. 1984. The
Geology and Ore Deposits of the Sudbury Structure, pp.97–136. [3] Lafrance
et al. 2008. Precambrian Research 165, pp. 107–119. [4] Lightfoot et al.
1997. Ontario Geological Survey, Open File Report 5959. pp. 231. [5] Ames
et al. 2002. Economic Geology 97:1541–1562.
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New major and trace element analyses were performed by HR-ICP-MS
on 4 distinct chips from ALH 84001 in order to constrain the bulk rock
composition, and to assess the trace element abundances of the
orthopyroxene and phosphates. These analyses were used to evaluate the
composition of the parental melt of this fascinating Martian meteorite [1].
The powders prepared with the 4 chips were split, and data on three different
fractions were obtained: the unleached powders, the residues after two steps
of leaching, and the leachates (HCl 2 M) obtained after the first step of
leaching.

Orthopyroxene-The Zr, Hf, and REE abundances in opx can be easily
calculated from the residues (e.g. La = 16.8 ppb, Sm = 62.8 ppb, Eu = 7.2 ppb,
Gd = 143 ppb, Yb = 285 ppb, Zr = 5.2 ppm, Hf = 0.13 ppm).

Phosphates-These phases are REE-rich, with La and Lu abundances
ranging respectively from 137 to 437 ppm and 13.2 to 41.2 ppm. Their
patterns are LREE enriched (Lan/Ybn = 4.0 − 7.2) and display low Eu/Eu*

ratio (=0.42−0.83). Th and U concentrations are high, ranging respectively
from 18.1 to 53.2 ppm and 3.5 to 7.4 ppm. These results are in agreement
with previous analyses [2–4].

The parental melt of ALH 84001 was probably an evolved mafic
magma (FeO/MgO ratio close to 2.5–2.6). The melts in equilibrium with the
phases cannot be deduced from equilibrium phase/melt partition coefficients
[5]. The abundances of REEs, Zr, and Hf in the ALH 84001 parental melt can
however be constrained from the method described by [6]. The amount of
interstitial melts (φ) was certainly much lower than 10%, probably in the
range 2.5 to 5% in agreement with [1, 7]. The calculated melts are slightly
LREE-enriched (LanSmn= 1.1–1.5), with Yb abundances about 9–15 × CI.
Interestingly, these melts display similar Zrn/Smn and Hfn/Smn ratios close
respectively to 1.7 and 1.4. Although φ cannot be more accurately
constrained, these calculations provide a reasonable picture of some relevant
trace element abundances or ratios. The ALH 84001 parental melt shared
strong trace element affinities with enriched shergottites such as Shergotty or
Los Angeles [e.g., 8] although its low Ni abundance for example [e.g., 7 and
this work], points for a liquid with a different crystallization history. These
results are in agreement with an old crystallization age for the shergottites
[e.g., 9, 10].

References: [1] Mittlefehldt D. W. 1994. Meteoritics 29:214–221. [2]
Wadhwa M. and Crozaz G. 1998. Meteoritics & Planetary Science 33:685–
692. [3] Terada et al. 2004. Meteoritics & Planetary Science 38:1697–1703.
[4] Righter M. et al. 2009. Abstract #2256. 40th LPSC. [5] Treiman A.H.
1996. Geochimica et Cosmochimica Acta 60:147–155. [6] Barrat J. A. 2004.
Meteoritics & Planetary Science 39:1767–1779. [7] Warren P. H. et al. 1999.
Geochimica et Cosmochimica Acta 63:2105–2122. [8] Barrat J. A. et al.
2001. Meteoritics & Planetary Science 36:23–29. [9] Bouvier A. et al. 2008.
Earth Planetary Science Letters 266:105–124. [10] Bouvier A. et al. 2009.
Earth Planetary Science Letters 280:285–295.
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HIGH-K GLASSES AND “KREEPY” CLASTS IN HOWARDITES:
EVIDENCE FOR K-RICH TERRANE(S) ON 4 VESTA
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Bohn1,2, A. Jambon5, O. Boudouma5, and I. A. Franchi4. 1Université
Européenne de Bretagne. 2UBO-IUEM, CNRS UMR 6538, place Nicolas
Copernic, 29280 Plouzané Cedex, France. E-mail: barrat@univ-
brest.fr.3NIPR, Tachikawa, Tokyo 190-8518. 4PSSRI, The Open University,
Milton Keynes MK7 6AA. 5UPMC, 4 pl. Jussieu, 75252 Paris Cedex. 

A few howardites and eucritic breccias contain high-K glass debris and
spherules [e.g, 1–3]. Here, we report mainly on the trace element abundances
of high-K impact spherules found in two of them, Northwest Africa (NWA)
1664 and 1769, and on a few unusual “KREEPy” clasts found in NWA 1664.

High-K glasses-The high-K impact spherules found in the howardites
NWA 1664 and NWA 1769 display remarkable trace element patterns.
Compared to eucrites or howardites, they all show prominent enrichments in
Cs, Rb, K, Li, and Ba, strong depletion in Na, while the REE and other
refractory elements are unfractionated. These features could not have been
generated during impact melting of their host howardites, nor other normal
HED target materials. The involvement of Na-poor rocks, and possibly high-
K granites, appears likely.

“KREEPy” clasts-These small fine-grained clasts found in NWA 1664,
are Mg-poor and made of a pyroxenoid breakdown product (fayalitic ol,
hedenbergitic px, and silica), high-Ca pyroxene with exsolution lamellas,
plagioclase, silica, hyalophane (K-Ba feldspar, with sometimes up to 10 wt%
BaO), ilmenite, merrillite, apatite, zircon, baddeleyite, and troilite. Although
our data are still preliminary, trace element analyses of various phases
indicate that these debris are unlike the eucritic mesostases (e.g., [4–5]). They
could be possible Vestan counterpart of lunar KREEP rocks. Similar clasts in
NWA 1664 were previously described by [6].

We suggest that the high-K spherules formed on Vesta from unusual
targets and were ballistically transported into their host breccias. The
“KREEPy” clasts could derived from the same targets and are one more
evidence for the occurrence of K-rich evolved rocks on Vesta, as first pointed
out by [7]. The exact composition of the targets is a matter of debate and
cannot be fully constrained with the available data. The remote sensing of
Vesta that will be performed from 2011 with the Dawn spacecraft, should
allow the identification of chemically different areas on Vesta, and may help
pinpoint the source regions of the K-rich lithologies described here.

References: [1] Noonan A. F. 1974. Meteoritics 9:233–244. [2] Kurat
G. et al. 2003. Abstract #1733. 34th LPSC. [3] Barrat J. A. et al. 2009.
Meteoritics & Planetary Science 44:359–374. [4] Takeda H. et al. 1994.
Earth Planetary Science Letters 122:183–194. [5] Barrat J. A. et al. 2007.
Geochimica et Cosmochimica Acta 71:4108–4124. [6] Lorenz C. A. 2008.
48th Vernadsky/Brown Microsymposium on Comparative Planetology,
Moscow, 20–22 October 2008 (abstract). [7] Takeda H. 1986. Journal of
Geophysical Research 91:D355–D363.

5151
GEOCHEMISTRY OF HED CUMULATES: A SYNTHESIS
J. A. Barrat1, 2, A. Yamaguchi3, R. C. Greenwood4, C. Bollinger1, 2, M.
Bohn1, 2, J. Cotten1, 2, and I. A. Franchi4. 1Université Européenne de
Bretagne. 2UBO-IUEM, CNRS UMR 6538, place Nicolas Copernic, 29280
Plouzané Cedex, France. E-mail: barrat@univ-brest.fr. 3NIPR, Tachikawa,
Tokyo 190-8518. 4PSSRI, The Open University, Milton Keynes MK7 6AA.

The magmatic activity on Vesta was certainly dominated by a large-
scale melting event, which generated a global magma ocean. According to
this view, eucrites can be explained in terms of fractional crystallization, with
subsequent contamination of the melts by liquids derived by partial fusion of
the asteroid’s crust [e.g., 1–3]. The HED cumulates (cumulate eucrites,
diogenites, and a dunite) point to a more intricate history. There is general
agreement that cumulate eucrites formed from eucritic melts [e.g., 4–5]. The
situation is less clear for the other cumulates. In this study, we will present
new major and trace element analyses of cumulates from Vesta, including the
olivine-rich lithologies, and the most ferroan diogenites. Our new data extend
the range of diogenetic trace element abundances [e.g., 6–8]. The diversity of
the REE patterns displayed by diogenites and olivine diogenites is
inconsistent with a simple magma ocean model, despite the homogeneity of
the ∆17O values shown by eucrites and the various cumulate lithologies [e.g.,
9–11]. There is no direct genetic link between diogenites and eucrites, with
trace element features pointing to the involvement of a variety of parental
melts, whose compositions are difficult to precisely assess. Some of them
display a strong HREE enrichment, and could be produced by the melting of
the magma ocean cumulates. Among all the HED collections, cumulates or
breccias containing debris of cumulates are far from rare (about 40% of the
population). It is therefore surprising that no potential parental melt for the
diogenites has yet been identified. The lack of rocks with a suitable
composition to be diogenitic parental melts indicates that our present HED
collection does not contain material from all the terrains exposed on Vesta, as
was recently suggested by a study of impact glasses found in howardites [12].
The remote sensing studies that will be performed during the Dawn mission
should provide a better picture of the petrologic diversity of Vesta’s surface,
and help to draw a coherent setting for the various types of cumulates.

References: [1] Righter K. and Drake M. 1996. Icarus 124:513–529.
[2] Warren P. H. and Jerde E. 1987. Geochimica et Cosmochimica Acta 51:
713–725. [3] Barrat J. A. et al. 2007. Geochimica et Cosmochimica Acta 71:
4108–4124. [4] Treiman A. H. 1997. Meteoritics & Planetary Science 32:
945–963. [5] Barrat J. A. 2004. Meteoritics & Planetary Science 39:1767–
1779. [6] Mittlefehldt D. W. 1994. Geochimica et Cosmochimica Acta 58:
1537–1552. [7] Fowler G. W. 1995. Geochimica et Cosmochimica Acta 59:
3071–3084. [8] Barrat J. A. et al. 2008. Meteoritics & Planetary Science 43:
1759–1775. [9] Wiechert et al. 2004. Earth Planetary Science Letters 221:
373–382. [10] Greenwood et al. 2005. Nature 435:916–918. [11] Scott
E.R.D. et al. 2009. Abstract #2263. 40th LPSC. [12] Barrat J. A. et al. 2009.
Meteoritics & Planetary Science 44:359–374.
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CHONDRITES—OESEDE AND WERNIGERODE
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Most of the German meteorites are poorly investigated. Here we present
new mineralogical and petrological data of the Oesede and Wernigerode H5
chondrites.

Microprobe measurements were performed with a JEOL JXA 8900 R
microprobe at the University of Kiel on the thin sections from the Institut für
Planetologie at the University of Münster (Oesede PL08006) and from the
Senckenberg Museum in Frankfurt (Wernigerode).

The Oesede meteorite, one stone of 3.6 kg, fell close to Kloster Oesede
(near to Osnabrück) on the frozen ground on December 30, 1927 [1].

Oesede shows a recrystallized transparent matrix with some sharp
delineated PO, PP, POP, BO, BP, GOP, RP, and complex BO-PP-GO
chondrules and chondrule fragments.

Olivine shows Fa18.5 (17.7–18.9; n = 30), CaO 0.03 wt%, Cr2O3 <0.05
wt%, and sharp extinction and irregular fractures. Ca-poor pyroxene with
Fs16.4 (Fs15.9–16.7Wo0.9–1.8; n = 26) sharp extinction and irregular to
planar fractures. Fe-Mg-silicates have Fe/Mn and Fe/Mg ratios of 30.8 and
0.22, respectively. Feldspar (An10–16Or9–5) occur as 2–100 µm partly
isotropic grains. The kamacite/taenite ratio is about 4. Kamacite contains
3.7–8.2 wt% Ni and 0.6–0.9 wt% Co, while taenite shows 15–23 wt% Ni and
0.6–0.9 wt% Co. Troilite contains <0.1 wt% Ni and up to 0.1 wt% Co.
Accessory minerals are chromite (Al2O3 6.2–7.6, TiO2 1.2–1.9, MgO 2.9–
5.7, MnO 0.7–1.0; all wt%) and whitlockite poicilitic in chromite.

Fe,Ni metal shows partly weak oxidation rims and no oxidation veins
are observed. Its magnetic susceptibility (logχ) is 5.20 × 10−9 cm3/g.

The Wernigerode meteorite, one stone of 24.3 g, was discovered on an
attic under a broken roof in 1970 [2]. That roof was already damaged by
influences during World War II. Unfortunately the finder is not able to
remember where the house was situated in Wernigerode at Harz Mountains
[3].

Wernigerode shows a recrystallized transparent matrix with some sharp
delineated PO, PP, BO, GO, GOP, and RP chondrules and chondrule
fragments.

Olivine shows Fa17.5 (17.3–17.7; n = 2), CaO 0.05 wt%, Cr2O3 <0.02
wt%, and weak undulatory extinction and irregular fractures. Ca-poor
pyroxene with Fs15.7 (Fs15.1–16.9Wo1.0–1.9; n = 11) shows undulatory
extinction and irregular to planar fractures. The composition of Ca-pyroxene
is En41Wo41 (n = 1). Fe-Mg silicates have Fe/Mn and Fe/Mg ratios of 23 and
0.19, respectively. Feldspar composition is An45Or3. The kamacite/taenite
ratio is about 1. Kamacite contains 5.7–6.5 wt% Ni and 0.6 wt% Co, while
taenite shows 29–44 wt% Ni and 0.2–0.3 wt% Co, and tetrataenite 49 wt% Ni
and 0.2 wt% Co. Troilite contains <0.3 wt% Ni and <0.03 wt% Co. Accessory
mineral is chromite (Al2O3 6.7, TiO2 1.4, MgO 3.9, MnO 1.1; all wt%).

Fe,Ni metal shows partly weak oxidation rims and no oxidation veins
are observed. Its magnetic susceptibility (logχ) is 5.33 × 10−9 cm3/g.

References: [1] Busz K. 1929. Veröffentl. Naturwiss. Verein Osnabrück
21:13–17. [2] Russell S. S. et al. 2002. Meteoritics & Planetary Science 37:
A157–A184. [3] Dietrich M. and Kurz M. 2003. Pers. communication.
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Königsbrück is described as an H/L4 chondrite and the latest find in
Germany [1]. Here we present new mineralogical and petrological data and
the resulting reclassification.

Microprobe measurements were performed with a JEOL JXA 8900 R
microprobe at the University of Kiel on the Königsbrück thin section (∼50
mm²) of the Museum für Naturkunde, Berlin, and olivines and pyroxenes
were remeasured with a JEOL JXA 8500F field emission electron
microprobe at the Museum für Naturkunde, Berlin.

Königsbrück shows a fine-grained translucent matrix with sharp
delineated PO, PP, BO, GO, GOP, RP, cryptocrystalline and poicilitic
chondrules and chondrule fragments. The chondrule/matrix ratio is ∼5:1.

Olivine shows Fa24.0 (22.9–25.1; n = 29), CaO 0.05 wt%, Cr2O3 <0.04
wt%, and sharp to undulatory extinction and irregular fractures. Ca-poor
pyroxene with Fs17.3 (Fs4.4–21.2Wo0.4–4.9; n = 13) shows undulatory
extinction and irregular to planar fractures. The composition of Ca-pyroxene
is En70–81Wo7–13 (n = 3). Fe-Mg silicates have Fe/Mn and Fe/Mg ratios of
40 and 0.29, respectively. The kamacite/taenite ratio is about 1. Kamacite
contains 6.5–6,9 wt% Ni and 1.0 wt% Co, while taenite shows 27–38 wt% Ni
and 0.4–0.3 wt% Co. Troilite contains <0.3 wt% Ni and <0.1 wt% Co.
Accessory minerals are chromite (Al2O3 4.9, TiO2 1.8, MgO 2.8, ZnO 0.4; all
wt%) and ilmenite (MgO 4.0 wt%, MnO 1.6 wt%). 

Fe,Ni metal shows partly weak oxidation rims and no oxidation veins
are observed. Thin (<0.5 mm) cracks are filled with fine crystalline Ca-
carbonate with <4 wt% MgO, <3 wt% FeO and <1 wt% of sulfur.

According to the above mentioned olivine, kamacite and Fe-Mg-silicate
composition Königsbrück has to be reclassified from H/L to L [2,3,4].
Olivine shows a rather constant composition while coexisting pyroxenes are
very heterogeneous. This is due to more rapid diffusion of cations in the
olivine isolated tetraheder [SiO4]4– structure compared to the pyroxene
[Si2O6]4– chains during thermal metamorphism. Compositionally
unequilibrated pyroxene, low matrix recrystallization, and well outlined
chondrules confirm the metamorphic degree of 4 [5]. Olivine shows weak
shock features of stage S2 [6] and the degree of weathering is W0–1 [7].

Capillary crack formation requires alternating strong short-term
temperature differences. Formation of carbonate fillings is an equilibrium
reaction mainly controlled by temperature, pH, and CO2 partial pressure.
Carbonate filled capillary cracks, as found in Königsbrück, are well known
from Sahara meteorites, but poorly from European’s. Although the
weathering situation in regard to find regions is still poorly known and not an
unambiguous forensic evidence, the carbonate filled cracks are indications
for a more likely alteration in hot desert than in Germany.

References: [1] Connolly H. C. et al. 2006. Meteoritics & Planetary
Science 41:1383–1418. [2] Rubin A. 1990. Geochimica et Cosmochimica
Acta 54:1217–1232. [3] Keil K.and Fredirksson K. 1964. J. Geophys. Res.
69:3487–3515. [4] Wasson J. T. and Kallemeyn G. W. 1988. Phil. Trans.
Royal Sci. London A 325:535–544. [5] Van Schmus W. R. and Wood J. A.
1967. Geochimica et Cosmochimica Acta 38:47–64. [6] Stöffler D. et al.
1991. Geochimica et Cosmochimica Acta 55:3845–3867. [7] Wlotzka F.
1993. Meteoritics 28:460.
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Sayh al Uhaymir 300 (SaU 300) is a polymict crystalline impact melt
breccia dominated by feldspathic components with small HMS contribution
[1, 2]. Here we discuss the noble gas record of SaU 300. Noble gas
components have been separated according [3] and production rates are
calculated on composition [2] according [4].

A chip weighing 100.9 mg from SaU 300 has been measured for noble
gases at the Laboratory for Earthquake Chemistry, Univ. of Tokyo by a
stepwise heating method: 600, 800, 1000, 1200, and 1800 °C.

It showed a maximum release at 1000°C, whereas other noble gases
were mostly released at 1800°C. At the 600 and 800 °C, Ne isotopic ratios are
interpreted as a mixture between terrestrial atmospheric and cosmogenic
components, but at the higher temperatures trace amount of SEP-Ne, [20Ne]
∼1.5 × 10–7 cm3STP/g, was recognized as the plots on a SEP-cosmogenic
mixing line. Solar wind Ne as indicated in [5] could not be identified.
Cosmogenic 3He, 21N e and 38Ar concentrations are 0.3, 0.70, 1.5 × 10−8

cm3STP/g, reflecting CREA of 0.2, 3.1 and 9.5 Myr respectively. An
adoption of 3He and 21Ne to T38 reflect a He/Ne loss ratio of 1.5 that is
moderate above their atomic radii ratio of 1.2. The resulting cosmogenic
21Ne/38Ar ratio meets P21/P38 of 1.45. Measured concentrations of
radiogenic 4He and 40Ar are respectively 220 and 1400 × 10−8 cm3STP/g.
Adopting the concentrations of U (0.22 ppm), Th (0.46 ppm) and K
(510 ppm), U/Th-He and K-Ar ages were calculated as 0.055 and 2.9 Gyr,
respectively. The much younger U/Th-He age should have been resulted by
strong He loss dominantly during the ejection event. On the basis of the
above mentioned CREA He adoption the U/Th-He age move to 2.4 Gyr
which is in moderate agreement with the K-Ar age of SaU 300. Because the
radiogenic 40Ar should have been lost partly at the impact events too, real
crystallization age must be older than the calculated K-Ar age. 

These observations are consistent from the petrological features
interpreted impact events [1, 2]: most of noble gases had been lost by crater-
forming impact > 60 GPa on the Moon about 3 Gyr ago, and trace amounts of
noble gases strongly retained in some minerals and lithic fragments remain in
this meteorite. The noble gas release profile suggests that the temperature
was about 1200°C. From the above discussion, the cosmogenic 21Ne and 38Ar
should be partly products by cosmic-ray irradiation on the lunar surface for
nearly 10 Myr prior to the main impact event. Regolith breccias generally
trap solar wind (SW) and solar energetic particles (SEP). By the ejecting
impact heating, less energetic SW particles have been removed. Accordingly,
the measured concentration of cosmogenic 3He and its production rate of 1.7
× 10−8 cm3STP/g/Myr gives an upper limit on a transit time of SaU 300 from
the Moon to the Earth as 0.2 Myr.

References: [1] Hudgins J. A. et al. 2007. Meteoritics & Planetary
Science 42:1763–1779. [2] Hsu W. et al. 2008. Meteoritics & Planetary
Science 43:1363–1381. [3] Eugster O. et al. 2000. Meteoritics & Planetary
Science 35:1177–1181. [4] Eugster O. et al. 1995. Geochimica et
Cosmochimica Acta 59:177–199 [5] Lorenzetti S. et al. 2005. Meteoritics &
Planetary Science 40:315–327.
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Introduction: The 35 Ma and 85 km diameter Chesapeake Bay impact
structure was drilled in its central part at Eyreville in 2005–2006 in an ICDP-
USGS drilling project [1]. The Eyreville drill core comprises (from top to
bottom) post-impact sediments, sediment clast breccias and sedimentary
megablocks (the so-called Exmore breccia beds), a large granitic and a small
amphibolitic megablock, gravelly sand, impact breccia, and granites/
pegmatites and mica schists [1]. The interval of impact breccias (1397–
1551 m) consists mostly of suevite and contains abundant melt particles
(millimeter- to centimeter-sized), especially in the upper part, where also two
intervals of impact melt rocks (∼1 and 5.5 m thick) occur [2].

Results: We have studied the melt particles by means of optical
microscope, electron microprobe, SEM, and Raman spectrometer. Several
major types of melt have been distinguished on the basis of color,
microtexture, and mineralogical and chemical composition. In the suevite,
four main types of melt particles have been distinguished: m1–clear,
brownish, or greenish, only slightly altered glass, commonly with flow
texture; m2–brown melt, entirely altered to fine-grained phyllosilicate
minerals; m3–recrystallized silica melt; and m5–dark brown melt (of shale
precursor). Other types of melt have been found within the impact melt rocks:
m4–with feldspar and/or pyroxene microlites; m6–heterogeneous silica-rich
melt with dark-brown globules; and m7–brownish altered melt with globular
and worm-like textures. Also transitional or mixed melt types, especially in
the impact melt rocks, but also between the types m1/m2 and m2/m3 in the
suevites were noted. The melt particles have commonly heterogeneous
texture and composition, are altered and porous. The shape of the melt
particles is mostly amoeboid, some particles of type m1 are shard-like. There
are many features such as schlieren, cracks and vesicles–with secondary rims
and filling, undigested clasts and crystallites. Several melt particles of each
type were analyzed and elemental maps were obtained for the most
interesting melt parts to further characterize the chemical relations between
different phases. The composition of the melt varies from nearly pure SiO2
(m3) to various silicate composition; carbonate is very rare and is probably
secondary. Raman spectrometry helped to identify grains and crystals in the
melt. The undigested grains are mostly quartz or rare feldspar. Pyrite,
graphite, and rutile also occur. Crystals that probably newly formed during
cooling or alteration of the melt include abundant small anatase and rare
apatite. No high-pressure phases have been identified.

References: [1] Gohn G. S. et al. 2006. EOS 87:349 and 355. [2] Horton
J. W. et al. 2009. Geologic column in: GSA Special Paper (Chesapeake Bay
Drilling Project volume), in press.
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HYDRATED SILICA (OPAL) IN A POLYMICT UREILITE, EET
83309
A. D. Beard1, H. Downes1, 2 K. Howard2. 1Birkbeck/UCL Research School of
Earth Sciences, Birkbeck, University of London, Malet Street, London
WC1E 7HX, U.K. E-mail: a.beard @ucl.ac.uk. 2Department of Mineralogy,
Natural History Museum, Cromwell Rd, London, UK.

Introduction: EET 83309 is a polymict ureilite microbreccia showing
a cataclastic aggregate texture dominated by large rounded clasts of olivine,
up to 3mm in diameter and minor amounts of low-Ca pyroxene and
plagioclase with traces of Ni-rich iron, troilite, suessite, schreibersite and
graphite set in a clast-supported matrix of fine-grained mineral clasts. In this
study, we report the presence of numerous opal fragments in 5 internal chips
of EET 83309.

Results: The presence of opal was confirmed by in situ microbeam X-
ray diffraction at the Natural History Museum and by electron microprobe at
Birkbeck/UCL. The largest banded opal fragments are >300 µm in the
longest dimension. The bands are terminated by the adjacent olivine clasts
indicating that it was not formed in situ. In some bands small subhedral
crystals of “quartz” can be observed, suggesting secondary recrystallization.
The opal clasts can also contain inclusions of schreibersite. Opal is
sometimes in contact with ureilitic olivine, forming a single clast with a
terrestrial weathering rim around both minerals. It also occurs as thin (10 µm)
rims completely surrounding a suessite (Fe3Si) grain and shows no
relationship whatsoever with weathering rims. 

Opal is hydrated silica (SiO2.nH2O) formed from mineraloid gels at
relatively low temperatures with 10–30 wt% H2O. On Earth, opal forms
either in volcanic or sedimentary deposits usually as the result of weathering
of a silica-rich rock producing a precipitate of a SiO2-enriched hydrated fluid/
gel within rock cavities and along fractures. Opal occurs in three varieties:
opal-A for amorphous, opal-CT for poorly crystalline with α-cristobalite
with α-tridymitic stacking, and opal-C for α-cristobalite with traces of α-
tridymite [1]. XRD analysis suggests that the opal in EET 83309 is of the
opal-A variety, although it appears to be undergoing recrystallization. EMPA
results for 5 analyses of the largest opal clast show it contains approximately
65.5 wt% SiO2, with around 6 wt% FeO and <1wt% MgO. In contrast,
terrestrial opals only contain up to 1.06 wt% FeO and 0.06 wt% MgO [2].

Origin of Opal: Opal in meteorites is extremely rare with only one
report of a hydrated silica cavity fill, in the highly weathered Wolf Creek iron
meteorite [3]. The petrographic and mineralogical evidence presented here
clearly demonstrates the presence of opal in several chips of polymict ureilite
EET 83309. The opal is frequently banded, but can also occur as unbanded
and as rims around typical polymict ureilite minerals like suessite and
schreibersite. Both these minerals are considered to be the products of
reduction during shock metamorphism. We therefore conclude that the
formation of the opal occurred near to the surface of the ureilite parent body,
i.e. after the formation of suessite but before the formation of the regolith.

References: [1] Jones J. B. and Segnit E. R., 1971. Journal of the
Geological Society of Australia 8:57–68. [2] Gaillou E. et al., 2008. Ore
Geology Reviews 34:113–126. [3] White J. S., Jr. et al. 1967. American
Mineralogist 52:1190–1197.

5313
OLIVINE IN DIOGENITES: EVIDENCE FOR MULTIPLE
DIOGENITIC LITHOLOGIES ON VESTA
A. W. Beck1 and H. Y. McSween1. 1Planetary Geosciences Institute, Dept. of
Earth and Planetary Sciences, University of Tennessee, Knoxville, TN
E-mail: abeck3@utk.edu).

Introduction: Traditionally, the diogenite meteorites have been viewed
as orthopyroxenite cumulates with small amounts of olivine [1]. Several
olivine-rich, harzburgite diogenites have recently been recognized and may
provide insight into the occurrence of olivine on Vesta and in the HED
meteorite suite [2,3]. In both the harzburgite and orthopyroxenite diogenites,
olivine has been interpreted as a primary phase [1]. This study examines
twelve diogenites with a range in olivine abundance from 1–18% by volume.
Within the samples selected are the harzburgites, orthopyroxenites with
olivine, and some orthopyroxenites with no olivine. We conclude that the
occurrence of olivine in orthopyroxenite diogenites is not primary, but
instead is due to the brecciation and mixing of harzburgite.

Results and Discussion: Two distinct phases of pyroxene, Mg and Fe-
rich, were detected in the orthopyroxenites with olivine. In these samples,
olivine occurs in non-brecciated contact and in close proximity to Mg-rich
pyroxene. Fe/Mg distribution coefficients indicate that the Mg-rich pyroxene,
not the Fe-rich, is in equilibrium with the olivine. Textural relationships and
chemical evidence strongly suggest that Mg-rich pyroxene and olivine were
derived from a distinct lithology, separate from the Fe-rich, olivine-free,
orthopyroxenite fragments. We believe that the olivine and Mg-rich pyroxene
parent lithology is represented by the two harzburgite samples selected for
this study. These two samples have: entirely Mg-rich pyroxene, abundant
olivine, non-brecciated textures between phases, and equilibrated olivine/
pyroxene assemblages. The Fe-rich pyroxene and olivine-free fragments are
interpreted as coming from typical, olivine-free, diogenite materials.

Fractional crystallization is the likely process separating the harzburgite
and orthopyroxenite lithologies on Vesta. While partial melting restites have
been proposed as the origin of the harzburgite diogenites [3], we believe that
the presence of plagioclase and the range in Mg# among major phases
necessitates a fractionated origin. Furthermore, the aforementioned Mg#
variations, and ranges in REE abundances between samples [4], are likely the
result of fractionation from different diogenitic plutons. While batch injection
into a single magma chamber may produce compositional layering, other
diogenite REE patterns strongly support multiple parent plutons as well [5].

Conclusions: Olivine occurs as a primary phase only in the harzburgite
diogenites. In orthopyroxenite diogenites, minor olivine has been introduced
by brecciation and mixing of harzburgite lithologies. The process separating
these two diogenite lithologies on Vesta is likely fractional crystallization
within different plutons. 

References: [1] Mittlefehldt D. W. et al. 1998. Planetary materials,
RiM 36, Ch. 4., 103–130. [2] Mittlefehldt D. W. 2000. Meteoritics &
Planetary Science 35:901–912. [3] Sack R. O. et al. 1991. Geochimica et
Cosmochimica Acta 55:1111–1120. [4] Mittlefehldt D. W. et al. 2009. 40th

LPSC, #1038. [5] Barrat J. A. et al. 2009. Meteoritics & Planetary Science
35:1759–1775.
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WATER RELATED FEATURES IN THE IR SPECTRA OF
CARBONACEOUS CHONDRITES MATRIX
P. Beck1, E. Quirico1, J. Bollard1, G. Montes-Hernandez1, L. Bonal2, F-R.
Orthous-Daunay1 and B. Schmitt1. 1Laboratoire de Planétologie de Grenoble,
Université Joseph Fourier, 122 rue de la Piscine, 38045 Grenoble cedex 07.
2University of Hawai’i at Mãnoa, Honolulu, HI 96822, USA.

Introduction: Carbonaceous chondrites contain a significant amount
of water in the form of nominally hydrous minerals [1]. These minerals were
likely produced by the alteration of a dry precursor, that led to various
mineralogical transformation among which the formation of phyllosilicates
from anhydrous mafic minerals. Infrared spectroscopy is one of the few non-
destructive techniques that can directly probe water molecules and -OH
groups. This technique is also widely used to identify ice and hydrated
minerals at the surface of asteroids [2]. Here, we report on micro-infrared
measurements of matrix fragment from Orgueil (CI), 10 CM chondrites and
4 CR chondrites. We focus on the H2O and -OH related adsorption feature at
around 3 µm.

Analytical Method: Matrix chunks were extracted and crushed within
sapphire windows. In the case of the CR chondrites, the samples were
subsequently deposited on a KBr window to obtain measurements down to
600 cm−1 (to assess the Si-O stretching band). IR spectra were acquired with
a Hyperion IR microscope at LPG. In order to remove adsorbed and
interfoliar molecular water, we used an environmental cell, which allowed
measurements under a primary vacuum (10−3 mbar) and temperatures up to
300°C. This method enables to remove weakly bonded H2O molecules whose
spectral signature overlaps with the more informative -OH absorption
features.

Results: At ambient conditions, the 3 µm region is dominated by H2O
absorption, due to the presence of a combination of adsorbed and interlayer
water molecules. Heating of the sample at 100°C enabled to remove adsorbed
water, and further heating was able to remove all of the molecular water
(disappearance of the v2 bending band at 1600 cm−1). Molecular water was
the dominant signature at 3 µm in previous study [3]. Examination of the CM
and CI spectra shows a clear variability among the sample studied. Two
endmember types were identified: a sharp asymmetric feature at ∼3700 cm−1

(Orgueil type) or a broad feature centered at 3500–3600 cm−1 (Murchison
type). CR spectra look intermediate between the Orgueil and Murchison
types.

Discussion: In the case of the CM chondrites, there is an apparent
relation between the spectral shape at 3 µm and the alteration sequence
defined by [4]. The most extensively altered meteorites from [4] correspond
to an Orgueil type spectrum while the least altered sample display the
Murchison type spectrum. The Orgueil type spectrum resembles
measurements we performed on chrysotile. We can propose that the
variability encountered is mostly related to a variation in the nature of the
cation bonded to the hydroxyl groups, as the chemistry of serpentine evolves
from Fe-rich to Mg-rich during the sequence defined by [4]. IR spectroscopy
appears promising to provide a qualitative characterization of the extent of
aqueous alteration, by depicting the main stages of advancement in the
alteration process.

References: [1] Brearley A. J. 2006. in Meteorites and the Early solar
system II 942pp. [2] Rivkin A. S. et al. 2000. Icarus 145:351–368. [3] Osawa
et al. 2005. Meteoritics & Planetary Science 40:71–86. [4] Rubin A. E. et al.
2007. Geochimica et Cosmochimica Acta 71:2361–2382.

5427
WEATHERING OF THE GLENROTHES METEORITE (H5), THE
FIRST SCOTTISH FIND
A. Bell and M. R. Lee Department of Geographical and Earth Sciences,
University of Glasgow, Lilybank Gardens, Glasgow, G12 8QQ, UK E-mail:
martin.lee@ges.gla.ac.uk.

Here we report results of a study of the weathering products of
Glenrothes (H5), which was found in Fife (Scotland) in 1998. This is an
unusual find since Scotland is not an ideal environment for meteorite
accumulation; it has high levels of precipitation, and hence weathering, and
plentiful vegetation cover, which can obscure potential meteorite finds. 

The weathering products in Glenrothes were characterized by
backscattered electron imaging and X-ray microanalysis, the latter focusing
on Fe, Ni, S and Si. Two hot desert finds of comparable weathering grade,
Acfer 019 (L6) and Acfer 275 (H5-6), were examined in parallel in order to
compare weathering products between the two very different climatic
regions. This information was supplemented by consulting previous work on
hot and cold desert meteorites [1]. The composition and features of the
outermost surface of Glenrothes were also analyzed, and these were
compared with a soil sample taken from the reported site of discovery. 

Results and Discussion: We have found considerable similarities
between the styles of weathering in Scotland and the Sahara, both in terms of
the compositions of weathering products and related veining and brecciation
of the stones. This suggests that despite the climatic differences, the
underlying processes of meteorite weathering, including oxidation and
hydration of Fe,Ni metal and troilite, are comparable regardless of climate.
Ideally, Glenrothes would only be compared to meteorites of the same
petrologic type and differences between the L and H group meteorites may
explain some of the minor compositional and petrographic contrasts found. 

References: [1] Lee M. R. and Bland P. A. 2004. Mechanisms of
weathering of meteorites recovered from hot and cold deserts and the
formation of phyllosilicates. Geochimica et Cosmochimica Acta 68:893–916.

Backscattered electron image of Glenrothes, with arrow pointing to
brecciation. 
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CONSTRAINTS ON MAPPING SOURCE REGIONS OF MARTIAN
METEORITES AND THE DISTRIBUTION OF PYROXENE ON
MARS: IR MICROSPECTROSCOPY OF PYROXENE IN
SHERGOTTITES
G. K. Benedix1 and V. E. Hamilton2, 1Dept. of Mineralogy, The Natural
History Museum, Cromwell Road, London, UK SW7 5BD
(g.benedix@nhm.ac.uk); 2Southwest Research Institute, 1050 Walnut St.,
Suite 300, Boulder, CO 80302, hamilton@boulder.swri.edu.

Introduction: The surface mineralogy of Mars is constrained by
spectral and chemical data from orbiters and landers. One technique for
determining lithologies is thermal emission spectroscopy. Virtually the entire
surface of Mars has been mapped using either the TES [1] or THEMIS [2]
instruments and the Mini-TES has made in situ measurements [e.g., 3]. These
data have been used to try and find source regions of Martian
meteorites[e.g., 4]. Other studies have shown that pigeonite is the dominant
low-Ca pyroxene in Mars [5,6]. Pigeonite is important in shergottites and on
the surface of mars. At present, there is only one pigeonite spectrum in the
ASU spectral library [7].

Microspectroscopy [e.g., 8] allows expansion of databases to include
minerals for which it is difficult to obtain physical separates, but which are
accessible in meteorite thin sections. Preliminary spectral measurements [9,
10] using an infrared microscope attached to a benchtop FT-IR examined
chips or thick sections of meteorites or terrestrial rocks. Using a similar
system, we measured Martian meteorite pyroxene in thin section [11]. 

Samples and Analytical Techniques: Bi-directional reflectance
spectra from 2.5 to 14 µm of pyroxenes in thin sections of Zagami and Los
Angeles were acquired using a Perkin Elmer AutoIMAGE FT-IR microscope
attached to the SpectrumOne FT-IR spectrometer (aperture = 25 µm; spectral
resolution = 4cm−1; and polished gold calibration standard). Mineral
compositions were determined by electron microprobe.

Results and Discussion: Zagami and Los Angeles both contain
pigeonite and augite with variable composition (Wo10 to Wo18 and wide-
ranging Fe-Mg). Despite the range of compositions seen, the average
pigeonite spectrum of Zagami shares a similar shape (although not intensity
due to the presence of other minerals) with the whole rock spectrum. There is
some evidence that pyroxenes in Zagami have a preferred orientation. To
address this, we will use electron backscatter diffraction (EBSD) to
determine exact orientation relationships of grains. 

Pigeonite composition in Los Angeles is also variable. The shape of the
averaged spectrum from randomly measured pigeonite grains matches the
overall shape of the whole rock spectrum. It appears that the best pyroxene
spectrum to use for basaltic meteorites from Mars is an average of many
compositions.

References: [1] Christensen P. et al. 2001. JGR 106:23823–23871. [2]
Christensen P. et al., 2004. Space Sci. Rev. 110:85–130. [3] Christensen P. et
al. 2004. Science 306:1733–1739. [4] Hamilton V., et al. 2003. Meteoritics &
Planetary Science 38:871–885. [5] Hamilton V. and Koeppen W. 2007.
EOSTrans, Fall Meeting #P13D-1549. [6] Hamilton V. 2008. GSA abs.#268–
2. [7] Christensen P. et al. JGR 105:9735–9739, 2000. [8] Ruff S. et al. 1997.
JGR 102:14899–14913. [9] Klima R. and Pieters C. 2006. JGR 111, E01005.
[10] Morlok A. et al. 2006. Meteoritics & Planetary Science 41:773–784.
[11] Benedix G. and Hamilton V. 2007. LPSC XXXVIII, Abstract #1805.
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CARBONACEOUS COMPOUNDS AT THE SURFACE OF
TRANSNEPTUNIAN OBJECTS AND CENTAURS
C. de Bergh1, M. A. Barucci1, F. Merlin1, 2, S. Fornasier1, A.
Doressoundiram1, R. Brunetto3. 1LESIA, Observatoire de Paris, Meudon,
France. catherine.debergh@obspm.fr. 2Depart. Astron., Univ. Maryland,
College Park, USA. 3IAS, Univ. Paris-Sud, Orsay, France.

The study of the small bodies in orbit around the Sun beyond Neptune
(the Transneptunian objects, or TNOs), and of the Centaurs which originated
as TNOs and are now closer to the Sun, can provide very interesting clues on
solar nebula composition and solar system evolution. Indeed, these objects,
which are remnants of solar system formation, have been subjected to
minimal evolution since they were formed. Their upper surface layers have
however been significantly altered by space weathering and, for some of
them, other effects such as surface-atmosphere interaction or cometary-like
activity, and, maybe, cryovolcanism. 

TNOs and Centaurs are very faint, and therefore hard to study. We have
investigated the surfaces of the brighter objects by spectroscopy in the visible
and near-infrared ranges using spectrographs at the 8.2 m telescopes of the
ESO-Very Large Telescope in Chile. These observations have allowed the
detection of ices, essentially water ice, but also ices of methane, methanol,
and possibly nitrogen, ethane and hydrated ammonia [1], [2], [3], [4], [5].
The obtained spectra also reveal a large variety of spectral shapes, consistent
with the wide diversity of colors derived from broad-band photometric
observations of a larger sample of objects [6], [7]. 

Most of these objects (especially the smallest ones) have very low
surface albedos. The low albedos and the very red colors of some of the
objects strongly support the presence of refractory carbonaceous compounds
in the upper surface layers that would be formed by long term irradiation of
carbon-containing material, as demonstrated by laboratory experiments on
ion irradiated methane, methanol, and benzene [8]. Although no specific
identification of these complex species could be made, because of a lack of
obvious absorption features, spectra of these objects can be satisfactorily
modelled when compounds such as Titan, Triton or Ice tholins, or kerogens,
are included in the models, in addition to the detected ices (if any). Titan and
Triton tholins are products formed in the laboratory by irradiation of gaseous
mixtures of methane and nitrogen in different proportions, while Ice tholins
are formed by irradiating mixtures of essentially water and hydrocarbon ices
[9]. Amorphous carbons are also sometimes added to the models to account
for the very low albedos; these can be formed by long term weathering. 

We present an overview of our results and their implications.
References: [1] Barucci et al. 2008. In The solar system beyond

Neptune, Univ. Ariz. Press. pp. 143–160. [2) Merlin et al. 2009. Astronomical
Journal 137:315–328. [3] Guilbert et al. 2009. Icarus 201:272–283. [4] Della
Ore et al. 2009. In press. [5] Merlin et al. submitted. [6] Doressoundiram
et al. 2008. In The solar system beyond Neptune, Univ. Ariz. Press. pp. 91–
104. [7] Tegler et al. 2008. In The solar system beyond Neptune, Univ. Ariz.
Press. pp. 105–114. [8] Brunetto et al. 2006. The Astrophysical Journal 644:
646–650. [9] de Bergh et al. 2008. In The solar system beyond Neptune, Univ.
Ariz. Press. pp. 483–506.
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EXPERIMENTAL SHOCK METAMORPHISM OF THE L4
ORDINARY CHONDRITE SARATOV INDUCED BY SPHERICAL
SHOCK WAVES UP TO 400 GPA
N. S. Bezaeva1, D. D. Badjukov2, P. Rochette3, J. Gattacceca3, V. I. Trukhin1,
E. A. Kozlov4, and M. Uehara3. 1Earth Physics Department, Faculty of
Physics, M. V. Lomonosov Moscow State University, Russia. E-mail:
bezaeva@phys.msu.ru. 2Vernadsky Institute of Geochemistry and Analytical
Chemistry, Russian Academy of Sciences, Russia. 3CEREGE CNRS/Aix-
Marseille University, France. 4Russian Federal Nuclear Center, All-Russian
Research Institute for Technical Physics (Chelyabinsk-70), Russia. 

Hypervelocity impacts are a major mechanism for the evolution of the
solid matter in our solar system. Shock waves generated during impacts can
induce changes in texture and physical properties of extraterrestrial materials.
So, understanding shock metamorphism of meteorites is a key issue in
planetary sciences. 

We carried out shock experiments on a bulk and a crushed macroscopic
spherical samples of the L4 ordinary chondrite Saratov (natural shock stage
S2-S3) using explosively generated spherical shock waves with maximum
peak pressure up to 400 GPa and shock-induced temperatures >800 °C (up to
several thousand °C). The evolution of shock metamorphism within a radius
of the spherical sample was investigated using optical and scanning electron
microscopy observations, microprobe and magnetic analyses as well as
Mössbauer spectroscopy and X-ray diffraction techniques. Petrographic
analyses revealed a shock-induced formation of three different concentric
petrographic zones within the shocked sample: zone of total melting (zone I),
zone of partial melting (zone II) and zone of solid-state shock features (zone
III). We found a progressive pressure-induced oxidation of Fe-Ni metal,
whose degree increased with increasing shock peak pressure. Petrographic
and microprobe analyses as well as Mössbauer spectroscopy showed that in
the melted heavily shocked central part of the bulk sample (zone I) the
amount of oxidized iron (FeO) increased by the factor of 1.4 with respect to
its amount in the unshocked bulk sample of Saratov suggesting that about 70
wt% of the initial metallic iron was oxidized within zone I. Further magnetic
analyses, carried out on experimentally shocked Saratov samples, showed
that in the zone I about 10 wt% of the initial metallic iron remained intact.
This strongly supports the hypothesis that apart oxidation, a migration of
metallic iron droplets from the central heavily shocked zone towards less
shocked peripheral zone took place as well. Magnetic measurements also
showed shock-induced reduction of Fe-Ni grain size and shock-induced
transformation of tetrataenite to taenite within all shocked sub-samples
resulting in magnetic softening of these sub-samples (decrease in the
coercivity of remanence Bcr). Implications of these results for planetary
sciences and extraterrestrial paleomagnetism are discussed.

Acknowledgements: This work was partially funded by the CNRS-
RFFI PICS program (grant 07-05-92165) while the stay of N.S. Bezaeva at
CEREGE was supported by a research grant of the French Government (No.
2005814).
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BUNBURRA ROCKHOLE: A NEW ANOMALOUS ACHONDRITE
P. A. Bland1, P. Spurný2, R. C. Greenwood3, M. C. Towner1, A. W. R. Bevan4,
W. F. Bottke Jr.5, L. Shrbený1, 2, T. P. McClafferty6, D. Vaughan7, G. K.
Benedix8, I. A. Franchi3, R. M. Hough9. 1IARC, Dept Earth Sci. and Eng.,
Imperial College London, SW7 2AZ, UK. Email: p.a.bland@imperial.ac.uk.
2Astronomical Institute of the Academy of Sciences, Fricova 298, CZ-251 65
Ond¯ejov Observatory, Czech Republic. 3PSSRI, Open University, Walton
Hall, Milton Keynes MK7 6AA, UK. 4Department of Earth and Planetary
Sciences, Western Australian Museum, Locked Bag 49 Welshpool DC, WA
6986, Australia. 5Southwest Research Institute, 1050 Walnut Street, Suite 426,
Boulder, Colorado 80302, USA. 6Western Australian Museum, 17 Hannan St.,
Kalgoorlie, WA 6433, Australia. 7PO BOX 187, Nedlands, Perth, WA 6909,
Australia. 8IARC, Department of Mineralogy, Natural History Museum,
London SW7 5BD, UK. 9CSIRO Exploration and Mining, CRCLEME,
ARRC, 26 Dick Perry Avenue, Kensington, Perth, WA 6151, Australia.

Introduction: Bunburra Rockhole (BR) was the first meteorite
recovered using data obtained by the Desert Fireball Network (DFN) project
[1,2]. BR is brecciated, and contains three lithologies delineated by grain
size. Mineralogy is consistent across lithologies (dominantly pyroxene,
plagioclase, and silica, with minor chromite, sulfide, and ilmenite). Pyroxene
composition is similar to basaltic eucrites [1]. 

Results and Discussion: Initial petrology suggested BR was a eucrite.
However, we have recently acquired oxygen isotopic data which demonstrate
that the meteorite has a distinct oxygen isotopic composition, plotting
significantly above the HED mass fractionation line. BR has ∆17O‰ = −0.112
± 0.042 (2σ), based on 9 replicate analyses, taken from the three different
textural sub-types. In contrast, HEDs define a mass fractionation line of
around ∆17O‰ = −0.242 ± 0.016 (2σ) [3,4]. This anomalous composition
indicates that it is highly unlikely that BR is derived from (4) Vesta. Instead,
BR joins a small select group of basaltic meteorites characterized by unusual
oxygen isotope compositions. NWA 011 was the first to be identified [5]
(NWA 011 has ∆17O‰ = −1.80 [5]), followed by a further five anomalous
basaltic meteorites [4,6–9]. Some of these also have unusual mineral
compositions (e.g., Ibitira [8,9]), or anomalous ages (e.g., Asuka-881394
[10]). However, of these six, only three (Ibitira, Asuka-881394, and NWA
011) diverge sufficiently from the HED mass fractionation line to
unambiguously require additional parent asteroids to 4 Vesta [4]. BR is the
fourth. And in addition to composition, DFN observations and orbital
modelling allow us to trace its orbital history [1,2].

References: [1] Bland P. A. et al. 2009. Abstract #1664. 40th LPSC. [2]
Spurný P. et al. 2009. Abstract #1498. 40th LPSC. [3] Greenwood R. C. et al.
2005. Nature 435:916–918. [4] Scott E. R. D. et al. 2009. Abstract #2263.
40th LPSC. [5] Yamaguchi A. et al. 2002. Science 296:334–336. [6] Scott E
R. D. et al. 2008. Abstract #2344. 39th LPSC. [7] Wiechert U. H. et al. 2004.
Earth and Planetary Science Letters 221:373–382. [8] Mittlefehldt D. W.
2005. Meteoritics & Planetary Science 40:665–677. [9] Lenz R. C. F. et al.
2007. Abstract #1968. 38th LPSC. [10] Wadhwa M. et al. 2005. Abstract
#2126. 36th LPSC.
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SHOCK-INDUCED PHASE TRANSFORMATIONS OF SIO2
POLYMORPHS IN MARTIAN METEORITES
U. W. Bläß1 and F. Langenhorst2. 1Institut für Geowissenschaften, Friedrich-
Schiller-Universität Jena, Germany. E-mail: Ulrich.Blaess@uni-jena.de.
2Bayerisches Geoinstitut, Universität Bayreuth, Germany.

Introduction: Phase transformations occurring during severe
meteoritic impacts on planetary bodies are crucial indicators for estimating
maximum shock pressures and temperatures. Their identification is not only
essential for a detailed understanding of the shock history and origin of these
meteorites, but also for deciphering their pre-shock petrology and magmatic
evolution. Most shock-induced transformations of silicates comprise either
amorphization processes, such as the formation of maskelynite, or
crystallization of high-pressure polymorphs from shock melt veins or pockets
[1]. However, high-pressure polymorphs of SiO2 may represent an exception,
since the recent discovery of several tens of microns large crystals that
transformed to Seifertite (α-PbO2 structured SiO2) point to an unknown fast
solid state transformation process or appreciable higher shock conditions [2,
3]. In order to constrain the formation conditions of Seifertite during shock
metamorphism, we investigated its occurrence in Shergotty, Zagami (29 and
31 GPa [4]) and Dhofar 378, which experienced extremely high shock
conditions of 55–75 GPa [5].

Samples and Methods: Thin sections of Shergotty, Zagami and Dhofar
378 were examined by optical microscopy and electron microprobe, and after
careful ion thinning by transmission electron microscopy using low electron
doses to avoid a rapid amorphization of irradiation sensitive samples.

Results: In Shergotty and Zagami, silica polymorphs could only be
identified in the mesostasis, occurring together with maskelynite and traces
of either tranquillityite or iron sulfides. Silica phases are typically a few
microns large and show characteristic sets of amorphous lamellae, but no
further microstructural features, whereas accessories show high densities of
shock related defects. Electron diffraction pattern of crystalline SiO2
fragments are consistent with Seifertite. In contrast, no post-stishovite phases
have been identified in Dhofar 378.

Discussion: The defect microstructure of accessory phases in Shergotty
and Zagami indicate that Seifertite bearing areas are not remolten during the
impact event and therefore Seifertite must have been formed by a solid state
process. We assume, that both meteorites did not experienced significantly
higher shock pressures than estimated earlier by [4], which denotes a
transformation occurring at pressures far below the equilibrium pressure of
Seifertite of around 80 GPa. Higher shock pressures would cause severe
melting of such areas as observed in Dhofar 378, where former plagioclase
crystals are completely remolten as obvious from the formation of bubbles
and recrystallized needles occurring in the rim of such areas. In Dhofar 378,
high post-shock temperatures have probably prohibited the recovery of
potentially formed post-stishovite phases.

References: [1] Langenhorst F. and Poirier J. P. 2000. Earth and
Planetary Science Letters 184:37–55. [2] Sharp T. G. et al. 1999. Science 284:
1511–1513. [3] El Goresy A. et al. 2004. Journal of Physics and chemistry of
solids 65:1597–1608. [4] Stöffler D. 1986. Geochimica et Cosmochimica
Acta 50:889–903. [5] Ikeda Y. et al. 2006. Antarctic Meteorite Research 19:
20–44.
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HYDROGEN ISOTOPE SIGNATURES AND WATER ABUNDANCES
IN NOMINALLY ANHYDROUS MINERALS FROM THE OLIVINE-
PHYRIC SHERGOTTITE LAR 06319
N. Z. Boctor1, J. Wang2, C. M. O’D. Alexander2, A. Steele1, and J.
Armstrong,1. 1GL, Carnegie Institution of Washington, 5251 Broad Branch
Road, Washington, DC 20015. E-mail: boctor@gl.ciw.edu. 2DTM, Carnegie
Institution of Washington, 5241 Broad Branch Road, Washington DC 20015.

Introduction: Water and other volatiles play a significant role in partial
melting processes. On Earth, water degassing at shallow depths is the main
source of energy for volcanic eruptions. Nominally anhydrous minerals
contain trace or minor amounts of OH, and constitute the main H reservoir in
the Earth’s mantle and perhaps the Martian interior. Water in nominally
anhydrous minerals also has a profound effect on the rates of high-pressure
phase transitions in planetary interiors. In this investigation, we report on
water abundances and H isotope signatures in nominally anhydrous minerals
and glasses from the recently discovered olivine-phyric shergottite LAR
06319.

Experimental: A small chip of LAR 06319 was mounted in indium
metal to avoid contamination from epoxy and polished with alumina to avoid
contamination from carbon-based abrasives. The water abundances were
measured with a Cameca 6 F ion probe using standard SIMS techniques.
Routine detection limits measured on synthetic forsterite are 2–4 ppm. Glass
standards with appropriate water concentrations were used. SIMS operating
conditions for H isotopic measurements were 15 kV Cs+ primary beam of
~2 nA, 5 kV secondary accelerating voltage, a 50 eV energy window, a mass
resolution of ~400 and an electron flood gun for charge compensation.

Results: The δD values for olivine, pyroxene, and feldspathic glass in
LAR 06319 are among the highest we have measured for Martian meteorites;
the ranges are: 785–2429‰ for olivine, 253–1055‰ for pyroxene, and 1300–
4632‰ for feldspathic glass. Our preliminary measurements of water
abundances in minerals and glass in LAR 06319 are low compared to their
terrestrial mantle analogs. For example, the range of water abundances in
olivines from LAR is 23–52 ppm, compared with 140–280 ppm for those of
mantle-derived terrestrial olivines, and 370–1220 ppm for the most primitive
MORB.

Discussion: The nominally anhydrous minerals and feldspathic glass
from LAR 06319 all show extraterrestrial H isotope signatures. It has been
suggested that there are at least two volatile reservoirs on Mars: a near-
surface reservoir that is highly fractionated because it has undergone
exchange with the Martian atmosphere and a deeper unfractionated reservoir
that may be a juvenile reservoir. The highly fractionated H isotope
compositions suggest that the nominally anhydrous minerals and the glass
interacted with a water reservoir on Mars that equilibrated with the Martian
atmosphere (δD ~ 4200‰). The low volatile abundance in LAR 06319
nominally anhydrous minerals, relative to terrestrial analogs, suggests one of
three possibilities: (1) the parent melt degassed prior to crystallization, (2)
water was depleted in the source region of the magma, or (3) there was impact
driven devolatilization, especially if partial melting occurred, as suggested by
the presence of impact-melt veins.
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HYDROGEN ISOTOPIC COMPOSITION OF 15N-RICH CLASTS IN
THE CB/CH-LIKE CHONDRITE ISHEYEVO
L. Bonal, G. R. Huss, K. Nagashima, A.N. Krot. HIGP/SOEST, University of
Hawai’i at M ˜anoa, Honolulu, HI 96822, USA. 

Metal-rich (CB, CH, Isheyevo) carbonaceous chondrites are
characterized by the highest whole-rock enrichments in 15N (δ15N up to
+1500‰) and nearly complete absence of interchondrule fine-grained matrix
[e.g., 1]. The fine-grained material occurs mainly as chondritic clasts, which
experienced low-temperature aqueous alteration on their initial parent
body(ies) and were subsequently accreted with the CH and CB high-
temperature components [e.g.,1]. We have recently reported the discovery of
a unique type of chondritic clasts in the CB/CH-like meteorite Isheyevo,
which are characterized by the presence of numerous 15N hotspots (δ15N up
to 4000‰) and by high bulk 15N enrichment (δ15N up to +1300‰). These
clasts may represent surviving pieces of the body that brought the 15N
anomaly into metal-rich chondrites [2]. The identification of such
isotopically anomalous material raises the questions of how, where and when
the observed N isotope fractionation occurred. FIB+STEM and NanoSIMS
studies are under way to identify the 15N carrier [3, 4], which is likely to be
organic. Here we report H isotope composition of the clasts to further
characterize this unique material. 

The UH Cameca IMS 1280 ion microprobe was used to collect isotope
ratio images (areas of 50 × 50 µm2) of the Isheyevo 15N-rich clasts. Ion
images were acquired using a 15pA Cs+ primary beam, focused to ~1.5 µm
spot. The analyses were carried out in two steps: 1) images of H−, D− were
acquired at low mass resolution with counting times of 3 s and 60 s
respectively; 2) images of H−, 12C−, 13C−, 12C14N−, 12C15N−, 18O−, and 28Si–
were acquired at high mass resolution as described in [2]. The matrices of
Renazzo (CR), Orgueil (CI), and Semarkona (LL3.0) chondrites were used as
standards, assuming bulk H, C, and N values from [5]. L’image software (L.
Nittler) was used to extract quantitative isotopic and elemental ratios on
spatial scales of ≥1.5 µm.

Our preliminary results on the Isheyevo clasts show (i) no high bulk
enrichment in D (δDbulk ≤500‰), despite a high bulk 15N enrichment (δ15N ~
1000‰); (ii) no D-rich hotspots, despite the systematic presence of 15N-rich
hotspots. 

Because Isheyevo clasts experienced aqueous alteration [3], hydrated
phases, as well as organic matter (OM), are likely to be major H carriers.
Dilution by D-poor hydrated phases could mask a potential D enrichment in
OM, as could differential emission of H- from hydrated phases and OM
during ion beam sputtering. In addition, our current standards do not provide
tight control on instrumental mass fractionation. Analytical issues are
currently being investigated to better constrain the bulk H isotopic
composition of the 15N-rich clasts. Thus, the relatively low bulk D
enrichment of the matrix does not preclude yet that the 15N-rich carrier(s) in
the Isheyevo clasts could be D-rich. Moreover, the absence of D hotspots
needs to be confirmed. However, the lack of D enrichment in 15N hotspots
already indicates that the molecular carriers of the most extreme D and 15N
anomalies are different, as is the case in IDPs and primitive chondrite
matrices [6, 7].

References: [1] Ivanova et al. 2008 Meteoritics & Planetary Science
43:915–940. [2] Bonal et al. 2009. 40th LPSC, #2046. [3] Ishii et al. 2009.
40th LPSC, #2467. [4] Ishii et al. 2009. this volume. [5] Kerridge et al. 1985.
Geochimica et Cosmochimica Acta 49:1707–1714 [6] Busemann et al. 2006.
Science 312:727–730. [7] Floss et al. 2006. Geochimica et Cosmochimica
Acta 70:2371–2399.

5341
PRESOLAR SILICATE AND OXIDE DUST IN ALHA77307
M. Bose, C. Floss and F. J. Stadermann. Laboratory for Space Sciences and
Physics Dept., Washington University, St. Louis, MO 63130. E-mail:
mbose@physics.wustl.edu.

Introduction: Presolar silicates are the newest addition to the presolar
grain inventory. Abundant sub-micrometer silicate grains have been
identified and characterized to date [e.g., 1–4]. Here we report results from
searches for O-bearing presolar grains in the CO3 chondrite, ALHA77307.

Experimental: The NanoSIMS was used to search for isotopically
anomalous grains in a thin section of ALHA77307 by rastering a primary Cs+

beam of about 1 pA over 10 × 10 µm2 areas and collecting 12,13C− and
16,17,18O− secondary ions and secondary electrons in multi-collection mode.
Compositional information was obtained for grains with anomalous O
isotopic compositions with the Auger Nanoprobe.

Results and Discussion: Oxygen-isotopic imaging of 16,900 µm2 of
matrix led to the identification of 67 O-anomalous grains. The estimated
abundance of O-anomalous grains in ALHA77307 is about 120 ppm (without
correcting for detection efficiency) which is similar within errors to that
found by [5]. The majority (85%) of the grains exhibit 17O enrichments with
solar to sub-solar 18O/16O ratios (group 1). Three grains show 18O depletions
accompanied with 17O enrichments (group 2). Two grains contain depletions
in both of the heavier isotopes of O (group 3) while five grains are 18O-rich
(group 4). Thus the grains cover all four isotopic groups previously identified
for presolar oxides [6].

Auger analyses of 44 grains revealed 36 grains with ferromagnesian
silicate compositions; a few grains also contain Ca and/or Al. Three
additional silicate grains have Mg-rich end member compositions and two
have Fe-rich end member compositions. The Auger spectra of two grains are
dominated by large Si and O peaks with an O/Si ratio of about 2.2 ± 0.3,
compatible with a SiO2 stoichiometry. An Fe oxide grain has also been found.
The remaining grains are currently being characterized. 

Of the silicate grains investigated so far, 14 are Fe-rich while eight are
Mg-rich. The remaining grains have mg#s between 45% and 55%. The high
Fe concentrations in many of the grains may be of a primary origin [7] or a
result of secondary processing [e.g., 8]. The distribution of Fe contents in the
presolar silicate grains in ALHA77307 is similar to that seen in the CR3
chondrites [2]. In contrast, Acfer 094 contains more silicate grains with high
Fe contents [9], which may indicate that it experienced more secondary
processing than these other meteorites.

 Most group 4 (18O-rich) silicate grains that have been characterized
(e.g., 10 out of 15 [1, 2, 4, this study]) are Fe-rich. It has been argued that
these grains formed in supernovae [10]. If this is the case and if the Fe is
incorporated into silicates in stellar outflows, this may imply that non-
equilibrium condensation is the preferred mechanism for dust formation in
supernovae. 

References: [1] Bose M. et al. 2009. ApJ, in preparation. [2] Floss C.
and Stadermann F. J. 2009. Geochimica et Cosmochimica Acta 73:2415–
2440. [3] Nguyen A. N. et al. 2007. ApJ 656:1223–1240. [4] Vollmer et al.
2009. Geochimica et Cosmochimica Acta submitted. [5] Nguyen et al. 2008.
LPSC XXXIX, #2142. [6] Nittler et al. 1997. ApJ 483:475–495. [7] Ferrarotti
A. S. and Gail H.-P. 2001. A&A 371:133–151. [8] Jones R. H. and Rubie D.
C. 1991. Earth and Planetary Science Letters 106:73–86. [9] Bose M. et al.
2008. Meteoritics & Planetary Science 43:A27. [10] Nittler et al. 2008. ApJ
682:1450–1478.
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GRADIENTS IN THE SPATIAL HETEROGENEITY OF THE
SHORT-LIVED RADIOISOTOPES 60FE AND 26AL AND STABLE
OXYGEN ISOTOPES IN THE SOLAR NEBULA 
A. P. Boss. DTM, Carnegie Institution, 5241 Broad Branch Road NW,
Washington, DC 20015, USA. E-mail: boss@dtm.ciw.edu

Introduction: The short-lived radioisotope (SLRI) 60Fe appears to
have been synthesized in a supernova [1,2] and injected into the presolar
cloud [3] from the same massive star that is likely to be the source of the bulk
of the solar nebula’s 26Al [4,5]. Given that the injection of SLRIs into the
presolar cloud involved Rayleigh-Taylor fingers [3], it might be expected that
the SLRIs would be initially highly spatially heterogeneous in their
distribution in the solar nebula. However, the nearly identical Fe and Ni
isotopic compositions of iron meteorites, chondrites, and the Earth require
that the injected 60Fe must have been mixed to less than 10% heterogeneity in
the solar nebula [6]. A similar constraint arises from the need to preserve the
use of 26Al as an accurate nebular chronometer [7], while simultaneously
allowing for the spread of stable oxygen isotope ratios [8,9]. Previous 3D
models of the evolution of a marginally gravitationally unstable (MGU) solar
nebula have shown that mixing of initially highly heterogeneous distributions
of SLRIs can reduce the level of heterogeneity to ~10% or lower in less than
1000 yr [10,11]. 

Results: A new set of 3D MGU disk models are underway that are
similar to those studied previously [10,11], but with several variations. A
color field is used to represent the evolution of SLRIs residing in solids small
enough (~cm-size or less) to remain tied to the disk gas. Models 9S-16 and
9S-48 are identical to the previous model 9S [11] except for having the
number of terms in the spherical harmonic expansion for the gravitational
potential solver changed from 32 to either 16 or 48. Since MGU disks evolve
solely as a result of gravitational torques, these changes have the effect of
varying the numerical resolution. Models 9S-1.8 and 9S-1.9 are identical to
model 9S [11] except for starting with a more gravitationally stable disk, as
quantified by initial minimum Toomre Q values of 1.8 and 1.9, respectively,
compared to 1.4 for 9S. All four of these new models evolve in much the
same manner as model 9S: the initially high degree of heterogeneity is
lowered by mixing within 1000 yr to a dispersion of ~10% inside 5 AU and
~2% from 5 AU to 10 AU. Combined with previous results for disks
extending to 20 AU [10], gradients in heterogeneity are to be expected in
MGU disks.

Conclusions: 3D MGU disk models are consistent with rapid mixing of
initially highly heterogeneous distributions of SLRIs to levels of ~10% or
less in both the inner (<5 AU) and outer (>10 AU) nebula, and with even
lower levels (~2%) in intermediate regions, where gravitational torques are
most effective at mixing.

References: [1] Mostefaoui S., Lugmair G., and Hoppe P. 2005. The
Astrophysical Journal 625:271–277. [2] Tachibana S. et al. 2006. The
Astrophysical Journal 639:L87–L90. [3] Boss A. P., et al. 2008. The
Astrophysical Journal 686:L119–L122. [4] Limongi M. and Chieffi A. 2006.
The Astrophysical Journal 647:483–500. [5] Sahijpal S. and Soni P. 2006.
Meteoritics and Planetary Science 41:953–976. [6] Dauphas N. et al. 2008. The
Astrophysical Journal 686:560–569. [7] Thrane K., Bizzarro M., and Baker J.
A. 2006. The Astrophysical Journal 646:L159–L162. [8] Lyons J. R. and
Young E. D. 2005. Nature 435:317–320. [9] Lee J.-E., Bergin E. A. and Lyons
J. R. 2008. Meteoritics and Planetary Science 43:1351–1362. [10] Boss A. P.
2007. The Astrophysical Journal 660:1707–1714. [11] Boss A. P. 2008. Earth
and Planetary Science Letters 268:102–109.
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26AL-26MG INTERNAL ISOCHRONS FOR TWO CAIS FROM
LEOVILLE CV3 CHONDRITE
A. Bouvier1 and M. Wadhwa1. 1School of Earth and Space Exploration,
Arizona State University, Tempe, AZ, 85287, USA. E-mail:
audrey.bouvier@asu.edu.

Introduction: Constraints on the condensation history and time scales
of formation of the calcium aluminum-rich inclusions (CAIs) are important
towards understanding the evolution of the solar nebula preceding planetary
accretion. The 26Al-26Mg radiochronometer (T1/2 ~0.73 Ma) provides a
means of obtaining high resolution chronology of these events. Recently,
however, there has been some debate regarding the initial solar system 26Al/
27Al ratio, with several studies reporting supracanonical values (6–7 × 10–5)
[1–3], and others supporting the canonical value [4] based on CAIs from CV3
chondrites. To address the questions of formation time scales of CAIs and the
initial solar system 26Al/27Al ratio, we present here high precision 26Al-26Mg
internal isochrons for two separate inclusions from the reduced CV3
chondrite Leoville.

Analytical Methods: A 2.2 g slice of Leoville was obtained from the
meteorite collection in the Center for Meteorite Studies. Two mm-sized fine-
grained Type-A CAIs (CAI-1 and CAI-2) in this slice were selected for
sampling for the Al-Mg isotope analyses. Each of these inclusions was
microdrilled at several spots (6 spots for CAI-1 and 4 for CAI-2), using a
New Wave Research MicroMill using a 50 µm tungsten-carbide drill bit. The
drill holes had diameters of 150 to 450 µm, and a typical depth of ~100 µm.
Samples equivalent to 0.8 to 10 µg of Mg were recovered in Milli-Q water,
dissolved in concentrated HF-HNO3, and chemically processed for Al-Mg
isotope analyses using techniques similar to [5]. Mg isotope ratios and Al/Mg
ratios were then measured with the Neptune MC-ICPMS at ASU. Subsequent
to sampling, the Leoville slice was carbon-coated and examined using the
JEOL JSM 845 scanning electron microscope (SEM) at ASU to determine
the mineralogy of the two CAIs.

Results and Discussion: The 6 samples from CAI-1 have 27Al/24Mg
ratios ranging from 3.07 to 5.33 (±2%) and have 26Mg* excesses of 0.81 to
1.57‰ (typical 2SE, ± 0.04‰), corresponding to an initial 26Al/27Al = 4.49 (±
0.93) × 10−5 (MSWD = 2.2). The 4 samples from CAI-2 have lower 27Al/
24Mg ratios, ranging from 0.35 to 1.39, and 26Mg* excesses of 0.12 to 0.44‰;
these data correspond to an initial 26Al/27Al ratio of 4.44 (± 0.39) × 10−5

(MSWD = 1.7). Therefore, the initial 26Al/27Al ratios from internal isochrons
from each of the two Leoville CAIs analyzed here are consistent, within
errors, with the typical canonical value of ~5 × 10−5 found in normal CV3
CAIs [4, 6]. As such, our data do not show any evidence of a supracanonical
26Al/27Al ratio in CAIs.

References: [1] Young E. D. et al. 2005. Science 308:223–227. [2]
Bizzarro M. et al. 2004. Nature 431:275–278. [3] Thrane K. et al. 2006. The
Astrophysical Journal 646:L159–L162. [4] Jacobsen B. et al. 2008. Earth &
Planetary Science Letters 272:353–364. [5] Spivak-Birndorf L. et al. 2009.
Geochimica et Cosmochimica Acta, in press. [6] MacPherson G. J. et al.
1995. Meteoritics 30:365–386.
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146,147SM-142,143ND SYSTEMATICS OF LUNAR FERROAN
ANORTHOSITES
M. Boyet1, R.W. Carlson2, M. Horan2, and L. Borg3. 1Laboratoire Magmas et
Volcans, UMR CNRS 6524, Clermont-Ferrand, France. E-mail:
m.boyet@opgc.univ-bpclermont-fr. 2Department of Terrestrial Magnetism,
Carnegie Institution of Washington, Washington DC, USA. 3Lawrence
Livermore National Laboratory, Livermore, CA, USA.

Introduction: Lunar ferroan anorthosites (FANs) are often assumed to
be direct cumulates from a lunar magma ocean. FANs thus provide a means
of estimating bulk-Moon Sm-Nd evolution that is not compromised by the
assumptions about the degree of Sm-Nd fractionation that occurs during the
melting that produced mare basalt magmas. We report here new Sm-Nd
isotope analyses of large (circa 2 gram) samples of the FANs 15415, 62255,
and 65315. During crushing, each sample was inspected under a binocular
microscope. 62255 contained a dark phase, possibly impact melt, that was
removed during crushing. 65315 contained nothing but anorthite, while
15415 contained minor pyroxene. To ensure a complete dissolution of these
large samples, we used lithium-metaborate fusion. 

Results and Discussion: The low 149Sm/152Sm ratio measured for
15415 (–29 epsilon units relative to terrestrial standard) shows that this
sample has been modified by secondary neutron capture. The 142Nd/144Nd
ratio measured for this sample is then increased by 14 ppm to account for this
neutron exposure. Both Apollo 16 FANs have normal Sm isotope
composition. FANs are characterized by low Nd concentrations (< 0.3 ppm)
and 147Sm/144Nd ratios (<0.16) and negative 142Nd anomalies relative to the
terrestrial standard (−20 to−45 ppm). These large deficits are consistent with
ancient crystallization of the FANs in the lunar crust while 146Sm was still
present [1−4]. The samples show too narrow a range in Sm/Nd ratio to define
an isochron, and internal isochron ages are available only for 15415. Nd
isotope data for 15415 and 65315 overlap with previously reported data for
FAN 60025 and high-Mg suite sample 78236 [5] and show superchondritic
initial ε142Nd at crystallization ages >4.30 Ga, and superchondritic initial
ε143Nd for crystallization ages >4.46 Ga. 62255 differs from the other
samples by showing chondritic initial, but superchondritic initial ε142Nd for
an assumed crystallization age between 4.40 and 4.45 Ga. We note that this
sample is a noritic anorthosite breccia, containing small amounts of a
KREEPy impact melt that may have affected its Sm-Nd systematics. Except
for 62255, FANS suggest formation from a lunar magma ocean more similar
to terrestrial than chondritic Nd isotopic composition that evolved prior to
crystallization of the magma ocean with a 147Sm/144Nd ratio in the range 0.21
to 0.22

References: [1] Carlson R. W. and Lugmair G. W. 1988. Earth and
Planetary Science Letters 90:119–130. [2] Alibert C. et al. 1994.
Geochimica et Cosmochimica Acta 58:2921–2926. [3] Borg L. E. et al.
1999. Geochimica et Cosmochimica Acta 63:2679–2691. [4] Norman M. D.
et al. 2003. Meteoritics & Planetary Science 38:645–661. [5] Boyet M. and
Carlson R. W. 2007. Earth and Planetary Science Letters 262:505–516.
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INVESTIGATING THE PROVENANCE OF COMET 81P/WILD 2
GRAINS USING SUPERSTEM
John Bradley, Institute of Geophysics and Planetary Physics, Lawrence
Livermore National Laboratory, Livermore, CA. E-mail:
bradley332@llnl.gov. 

A new generation of electron microscope known as SuperSTEM has
recently become available for meteoritics research. Key attributes of the
instrument are a both monochromator and spherical aberration (Cs) correctors
that enable sub-Ångstrom image resolution, X-ray and energy-loss
spectroscopy at atomic-column resolution, and core-edge electron
spectroscopy with 100–200 meV energy resolution. Other attributes include
improved detection of minor and trace elements and high-resolution
petrographic mapping of fine-grained meteoritic materials, with sub-
nanometer and single-atomic-column spatial resolution. We present
SuperSTEM comparisons of comet 81P/Wild 2 grains with other classes of
fine-grained meteoritic materials, with particular focus on the GEMS-rich
chondritic porous (CP) subset of interplanetary dust particles (IDPs)
collected in the stratosphere.

The Wild 2 sample was expected to resemble CP IDPs because some
and possibly all of these IDPs appear to be from comets or small, cold
“comet-like” bodies [1–3]. The captured sample was also expected to contain
well-preserved materials that were resident in the outer solar nebula
environment ~4.6 Gyr ago, including refractory stardust grains (e.g., SiC), as
well as other outer nebula residents (e.g., GEMS) that were never exposed to
hotter, denser regions of the inner nebular environment. Instead,
accumulating evidence suggests that the 81P/Wild 2 sample better resembles
chondritic meteorites than CP IDPs, suggesting that much of the non-volatile
fraction of Wild 2 formed originally in inner solar system and was
transported outwards to the Kuiper Belt [1–5]. 

Since GEMS are typically the most abundant silicate in CP IDPs, their
presence or absence in the comet Wild 2 sample is a key arbitrator of whether
there is a relationship between CP IDPs and Wild 2 grains. Initially, it
appeared that GEMS are abundant in the Stardust sample [4, 5], but
subsequent measurements, in conjunction with light gas-gun shots using
Stardust grain analogues, suggest that much if not all of this “GEMS-like”
material may have been produced by melting, ablation and mixing of Wild 2
grains with aerogel during hypervelocity capture [6]. We are using the
SuperSTEM to explore in more detail the relationship between GEMS in
IDPs and GEMS-like material in Stardust impact tracks. High-resolution
petrographic mapping, (with ~1 nm spatial resolution), reveals that some
GEMS in CP IDPs contain nanoscale concentrations of carbonaceous
material dispersed throughout their interiors. Systematic petrographic
mapping of GEMS-like material in Stardust impact tracks has also been
performed, although carbonaceous material is much less abundant in the
Stardust sample than in GEMS-rich CP IDPs.

References: [1] Brownlee D. E. et al. 2006. Science 314:1711–1716.
[2] Bradley J. P. and Brownlee D. E. 1986. Science 231:1542–1544. [3]
Bradley J. P. 2004. Interplanetary dust particles. In Treatise on Geochemistry,
vol. 1., eds. Davis A. M., Holland H. D., and Turekian K. K. Elsevier,
Amsterdam. pp. 689–711. [4] Zolensky M. E. et al. 2006. Science 314:1735–
1739. [5] Josiah D. J. et al. 2007. Meteoritics & Planetary Science 42, Abs.#
5256. [6] Ishii H. A. et al. 2008. Science 319:447–450. [7] Tomeoka K. et al.
2008. Meteoritics & Planetary Science 43:273–284.
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ON SOME MICRO-TEXTURAL FEATURES OF LIBYAN DESERT
GLASS WITH DARK SCHLIEREN
F. Brandstätter1 and J. Ponahlo2. 1Naturhistorisches Museum, Burgring 7, A-
1010, Vienna, Austria. 2Slatingasse 6A, A-1130, Vienna, Austria.

Introduction: Libyan desert glass (LDG) is known to the scientific
community since the early 1930s [1]. Various theories have been proposed
for the origin of this enigmatic natural silica glass. However, based on
mineralogical observations (e.g., [2–4]) and the finding of a meteoritic
component in LDG (e.g., [5–6]) most investigators attribute its origin to an
impact event. Comparative studies of impact glasses [7] have revealed that
cathodoluminescence (CL) images of LDG show spectacular flow textures
that are not visible in any other microscopic method. Here we report on some
micro-textural CL features observed in LDG with dark schlieren.

Results and Discussion: BSE images taken at several locations within
the schlieren-rich areas indicate the presence of microscopic flow structures
but are rather poor in textural details. CL images recorded at the same
locations exhibit very detailed textures with marked brightness variations
within a distance of a few µm. In places, the CL patterns exhibit features
typical for turbulent flow. Although the fine structure of the CL features is
below the spatial resolution of the electron microprobe, a rough correlation
between CL brightness and chemical composition of LDG could be
established. Areas with high CL intensity typically have Al2O3 < 1 wt%, FeO
< 0.2 wt% and TiO2 0.1–0.2 wt%. Interestingly, very low CL intensities were
observed not only for LDG areas with elevated iron contents (0.7–0.9 FeO)
but for those consisting of almost pure silica, too. The overall range in major
element chemistry (wt%) in the LDG areas investigated is SiO2 89.0–99.9,
TiO2 <0.02–0.63, Al2O3 0.02–9.1, FeO <0.02–1.1, MgO <0.02–1.2, CaO
<0.2, Na2O <0.05, K2O <0.02–0.11. The observed distinct enrichment of Al,
Fe, and Mg and the local decrease in SiO2 to <90 wt% in dark schlieren of
LDG are in agreement with the data given by [8].

In some of the LDG sections zircon grains exhibiting different degrees
of thermal decomposition have been located. Several of these altered grains
are surrounded by luminescent halos, a feature that is not visible in BSE
images. Possible explanations for the presence of these halos are (i) radiation
damage of the LDG host associated with creation of luminescence centers
around zircon inclusions, and (ii) thermal release of CL activators from
zircons and incorporation into the adjacent melt during the high temperature
event that led to LDG formation. Some of the thermally altered zircons have
a luminescent tail that apparently traces the relative movement of these grains
before solidification of LDG.

References: [1] Clayton P. A. and Spencer L. J. 1934. Mineralogical
Magazine 23:501–508. [2] Kleinmann B. 1969. Earth and Planetary Science
Letters 5:497–501. [3] Barnes V. E. and Underwood J. R. Jr. 1976. Earth and
Planetary Science Letters 30:117–122. [4] Pratesi G. et al. 2002. Geochimica
et Cosmochimica Acta 66:903–911. [5] Murali A. V. et al. 1997. in Proc.
Silica’96 Meeting on Libyan Desert Glass and Related Desert Events, pp.
143–149, Pyramids, Segrate, Milano. [6] Koeberl C. 2000. Meteoritics &
Planetary Science 35:A89–A90. [7] Gucsik A. et al. 2004. Meteoritics &
Planetary Science 39:1273–1285. [8] Bölitz M. C. and Langenhorst F. 2009.
Abstract #2018. 40th LPSC.

5148
MECHANISMS OF AQUEOUS ALTERATION OF TYPE IIA
CHONDRULE GLASS IN THE CR CHONDRITE EET 92105:
INSIGHTS FROM FIB/TEM ANALYSIS
A. J. Brearley1 and P. V. Burger2, 1Department of Earth and Planetary
Sciences and 2Institute of Meteoritics, University of New Mexico,
Albuquerque, NM 87131, USA. E-mail: brearley@unm.edu.

Introduction: Most CR chondrites appear to have experienced quite
significant aqueous alteration and are classified as petrologic type 2
meteorites. However, we have recognized several Antarctic CRs which span
the transition from very low petrologic type 3 chondrites, to type 2 chondrites
which show evidence of very limited aqueous alteration [1, 2]. These
meteorites provide unique opportunities to study the earliest effects of
aqueous alteration on primary nebular components. In this study, we have
examined the mechanisms of chondrule glass alteration in the weakly altered
CR chondrite, EET92105, using FIB/TEM techniques.

Results: We prepared 2 FIB TEM sections that extend 30 µm from
unaltered chondrule glass into the chondrite matrix. SEM data suggest that
the transition from unaltered to altered glass occurs across a sharp interface.
However, DF STEM observations show that the hydration of chondrule glass
is actually gradational on the scale of a few microns. The initial step is the
formation of a network of well-crystallized Ca-phosphate veins ~<0.25 µm in
width that penetrate the glass. EDS analysis suggests that this phase is
merrillite rather than apatite. Electron diffraction shows that the glass is still
amorphous and shows no evidence alteration. AEM shows that this region of
glass still contains significant concentrations of alkalis, but has lost
significant Ca and P. Chemically leached, but texturally unaltered glass, gives
way to a region of glass that contains abundant nanopores (<5–50 nm), but
shows no evidence of the formation of nanophyllosilicates. Compositionally,
this porous glassy zone is heterogeneous with highly variable Na and K
contents, but consistent depletions in Ca and P. Based on low totals in
microprobe analyses of this zone, significant hydration of the glass has
occurred without formation of phyllosilicates. Our FIB sections do not
completely overlap, so that the second FIB section contains only the outer
part of the glass alteration zone and its interface with the fine-grained matrix.
In this region, extensive formation of parallel to subparallel crystallites of an
FeO-rich aluminous (4–8 wt% Al2O3) serpentine has occurred. This zone of
altered glass is separated from the fine-grained matrix by a layer of anhedral
microcrystalline pyrrhotite, with interstitial Ca-phosphate. Like other CR
chondrites, the matrix consists of amorphous silicate material in which
nanocrystals of Fe and Fe,Ni sulfides are embedded. 

Conclusions: These observations show that the alteration of chondrule
glass is a complex process that proceeds in a sequence of steps. Glass initially
undergoes hydration without formation of phyllosilicates and involves partial
leaching of alkalis and the formation of Ca-phosphate veins. Further
hydration results in the formation of nanoporous, amorphous material with a
complex, but variable composition. With time and increased alteration this
material is converted to crystalline phyllosilicates phases, accompanied by a
complete loss of alkalis. 

References: [1] Burger P. V. and Brearley A. J. 2005. abstract #1966.
LPSC XXXV. [2] Burger P. V. and Brearley A. J. 2005. abstract #2288. LPSC
XXXVI. 
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EVALUATION OF PROGRESSIVE ALTERATION MODELS FOR
CM CHONDRITES: INSIGHTS FROM QUANTITATIVE MODAL
ANALYSIS BY QEMSCAN®

A. J. Brearley1, P. W. S. K. Botha2 and A. R Butcher3 1Dept. of Earth and
Planetary Sciences, University of New Mexico, Albuquerque, NM87131,
USA; E-mail; brearley@unm.edu; 2FEI Company, 5350 NE Dawson Creek
Drive, Hillsboro, Oregon, 97124 USA; 3FEI Australia, 2/27 Mayneview St,
Milton, Queensland, 4064, Australia.

Introduction: CM chondrites exhibit a range of degrees of aqueous
alteration, widely interpreted as evidence for progressive hydration on
asteroidal parent bodies (e.g., 1, 2). This alteration involves the progressive
replacement of primary anhydrous phases by secondary alteration products.
Several schemes have been proposed as quantitative indicators of the degree
of aqueous alteration. [e.g., 1, 3]. In practice, most of these classification
schemes are difficult to apply because they rely on indicators which are
difficult to quantify or are time consuming to measure (e.g., point counting).
Other techniques such as XRD [e.g., 4] do provide absolute abundances of
mineral phases, but are destructive and do not provide textural context. Here
we present quantitative modal abundance data for 10 CM chondrites (9 CM2
and 1 CM1) measured using QEMSCAN® (Quantitative Evaluation of
Minerals Using Scanning Electron Microscopy). 

Techniques: Automated X-ray mapping of polished thin sections was
carried out at a 5 × 5 µm beam stepping interval. X-ray spectra for each pixel
were obtained by ultrafast simultaneous X-ray acquisition from 4 Bruker
SDD EDS X-ray detectors. Acquisition times range from 2.5–11.5 h with
1.4–6.5 million pixels per sample. Phase ID is carried out utilizing the unique
EDS X-ray spectral mineral libraries, calibrated for individual, boundary and
intergrowth phases. For CM chondrites, the modal abundance data will differ
from quantitative XRD modal analysis, because we have treated the matrix
(with a grain size <5 × µm) as though it is one phase with a unique chemical
signature. 

Results: Our data set shows a linear negative 1:1 correlation between
the abundance of anhydrous silicates (olivine + pyroxene) (25 to 5%) and
serpentine (20–40%) consistent with the results of [4] for three CM2
chondrites. The CM1 chondrite, ALH84049, is clearly distinct from the CM2
trend affirming the fact that CM1 chondrites are not simply more heavily
altered CM2s. The data also show convincingly that tochilinite/cronstedite
(T/C) intergrowths (formerly PCP) decrease in an almost perfect linear
correlation with decreasing anhydrous silicate abundance, whereas T/C
abundances decrease as serpentine abundance increases. 

Discussion: Our study demonstrates that QEMSCAN® is a powerful
technique that provides fundamental data for evaluating aqueous alteration
processes in CM chondrites. The remarkable negative correlation between
serpentine and anhydrous silicate abundances confirms [1] that primary
silicate phases in chondrules are replaced by serpentine in a systematic
manner during aqueous alteration. Further, they show that T/C intergrowths
are clearly consumed as chondrule silicate alteration advances. This is
consistent with the hypothesis [1] that cronstedtite decreases in abundance as
alteration advances. Our data suggest that tochilinite is also unstable,
probably because of the increased availability of Si released from hydration
of olivine and pyroxene. 

References: [1] Browning L. B. et al. 1996. Geochimica et
Cosmochimica Acta 60, 2621. [2] Brearley A. J. 2006. MESS II. pp. 587; [3]
Rubin A. E. et al. 2007. Geochimica et Cosmochimica Acta 71, 2361. [4]
Howard K. T. et al. 2008. Meteoritics & Planetary Science 43, Abstract
5160. 
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238U/235U VARIATIONS IN METEORITIC MATERIALS: EVIDENCE
FOR CURIUM-247 IN THE EARLY SOLAR SYSTEM AND
IMPLICATIONS FOR PB-PB DATING
G. A. Brennecka1, S. Weyer2, M. Wadhwa1, P. E. Janney1, A. D. Anbar1, J.
Zipfel3. 1Arizona State University, Tempe, AZ, USA. E-mail:
brennecka@asu.edu. 2Universität Frankfurt, Frankfurt, Germany.
3Senckenberg Institut, Frankfurt, Germany.

Introduction: The longstanding assumption that the 238U/235U ratio is
invariable in meteoritic material (=137.88 [1]) is a cornerstone of the high
precision Pb-Pb chronometry that has defined the absolute ages of early solar
system materials. In this study, we present U isotope ratio measurements
obtained from samples of the Allende and Murchison meteorites challenging
this assumption. We additionally provide evidence that 238U/235U variations
result from live 247Cm in the early solar system.

Samples and Methods: Several calcium-aluminum-rich inclusions
(CAIs), including both type-A and type-B inclusions, were separated from
different sections of the CV3 Allende meteorite. Samples were crushed and
dissolved in HNO3, HF, and HClO4 acids, with approximately 5% of each
sample being reserved for trace element measurements. Uranium from the
remaining sample solutions was separated from the matrix for measurement
of the 238U/235U ratio, following a procedure outlined in Weyer et al. (2008)
[2]. Whole rock samples of Allende and Murchison (CM2) were processed
using the same methods.

Measurement of the 238U/235U ratio was performed by MC-ICPMS on
ThermoFinnigan Neptune instruments at both Arizona State University and
the University of Frankfurt, utilizing a 236U/233U double spike to correct for
instrumental mass bias. Multiple samples and standards were measured on
both instruments independently to ensure the quality and reproducibility of
the data. The U isotopic compositions of the samples are reported as 238U/
235U ratios calculated relative to the U isotope standard SRM950a (238U/235U
= 137.88).

Results, Discussion and Implications: The whole rock 238U/235U
ratios of Allende and Murchison meteorites are 137.816 ± 0.012 and 137.866
± 0.017, respectively. 238U/235U ratios of Allende CAIs of this study range
between 137.41 ± 0.08 and 137.886 ± 0.012. These values range from being
within error to substantially lower than the value previously assumed for all
solar system materials (i.e., 137.88). This difference of up to −3.5‰ implies
that a correction of up to −5 Ma would be required if the Pb-Pb ages of these
CAIs were obtained using the previously assumed uniform value. Our results
demonstrate that the 238U/235U ratio of solar system materials can be highly
variable and that high precision Pb-Pb dating, in particular of CAIs, requires
the additional measurement of the 238U/235U ratio in order to obtain the
correct age.

 Evidence of 247Cm. Because Th and Nd are chemically similar to Cm,
they can be used as proxies for the extinct r-process only nuclide, 247Cm,
which decays to 235U (t1/2 ~15.6 Ma) [3, 4]. The CAIs analyzed thus far in this
study, with one exception, display a negative correlation of 238U/235U with
Th/U or Nd/U. This evidence strongly suggests that 247Cm was present in the
early solar system, producing 235U excesses in some CAIs.

References: [1] J. Chen and G. Wasserburg 1980. Geophysical
Research Letters 7:275–78 [2] S. Weyer et al. 2008. Geochimica et
Cosmochimica Acta 72:345–59. [3] J. Chen and G. Wasserburg. 1981. Earth
and Planetary Science Letters 52:1–15 [4] C. Stirling et al. 2005. Geochimica
et Cosmochimica Acta 69:1059–71.
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(MICRO)XENOLITH SYSTEMATICS IN H CHONDRITES
G. Briani1,2, M. Gounelle1 and M. E. Zolensky3. 1Laboratoire de Minéralogie
et Cosmochimie du Muséum, MNHN and CNRS, UMR7202, Paris, France.
E-mail: briani@mnhn.fr. 2Dip. Astronomia e Scienza dello Spazio, Univ. di
Firenze, Florence, Italy. 3Aatromaterial Research and Exploration Science,
NASA Johnson Space Center, Houston, TX, USA.

Xenoliths in meteorites are inclusions whose origin is different from
that of the host meteorite. We aim at performing a systematic search for new
xenoliths in H chondrites, with a particular attention to sub-mm xenoliths
(hereafter called microxenolihs). These are more difficult to find, and hence
less known than cm-sized xenoliths. Our goal is to evaluate if there are any
correlations between the presence and nature of xenoliths and the physical
properties of H chondrites, such as petrologic type, exposure and impact
ages, shock degree, brecciated or gas-rich nature.

Results of this survey can potentially reveal new insights into the
history of solar system minor bodies. When were xenoliths embedded in the
H chondrites parent body? What were their impact velocities and the
embedding mechanisms? What is the origin of xenoliths in H chondrites? Do
they share a common origin? Are they related to the Late Heavy
Bombardment [1–3]? Possibly, “exotic” xenoliths could be samples of
remote solar system objects (like comets or Kuiper belt objects). Fragments
of these bodies can hardly reach the Earth as meteorites [4] but they might
have survived as xenoliths embedded in meteorites [5, 6].

We started our search for (micro)xenoliths analyzing sections of Sharps
(H3.4), Willard (b) (H3.6), Dimmitt (H3.7), Weston (H4), Tysnes Island
(H4), Northwest Africa 4686 (H4), Leighton (H5), Dar al Gani 581 (H5),
Abbott (H3-6), Zag (H3-6), Tsukuba (H5-6) and Bremervorde (H/L3.9). No
xenoliths have been found in Weston and Bremervorde. Good candidates are
present in Dimmitt and Tysnes Island. Further SEM observations are needed
to ascertain their true xenolithic nature. Xenoliths have been positively
identified in Sharps, Willard (b), Northwest Africa 4686, Leighton, Dar al
Gani 581, Abbott, Zag and Tsukuba. They span a wide range in size, from
~50 µm to a few mm. In general, they are dominated by a fine-grained matrix
composed by sub-µm-sized phases, mainly phyllosilicates with variable
amount of iron sulfide, metal, magnetite and carbonate grains. Hence they
appear to be CM-type material, similar to some xenoliths found in howardites
[7–9]. Detailed Scanning Electron Microscopy imaging and electron
microprobe analyses will allow the characterization of their mineralogy, their
comparison with other extraterrestrial materials and their classification. 

References: [1] Tsiganis K. et al. 2005. Nature 435:459–461. [2]
Morbidelli A. et al. 2005. Nature 435:462–465. [3] Gomes R. et al. 2005.
Nature 435:466–469. [4] Gounelle M. et al. 2008. in The solar system Beyond
Neptune. pp. 525–541. [5] Zolensky M. E. et al. 2009. Abstract #2162. 40th
LPSC. [6] Briani G. et al. 2009. Abstract #1642. 40th LPSC. [7] Gounelle M.
et al. 2003. Geochimica et Cosmochimica Acta 67:507–527. [8] Gounelle M.
et al. 2005. Geochimica et Cosmochimica Acta 69:3431–3443. [9] Zolensky
M. E. et al. 1996. Meteoritics and Planetary Science 31:518–537.
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INCORPORATION OF 10BE INTO EARLY SOLAR SYSTEM
MATERIALS: A NEW MODEL
G. E. Bricker1 and M. W. Caffee1. 1Prime Lab, Dept. of Physics, Purdue
University, West Lafayette, Indiana 47907, USA.

Introduction: Measurements of the decay products of now extinct
radionuclides indicate that CAIs likely contained 10Be at the time of their
formation [1]. Since 10Be is not formed nucleosynthetically [2], the presence
of live 10Be in CAIs at the time of formation seemingly requires the exposure
of these materials to energetic particles. There is yet another mechanism for
incorporating 10Be in early solar system materials. It is known that 10Be is
currently produced in the atmosphere of the sun through the spallation of
oxygen with energetic protons. This spallogenic 10Be in entrained with the
solar wind and implanted in solar system materials exposed to the solar wind.
Nishiizumi and Caffee [3] detected solar-wind-implanted 10Be in Apollo 17
trench samples. They calculated the current escape rate of 10Be at the surface
of the Sun to be 0.13 ± 0.5 10Be cm−2s−1. We propose that the 10Be
incorporated into CAIs was created in the proto-solar atmosphere rather than
in-situ in the CAIs (cf. Lee et al. [4], Gounelle et al. [5]) by the same
mechanism that we observe now, bombardment of O by solar energetic
protons and He nuclei. This 10Be escapes the solar atmosphere entrained in
the solar wind. Some fraction of this outward flowing 10Be is incorporated
into the inward flowing material from the proto-planetary accretion disk
falling into the Sun. In the region in which the inflowing material and
outflowing solar wind intersect 10Be is incorporated into the precursor CAI
material.

Results: Using model parameters for mass inflow rate and ancient 10Be
production at the sun’s surface scaled to X-ray luminosity seen in T-Tauri
stars [6] we obtain a 10Be implantation rate into infalling material; for our
model we predict the concentration of 10Be to be 1.2 × 1012 g−1. McKeegan
et al. [1]) report a ratio of 10Be/9Be = 9.5 × 10−4 in CAIs from Allende.
Assuming a concentration of 100 ppb for 9Be as an order of magnitude
estimate, the corresponding 10Be concentration in CAIs is 5.5 × 1012 g−1.
Based on these calculations we conclude that this model may be a viable
mechanism that can account for the 10Be in CAIs.

References: [1] McKeegan K. D. et al. 2000. Science 289:1334.
[2] Marhas K. K. and Goswami J. N. 2004. New Astron. Rev. 48:139. [3]
Nishiizumi K. and Caffee M. W. 2001. Science 294:352. [4] Lee T. et al.
1998. ApJ 506:8. [5] Gounelle M. et al. 2006. ApJ 640:1163. [6] Feigelson
E. D. et al. 2002. ApJ 572:335.
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COMBINED NON DESTRUCTIVE ANALYSES APPLIED TO
GRAINS FROM THE STARDUST TRACK C2103,10
R. Brunetto1,2, A. Rotundi2, J. Borg1, G. A. Baratta3, J. R. Brucato4, L.
Colangeli5, V. Della Corte2, L. d’Hendecourt1, E. Dartois1, Z. Djouadi1, V.
Mennella5, M.E. Palumbo3, and P. Palumbo2 1Astrochimie et Origines,
Institut d’Astrophysique Spatiale, Orsay (France). 2Dip. Scienze Applicate,
Università degli Studi di Napoli “Parthenope”, Napoli (Italy). 3INAF—
Osservatorio Astrofisico di Catania, Catania (Italy). 4INAF—Osservatorio
Astrofisico di Arcetri, Firenze (Italy). 5INAF—Osservatorio Astronomico di
Capodimonte, Napoli (Italy) Email: rosario.brunetto@ias.u-psud.fr.

Introduction: Ten grains from the Stardust track C2103,10 are
analyzed by different non destructive techniques that give indications both on
the mineralogical and organic compositions of the particles (IR and Raman
spectroscopy combined to FESEM and EDX). These grains have been
extracted from different positions along the track, between the entrance and
the terminal particle. Aerogel fragments originating from the same keystone
are also analysed with the same techniques. The aim of this study is to obtain
morphological, chemical, mineralogical, and organic characterizations of
81P/Wild 2 dust samples by characterizing the incident grain, its slowing
down evolution, fragmentation, and its interaction with the aerogel.

Experimental Techniques: In order to avoid handling and
micromanipulation of the samples, we designed special sample holders,
described elsewhere [1], that allow clean and safe particle transportation and
multiple sample analyses. We perform a combined set of micro-IR
(transmission), micro-Raman, FESEM, and EDX analyses. The IR analysis is
performed using a synchrotron beamline at SOLEIL (France), which allows
to map the samples with a spatial resolution up to ~3 µm.

First Results: A first IR analysis of the cometary and the nearby
aerogel samples shows relevant contribution of the aerogel in the spectra of
the extraterrestrial grains, as already largely observed (e.g., [2]). During the
slowing down, melted or compressed aerogel is strongly mixed with the
residues of the incident particles; the effect is more pronounced with respect
to other Stardust tracks previously studied by PET analyses [3]. Two grains,
extracted from about the entrance and termination of the track, show clear IR
organic signatures, due to aromatic and aliphatic compounds respectively,
that are indigenous to the sample. Silicates are detected in the terminal grain,
mainly in the form of amorphous low-Fe olivine (forsterite), with a minor
contribution of crystalline olivine and pyroxene. The IR analysis is followed
by Raman spectroscopy, sensitive to the degree of disorder of the
carbonaceous structure, both in extraterrestrial carbons and laboratory
analogues (e.g., [4,5]), and by microscopic investigation (FESEM and EDX)
delivering a complementary information on the composition and the structure
of the grains. Preliminary results will be discussed.

References: [1] Rotundi A. et al. 2007. In Dust in planetary systems,
ESA Publication SP-643. pp. 149–153. [2] Muñoz Caro G. M. et al. 2008.
A&A 485:743–751. [3] Rotundi A. et al. 2008. Meteoritics & Planetary
Science 43 (1/2):367–397. [4] Baratta G. A. et al. 2004. J. Raman Spectrosc.
35:487–496. [5] Brunetto R. et al. 2009. Icarus 200:323–337.
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FOREIGN MATERIALS IN POLYMICT BRECCIAS FROM VESTA 
P. C. Buchanan1, M. E. Zolensky2, R. C. Greenwood3, and I. A. Franchi3.
1Kilgore College, Kilgore, Texas 75662 USA. E-mail:
pbuchanan@kilgore.edu. 2NASA Johnson Space Center, Houston, Texas
77058 USA. 3PSSRI, The Open University, Walton Hall, Milton Keynes,
MK7 6AA, UK.

Previous studies have documented fragments of petrogenetically
unrelated materials in HED polymict breccias [e.g., 1, 2, 3, 4, 5, 6]. Observed
clasts range in size from as large as 5 mm in diameter [2, 3] to very small
(~25  µm diameter) [4]. Most fall into two groups: clasts with textures similar
to CM materials and those similar to CR materials [2, 3, 4]. CM-like clasts
predominate among larger fragments, whereas CR-like clasts are more
abundant among smaller fragments [4]. TEM analysis of matrix
phyllosilicates in these fragments indicates that they have been heated to
variable degrees [2, 3]. Oxygen isotope analysis of a large CM-like fragment
in EET 87513 combined with textural, mineralogical, and compositional data
confirm that it is a fragment of CM material [2]. Based on TEM analysis, CR-
like fragments are mineralogically similar to some CR materials [3].

HED polymict breccias are relatively rich in siderophile elements
compared to HED monomict meteorites. For example, Ni abundances of
polymict breccias commonly range between 100 ppm and 600 ppm [e.g., 1, 5,
6] compared with values commonly less than 35 ppm for monomict eucrites
[6, 7] and less than 172 ppm for diogenites [e.g., 1, 6]. Analysis of other
siderophile elements confirms this enrichment [1, 5, 6, 7]. However,
petrographic and SEM analyses of some of these meteorites do not reveal
observable clasts [1, 3, 6]. Oxygen isotopic analysis supports the presence of
CM material in some of these breccias (e.g., Bholghati) [8].

Previous authors have interpreted these chondritic fragments in two
ways: (i) fossil IDPs [4], and (ii) fragments of meteorites that impacted Vesta
during regolith formation and mixing [2, 5, 6]. The uniformly high
abundances of siderophile elements in HED polymict breccias indicate that
these foreign materials are pervasively mixed throughout these breccias and,
hence, that the mixing process was very efficient [2, 6]. These materials
represent a continuous range from relatively large fragments to
submicroscopic individual mineral grains [5, 6]. Energetic mixing associated
with impact of meteorites onto the surface of Vesta seems the most probable
mechanism for this efficient mixing [5, 6].

References: [1] Chou C.-L. et al. 1976. Proceedings, 7th Lunar Science
Conference, pp. 3501–3518. [2] Buchanan P. C. et al. 1993. Meteoritics &
Planetary Science 28:659–669. [3] Zolensky M. E. et al. 1996. Meteoritics &
Planetary Science 31:518–537. [4] Gounelle M. et al. 2003. Geochimica et
Cosmochimica Acta 67:507–527. [5] Buchanan P. C. and Mittlefehldt D. W.
2003. Antarctic Meteorite Research 16:128–151. [6] Lorenz K. A. et al. 2007.
Petrology 15:109–125. [7] Kitts K. and Lodders K. 1998. Meteoritics &
Planetary Science 33:A197–A213. [8] Greenwood R. C. et al. 2005. Nature
435:916–919.
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THE STEINHEIM SUEVITE
E. Buchner1 and M. Schmieder. Institut für Planetologie, Universität
Stuttgart, Herdweg 51, 70174 Stuttgart, Germany. 1E-mail: elmar.buchner@
geologie.uni-stuttgart.de

Introduction: The 3.8 km Steinheim Basin [1] in SW Germany is a
complex impact crater with central uplift thought to have formed
simultaneously with the 24 km and 14.4 Ma Ries crater [2, 3] by the impact
of a double asteroid. The crater is hosted by a sequence of Triassic to Jurassic
sedimentary rocks [e.g., 2]. The Steinheim Basin exhibits a well-preserved
crater morphology, intensely brecciated limestone blocks that formed the
crater rim and shatter cones in limestones of excellent quality. In addition, a
fallback breccia (‘Primäre Beckenbrekzie’) mainly composed of Middle and
Upper Jurassic limestones, marls, and sandstones is known from drilling in
the Steinheim Basin [1, 4].

Samples and Observations: The samples were taken from a drill core
(B26, depth 76–77 m) that was constructed in the 1970s [1] at the flank of the
central uplift and went through ‘Primäre Beckenbrekzie’ and the crater floor.
We recently discovered small particles (mm in size) in the basin breccia that
turned out to represent glass particles now altered and transformed into
phyllosilicates. The altered glass particles are rich in SiO2 (~50%), Al2O3
(~22%), CaO (~12%), and contain Fe-sulfides rich in Ni (up to 1.2%) and Co
(up to 0.1%) [5], as well as target rock clasts (shocked and unshocked quartz,
feldspar, limestone) and recrystallized droplets of calcite [6]. The melt
particles exhibit distinct flow structures and relicts of schlieren and blasen
(Fig. 1).

Conclusions: No impact melt lithologies have so far been reported
from the Steinheim Basin. Due to the geochemical composition and the
textural features, we interpret the particles analyzed as melt fragments widely
recrystallized and/or altered. On the basis of impactite nomenclature, layers
of glass-bearing impact breccias in the drill core studied can be denominated
as Steinheim suevite. The geochemical character of the altered glass particles
(high amount of Fe and Ti) point to Middle Jurassic sandstones
(‘Eisensandstein’) that crop out in the central uplift as the source for the melt
fragments. 

References: [1] Reiff W. and Groschopf P. 1979. Guidebook to the
Steinheim Basin impact crater, p. 9–18. [2] Ivanov B. A. and Stöffler D.
2005. Abstract #1443. 36th LPSC. [3] Stöffler D. et al. 2002. Meteoritics &
Planetary Science 37:1893–1907. [4] Heizmann E. P. J. and Reiff W. 2002.
Der Steinheimer Meteorkrater, 160 p. [5] Schmieder M. and Buchner E.
2009. This volume. [6] Buchner E. and Schmieder M. 2009. This issue.
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MYTHOLOGICAL ARTIFACTS MADE OF CELESTIAL BODIES—
A BUDDHIST DEITY OF METEORITIC IRON
E. Buchner1, G. Kurat2, M. Schmieder1, U. Kramar3, J. Kröchert1, and Th.
Ntaflos4. 1Institut für Planetologie, Universität Stuttgart, Herdweg 51, 70174
Stuttgart, Germany, E-mail: elmar.buchner@geologie.uni-stuttgart.de.
2Naturhistorisches Museum, Burgring 7, 1010 Wien, Austria. 3Institut für
Mineralogie und Geochemie, Universität Karlsruhe, Adenauerring 20b,
76131 Karlsruhe, Germany. 4Department of Lithospheric Science, University
of Vienna, Althanstrasse 14, 1090 Vienna, Austria.

Introduction: Meteorites have been regarded as devotional and ritual
objects by multitudinous cultures since prehistoric times. Artifacts made of
meteoritic iron were found in old Egyptian king tombs and in Mesopotamian
sanctuaries. In the Buddhist art in the Middle and Far East [e.g., 1], meteoritic
iron used to be carved, but that tradition died out a long time ago, and only
ancient artifacts are known. Figurative illustrations or religious sculptures of
gods carved in meteorites are not reported in the literature. We here present a
sculpture made of an iron meteorite that displays a unique particularity in
religious art.

The Sculpture: Origin and age of the “iron man” sculpture, carved
from one piece of iron meteorite (now ~10.6 kg and about 24 × 13 × 10 cm),
is still a matter of speculation. The Swastika on the cuirass of the statue is a
minimum 3000 years old Indian sun symbol and is used as an allegory of
fortune to date; the scale armor was originally gilded. The sculpture possibly
portrays the Buddhist god Vaiúravana (also called Jambhala or Namthöse in
Tibet, or Hindu Kubera), and which can be either a God of fortune and
wealthiness or a God of war [e.g., 2]. To our knowledge, the statue originates
not from China, India, or Tibet. The provenance of the meteorite strongly
points to the border region of eastern Siberia and Mongolia. 

The Meteorite: A plate (~1 cm thick, ~500 g) was cut from the base of
the statue. The texture of the metal is that of a Ni-rich ataxite with strait and
curved schlieren bands visible at the etched surface. It fits in detail that of the
Chinga (IRUNGR) meteorite. The metal consists of a very fine-grained
intergrowth of kamacite and taenite (Ni 15.7 wt%, Co 0.5 wt%), which
includes a few sulfide grains of varying size (<1–10 mm) consisting of
daubreelite (FeCr2S4) and chromian troilite lamellae, and small (<1 mm)
kamacite spindles (Ni 7 wt%, Co 0.7 wt%). A fissure contains brecciated
metal, daubreelite and troilite embedded in rust.

A preliminary analysis revealed: Fe 83.5 wt%, Ni 15.9 wt%, and Co 0.6
wt% with Cr and platinum group elements (PGE) significantly enriched [3].
All data suggest that the “meteorite man” is the third largest piece from the
Chinga strewn field discovered in the boarder region of Siberia and Mongolia
in 1912. One can speculate whether this specimen was discovered earlier as a
single find.

Since March 2009, the sculpture is owned by an anonymous Austrian.
Part of the cut socket plate is at the Naturhistorisches Museum, Vienna.
Detailed studies are under way.

References: [1] Kotowiecki A. 2004. Meteoritics & Planetary Science
39:151–156. [2] Fisher E. J. 1997. Art of Tibet (Thames and Hudson), New
York, 224 p. [3] Kramar U. et al. 2001. Planetary and Space Science 49:831–
837. [4] Buchwald V. F. 1977. Philosophical Transactions of the Royal
Society London A 286:453–491. 

Fig. 1. BSE image of a fluidally textured glass particle (altered to hydrous
phyllosilicates) in Steinheim suevite (drill core B26); Q: quartz grain, Cc:
droplet of recrystallized calcite; S: Fe-sulfides rich in Ni and Co.
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STEINHEIM BASIN IMPACT SPHERULES
E. Buchner1 and M. Schmieder. Institut für Planetologie, Universität
Stuttgart, Herdweg 51, 70174 Stuttgart, Germany. 1E-mail:
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Introduction: The 3.8 km Steinheim Basin [1] in SW Germany is a
complex impact crater with central uplift thought to have formed
simultaneously with the 24 km and 14.4 Ma Ries crater [2] by the impact of
a double asteroid. The crater is hosted by a sequence of Triassic to Upper
Jurassic sedimentary rocks [1]. The Steinheim Basin exhibits an almost
primary crater morphology, intensely brecciated limestone blocks at the
crater rim, and shatter cones in limestones of excellent quality. In addition, a
fallback breccia (‘Primäre Beckenbrekzie’) mainly composed of Middle and
Upper Jurassic limestones, marls, and sandstones is known from drillings in
the Steinheim Basin [1]. Recently, layers of melt-bearing impact breccias,
denominated as Steinheim suevite [3], as well as Fe-Ni-Co sulfides that
represent a possible meteoritic component in the melt particles [4], were
reported.

Samples and Observations: Spherule-bearing samples of Steinheim
suevite were recovered from the B26 drill core (core depth 76–77 m) stored
at the Meteorkratermuseum, Steinheim. Spherules (generally ~2–200 µm in
size) were detected in the groundmass of the basin breccia, embedded in
altered melt fragments, as well as adhered at the surface of altered melt
particles. In the suevite, spherules are composed of essentially pure calcite,
silica, feldspar, and mingled domains of recrystallized calcite and silicate
glass. One spherule at the surface of an altered melt particle contained up to
2.4 wt% in Ni and up to 0.2 wt% in Co at a Ni/Co ratio of ~10:1 [4]. Magnetic
and silicate spherules were previously discovered in Pleistocene or older
sediments of two caves on the Swabian Alb plateau [5,6], within a short
distance to the Steinheim Basin. These spherules contain Ni (up to 7.8 wt%)
and Co (up to 0.6 wt%) with an average Ni/Co ratio of ~10:1; silicate
spherules yielded a composition similar to the Steinheim suevite melt
particles (~50 wt% SiO2). The cave sediments also contain volcanic Ti-
magnetite crystals [7] that stem from the ~17–11 Ma Urach volcanic field [8],
indicating that the spherules and spinels were embedded into the cave
sediments in the Miocene.

Conclusions: Whereas spherules composed of calcite, silica, or
feldspar are likely derived from the Steinheim target rock, Fe-Ni-Co
spherules on melt fragments probably originate from the Steinheim impactor.
The geochemical signature of the Fe-Ni-Co and silicate spherules recovered
from nearby cave sediments roughly corresponds to spherules in the
Steinheim suevite. Silicate spherules compositionally resemble melt particles
in the Steinheim suevite. The proximity of the caves to the Steinheim Basin,
as well as the timing of Miocene ~17–11 Ma volcanism on the Swabian Alb
recorded in the cave sediments, suggest that the spherules were produced by
the ~14.4 Ma Steinheim impact.

References: [1] Reiff W. and Groschopf P. 1979. Guidebook to the
Steinheim Basin impact crater, p. 9–18. [2] Stöffler D. et al. 2002. Meteoritics
& Planetary Science 37:1893–1907. [3] Buchner E. and Schmieder M. 2009.
This volume. [4] Schmieder M. and Buchner E. 2009. This volume. [5]
Buchner E. et al. 2009. Abstract #1017. 40th LPSC. [6] Strasser M. et al.
2009. Geomorphology 106:130–141. [7] Papenfuss K.-H. 1974. Jahreshefte
des geologischen Landesamtes Baden-Württemberg 16:13–34. [8] Ufrecht
W. et al. 1990. Jahresberichte und Mitteilungen des Oberrheinischen
Geologischen Vereins 72:359–390.
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STRUCTURE (FINLAND)
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Öhman4, and H. Stehlik5. 1Institut für Planetologie, Universität Stuttgart, D-
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Heidelberg. 3Pinkelikatu 6 B 48, FI-90520 Oulu, Finland. 4Department of
Geosciences, FI-90014 University of Oulu, Finland. 5Hagedornweg 2/2/12,
A-1220 Vienna, Austria.

Introduction: The Suvasvesi North (diameter ~3.5 km) and South
(diameter ~4.0 km) structures [1–3] in Finland are thought to represent a
double impact crater system, similar to the Clearwater lakes in Canada [4].
As no isotopic data have so far been available, only the age of the ~1.88 Ga
Paleoproterozoic (and some ~2.7 Ga Archean) crystalline target rocks of the
Baltic Shield [1] is cited as the maximum impact age. Paleomagnetic data
suggested either a Permo-Triassic (~230–280 Ma) or a Neoproterozoic (770–
790 Ma) age for the Suvasvesi North impact structure [4,5]. We here present
the first 40Ar/39Ar age for the Suvasvesi South structure.

Samples and Analytical Procedure: Clast-poor particles of impact
melt rock (87.1 mg) recovered by one of the authors (J. M.) from the
Mannamäki area were chosen for 40Ar/39Ar dating at the University of
Heidelberg [6, 7].

Results and Interpretation: 40Ar/39Ar step-heating analysis yielded
no plateau within a perturbed, hump-shaped [8] age spectrum with younger
apparent ages (~100–450 Ma) within the low-temperature (T) heating steps
(~13% of 39Ar released), older apparent ages (~820 Ma) in the mid-T
fractions (~47% of 39Ar), and intermediate apparent ages (~715–710) Ma in
the four final high-T steps (~40% of 39Ar). The integrated age of the melt
rock sample is 720 ± 6 Ma (2σ). In the inverse isochron plot, most of the data
points are dominated by radiogenic argon, which makes an estimation of the
36Ar/40Ar intercept value and the identification of a possible excess argon
component difficult. The K/Ca ratio notably varies over the age spectrum,
indicating the presence of different K- and Ca-bearing phases. In analogy to
the recently reported elusive 40Ar/39Ar age for the Paleoproterozoic Dhala
impact structure, India [9], we interpret the hump-shaped age spectrum for
Suvasvesi South as a result of argon loss via alteration combined with argon
recoil redistribution, and thus the oldest ~820 Ma ages might still reflect a
minimum alteration age. However, from the ~715–710 Ma high-T step ages
and the only slightly older ~720 Ma total fusion age, admitted that the melt
rock samples experienced alteration and apparent ages are underestimates,
we can rule out a Permo-Triassic age for this structure and favor a Proterozoic
(double) impact event between 1.88 Ga and ~700 Ma.

References: [1] Pesonen L. J. et al. 1999. 27th LPSC p. 1021–1022. [2]
Lehtinen M. et al. 2002. Abstract #1188. 33rd LPSC. [3] Dypvik H. et al.
2008. Episodes 31:107–114. [4] Werner S. C. et al. 2001. Meteoritics &
Planetary Science 36:A223. [5] Pesonen L. J. et al. 2003. Abstract #4074 3rd
Large Meteorite Impacts Conference. [6] Schwarz W. H. and Trieloff M.
2007. Chemical Geology 241:218–231. [7] Trieloff M. et al. 2005.
Geochimica et Cosmochimica Acta 69:1253–1264. [8] Bottomley R. J. et al.
1990. Proceedings of the 20th LPSC, p. 421–431. [9] Jourdan F. et al. 2008.
Abstract #1244. 39th LPSC.
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SULFUR ISOTOPIC COMPOSITION OF FE-NI SULFIDE GRAINS
IN CI AND CM CHONDRITES
E. S. Bullock1, K. D. McKeegan2, M. Gounelle3, M. M. Grady4,5, and S. S.
Russell5. 1Department of the Geophysical Sciences, 5734 S. Ellis Avenue,
Chicago, IL 60637. 2Department of Earth and Space Sciences, UCLA, Los
Angeles, CA 90095–1567. 3LMCM, CNRS and MNHN, CP52, 57 rue
Cuvier, 75005 Paris, France. 4The Open University, Walton Hall, Milton
Keynes, United Kingdom, MK7 7AA. 5Department of Mineralogy, The
Natural History Museum, London, United Kingdom, SW7 5BD. E-mail:
emmabullock@uchicago.edu.

Introduction: Sulfide minerals are ubiquitous in meteoritic material
and can provide information regarding the processes that have affected
chondritic parent bodies. In this work, we look at sulfide grains within
aqueously altered CI and CM chondrites. Previous work has shown that
increasing aqueous alteration can modify the chemical composition of sulfide
grains [1–3]. Sulfate minerals formed by the oxidation of sulfides [4]; this
should have left a mark on the isotopic signature of the sulfide grains, as the
newly formed sulfates incorporate 32S preferentially. 

Method: Thin sections of two CI chondrites and six CM chondrites
were analyzed. The CI chondrites are both extensively altered and are
classified as type 1. One of the CM chondrites is also extensively altered
(classified as CM1 by [5]; classified as CM2.0 by [3]). The other CM
chondrites have undergone less extensive aqueous alteration. The isotopes
32S, 33S and 34S were measured with the UCLA Cameca IMS 1270 in
multicollector mode following the method outlined in [6]. Results are all
reported relative to Canyon Diablo troilite.

Results and Discussion: All of the grains measured lie within error of
the mass dependent fractionation line. No anomaly in 33S was found. The CI1
sulfides are generally isotopically heavy (δ34SCDT from −0.7‰ to 6.8‰),
while sulfide grains in the CM1 chondrite are generally depleted in 33S and
34S (δ33SCDT between −1.6‰ and 1.0‰; δ34S from −2.9‰ to 1.8‰). The
CM2 chondrites contain sulfide grains that show enrichment and depletion in
33S and 34S (δ33SCDT between −3.5‰ and 3.8‰; δ34SCDT from −7.0‰ to
6.8‰). It has been suggested that sulfates forming from sulfide grains during
aqueous alteration will preferentially remove the lighter isotope, leaving the
sulfide grains enriched in the heavy isotopes. However, the degree of
enrichment in 34S in sulfide grains does not correlate with previously
proposed alteration sequences, indicating that the sulfur isotopic signature of
sulfide grains records a more complex history.

References: [1] E. S Bullock et al. 2005. Geochimica et
Cosmochimica Acta 69:2687–2700. [2] M. E. Zolensky and L. Le 2003.
LPSC Abstract #1235. [3] A. E. Rubin et al. 2007. Geochimica et
Cosmochimica Acta 70:2361–2382. [4] J. Monster et al. 1965. Geochimica
et Cosmochimica Acta 29:773–779. [5] M. E. Zolensky et al. 1997.
Geochimica et Cosmochimica Acta 61:5099–5115. [6] J. Farquhar et al.
2002. Science 298:2369–2372.
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NORTHWEST AFRICA 2824; ANOTHER EUCRITE-LIKE SAMPLE
FROM THE IBITIRA PARENT BODY?
T. E. Bunch1, A. J. Irving2, D. Rumble, III3, R. L. Korotev4, J. H. Wittke1 and
P. P. Sipiera5. 1Dept. of Geology, Northern Arizona University, Flagstaff, AZ
86011, USA. E-mail: tbear1@cableone.net; 2Dept. of Earth and Space Sci.,
University of Washington, Seattle, WA 98195, USA; 3Geophysical
Laboratory, Carnegie Institution, Washington, DC, 20015, USA; 4Dept. of
Earth and Planet. Sci., Washington University, St. Louis, MO 63130, USA;
5Planetary Studies Foundation, Galena, IL 61036, USA.

Petrography: Northwest Africa 2824 is a highly shocked (S3–5) and
brecciated achondrite (485 grams) composed of 80 vol.% orthopyroxene
(Fs31.2–33.8Wo3.1–3.8; FeO/MnO = 31–38; with more Mg-rich, Fs20Wo3.3
reaction rims) and 18 vol.% plagioclase (An96.3–98.8; some as large, angular
clasts up to 1.5 cm), with 2 vol.% metal and iron sulfide (2–3.4 wt%. Ni), and
rare olivine. Plagioclase exhibits complex spherulitic textures typical for
crystallization from former shock-melt glass. Most of the smaller pyroxenes
have recrystallized into polygonal mosaics, and grains larger than one mm
show mechanical twinning, PDFs, reduced birefringence and annealed
reaction grain margins.

Oxygen Isotopes: Acid-washed samples analyzed in replicate by laser
fluorination gave, respectively: δ17O 1.937, 1.841; δ18O 3.786, 3.594; δ17O –
0.054, −0.050 per mil. These compositions plot resolvably below the TFL,
and very close to the values determined in the same laboratory for the
vesicular, eucrite-like achondrite Ibitira[1], but far from the field for HEDOD
meteorites considered to be related to 4Vesta.

Bulk Composition: INAA on a 191 mg sample gave the following
preliminary results: FeO 14.9 wt%, Na2O 0.29 wt%; in ppm, Sc 34, Cr 3500,
Co 29, La 2.52, Sm 1.55, Eu 0.62, Yb 1.7, Lu 0.26. NWA 2824 is less Fe-rich
(and presumably more magnesian) than typical eucrites, and also Ibitira. In
comparison to Ibitira [2], NWA 2824 has similar Sc abundances but higher Cr
and Co abundances, yet its chondrite-normalized REE pattern is almost
identical (flat at ~8 times chondrites).

Affinities: Although the pyroxenes in NWA 2824 are compositionally
similar to those in diogenites, the plagioclase content and oxygen isotopic
composition are inconsistent with diogenites (and also eucrites). The
possibility that this highly shocked specimen may be related to Ibitira begs
the question as to whether Ibitira may be a product of impact melting [cf., 3].
The hornfelsic texture of Ibitira [4] and the presence of secondary, probably
vapor-deposited phases within the vesicles [5] suggest that its enigmatic
vesicularity might be a manifestation of trapped solar wind in a former
regolith or related to vaporization during an energetic impact on its parent
body. 

References: [1] Wiechert U. et al. 2003. Earth and Planetary Science
Letters 90:1151–1154. [2] Wänke H. et al. 1974. Proc., 5th LPSC. pp. 1307–
1335; Jarosewich E. 1990. Meteoritics 25:323–327. [3] Mittlefehldt D. W.
2005. Meteoritics & Planetary Science 40:665–677. [4] Steele I. M. and
Smith J. V. 1976. Earth and Planetary Science Letters 33:67–78. [5]
Wadhwa M. and Davis A. M. 1998. LPSC XXIX, #1931; Heim N. A. et al.
1999. LPSC XXX, #1908.
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CARBON RAMAN SPECTROSCOPY OF 36 INTERPLANETARY
DUST PARTICLES
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of Manchester, UK. E-mail: busemann@manchester.ac.uk. 2DTM, Carnegie
Inst. of Washington, USA. 3PSSRI, Open Univ., UK. 4NASA/JSC Houston,
USA. 5Physics and Astron., Minnesota State Univ., Mankato, USA. 6Physics
and Astron., Univ. of Minnesota, Minneapolis, USA.

Introduction: Carbon Raman spectroscopy is a useful tool to
determine the degree of order of organic material (OM) in extraterrestrial
matter [1, 2]. As shown for meteoritic OM [e.g., 2], peak parameters of D and
G bands are a measure of thermal alteration, causing graphitization (order),
and amorphization, e.g., during protoplanetary irradiation, causing disorder
[2, 3].

The most pristine interplanetary dust particles (IDPs) may come from
comets. However, their exact provenance is unknown. IDP collection during
Earth's passage through comet Grigg-Skjellerup’s dust stream (“GSC”
collectors) may increase the probability of collecting fresh IDPs from a
known, cometary source [4]. We used Raman spectroscopy to compare 21
GSC-IDPs with 15 IDPs collected at different periods, and found that the
variation among GSC-IDPs is larger than among non-GSC IDPs, with the
most primitive IDPs being mostly GSC-IDPs.

Results: All IDPs were analyzed with Raman spectrometers at
Carnegie and PSSRI [2, 5]. 23 IDPs contained detectable OM. Their data
follow the trends for meteoritic and Stardust OM [2, 5]. The IDP-OM is
similar to or more primitive than the most primitive chondritic OM. The
variation among GSC-IDPs is much larger than among non-GSC IDPs. 6 of
the 7 most primitive IDPs in the G band- and 6 of 10 in the D band parameter
space, respectively, are GSC-IDPs. However, average C Raman parameters
for GSC- and non-GSC-IDPs are indistinguishable. 9 GSC-IDPs were
analyzed in silicone oil; others were analyzed before and after pressing into
gold (for subsequent SIMS analysis). Neither treatment affected the Raman
results. While Cs+ irradiation during SIMS analysis can produce
amorphization [2], we did not observe a systematic shift of the Raman
parameters of the 7 IDPs that had previously been analyzed by SIMS.

Discussion: Many GSC-IDP observations such as extreme presolar
silicate abundances [6], OM with large D and 15N isotopic anomalies (IDPs
L2054 E1, G4 [6]), huge C abundance [7], a new mineral (L2055 I3 [7]), and
the lack of abundant noble gases and irradiation records [7, 8] suggest that
some GSC-IDPs may indeed originate freshly from comet Grigg-Skjellerup
[4]. This is supported by the very primitive Raman parameters for the IDPs
L2054 E1, G4 and L2055 I3. Similar average Raman parameters for GSC-
and non-GSC-IDPs indicate that both collections otherwise sample the same,
well-mixed dust reservoir from various sources that were mostly un-affected
by significant parent body thermal processing as recorded in meteoritic OM. 

References: [1] Wopenka B. 1988. Earth and Planetary Science
Letters 88:221–231. [2] Busemann H. et al. 2007. Meteoritics & Planetary
Science 42:1387–1416. [3] Brunetto R. et al. 2009. Icarus 200:323–337. [4]
Messenger S. 2002. Meteoritics & Planetary Science 37:1491–1505. [5]
Rotundi A. et al. 2008. Meteoritics & Planetary. Science 43:367–397. [6]
Nguyen A. N. et al. 2007. Abstract #2332. 38th LPSC [7] Nakamura-
Messenger K. et al. 2008. Meteoritics & Planetary Science 343:A111. [8]
Palma R. et al. 2005. Meteoritics & Planetary Science 40:A120.
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HIGH-PRESSURE MINERALOGY OF SHOCK VEINS IN
METEORITES DOES CONSTRAIN THE EQUILIBRIUM SHOCK
PRESSURE AND ITS DURATION
P. S. De Carli1, A. El Goresy2, Z. Xie3, and T. G. Sharp4, 1SRI International, 333
Ravenswood Ave., Menlo Park, CA 94025, USA. E-mail:
paul.decarli@sri.com, 2Bayrisches Geoinstitut, 955440 Bayreuth, Gerrmany,
3Nanjing University, Nanjing, China, 4Arizona State University, Tempe,
AZ85287, USA.

Introduction: A recent paper on helium loss from Martian meteorites
states that the high-pressure mineralogy of veins is not a good equilibrium
pressure barometer. [1] We respectfully disagree. However we do agree with
the authors that it is likely that helium loss from Martian meteorites is largely
due to shock metamorphism. It is not certain that the shock metamorphism
was coincident with the ejection event in every case. 

Problems with Laboratory Shock Experiments: Significant
differences between the conditions of laboratory shock experiments and
natural events were noted as early as 1962 [2]. Effects of differences in
loading path, post shock cooling rates, and shock pressure duration were
discussed in 2002 [3]. Although the laboratory shock recovery experiments
have provided valuable qualitative information, the use of their results to
precisely calibrate the equilibrium shock pressures experienced by rocks or
minerals does not appear to be justified. 

Problems with Post-Shock Temperature Calculations: In the ideal
one-dimensional laboratory experiment on a homogeneous material, given
adequate experimental data, the calculation of post-shock temperature is
trivial and the result is a uniform temperature. In the complex shock
propagation geometry of a typical rock made of anisotropic minerals, the
calculation taxes the capabilities of a supercomputer. Shock temperatures can
differ by as much as an order of magnitude between grains and even within a
single grain [4]

Shock Pressure Calibration: Chen et al. first demonstrated that the
mineral assemblage of melt veins can provide a credible shock pressure
calibration [5]. Subsequent work at many institutions has provided
confirmation of the utility of melt vein analyses [4]. Langenhorst and Poirier
performed the first thermal analysis of melt vein cooling [6]. Their study
indicated that the shock associated with Zagami veins had an effective
duration of milliseconds and an equilibrium peak pressure of less than 25
GPa. Zagami must have been too far below the surface for ejection via the
now discredited spall mechanism. Low-pressure ejection by a high-velocity
vapor or ejecta cloud has been suggested [7] 

References: [1] Schwenzer S. P. et al. 2008. Meteoritics & Planetary
Science 43:1841–1859. [2] Milton D. J and De Carli P. S. 1963. Science 140:
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HALOGENS IN NAKHLA AND NWA 998: EVIDENCE OF MARTIAN
WEATHERING?
J. A. Cartwright, J. D. Gilmour, and R. Burgess. School of Earth,
Atmospheric and Environmental Sciences, University of Manchester, UK.
Email: julia.cartwright@postgrad.manchester.ac.uk.

The halogen concentrations of a number of Martian meteorites vary
significantly, with larger variations observed in I/Cl compared to Br/Cl. One
striking feature is the high I/Cl ratios associated with those meteorites found
in Antarctica. Removal of low temperature, superficial contamination does
not significantly reduce the I/Cl ratio [1], indicating that processing in
Antarctica is responsible for binding iodine into meteorite phases. We
suggest that weathering during a meteorite’s terrestrial residence acts to
increase the I/Cl ratio, whilst not significantly affecting the Br/Cl ratio. Br/Cl
and I/Cl ratios in non-Antarctic nakhlites and Martian meteorite falls show a
wide range which extends down to among the lowest I/Cl values in Martian
meteorites [2–3]. In addition, the elevated Br/Cl ratios in Nakhla have been
attributed to Martian weathering [4]. 

We report the halogen concentrations from analyses of Nakhla and
NWA 998 to investigate and assess the effect of Martian weathering on
meteorites. Nakhlites are relatively unshocked, and Nakhla, as a fall, should
be unaffected by terrestrial weathering, and thus retain strong evidence of
Martian weathering. By contrast, NWA 998, a desert find, may have been
terrestrially weathered. Mineral separates of both meteorites, including bulk,
olivine, pyroxene and feldspar aliquots, were neutron-irradiated and analysed
for halogen content using laser step-heating and noble gas mass spectrometry.

Our bulk sample of Nakhla has relatively low Br/Cl (~ 3.5 × 10−3) and
I/Cl (~ 2.9 × 10−5), whilst olivine has elevated Br/Cl (~ 2.5 × 10−2) and I/Cl
(~6.7 × 10−4). The elevated olivine Br/Cl ratio is consistent with values
reported for Martian weathering by [4]. The highest halogen concentrations
are observed within the pyroxene, compared to bulk and olivine aliquots. 

We therefore suggest that the weathering processes and halogen cycles
on Earth and Mars are significantly different. Terrestrial iodine
contamination is controlled by methyl iodide [5], and is distinct from sources
of bromine and chlorine. Terrestrial weathering of meteorites thus leads to
elevated I/Cl ratios. On Mars, iodine and bromine are controlled by
groundwater/brines acting on the Martian subsurface. Martian weathering
therefore increases both iodine and bromine, at the expense of chlorine,
causing elevated Br/Cl and I/Cl. Our preliminary NWA 998 analyses have
shown higher halogen concentrations within feldspar compared to mafic
aliquots, a feature observed in other Martian meteorites (e.g., [1]). Further
analysis of NWA 998, with comparison to Nakhla, will assess the prevalence
of Martian weathering.

References: [1] Cartwright J. A., Gilmour J. D., and Burgess R. 2009.
40th LPSC. [2] Dreibus G., Huisl W., Spettel B., and Haubold R. 2006. 37th
LPSC. [3] Dreibus G. and Wänke H. 1987. Icarus 71:225–240. [4] Rao M. N.,
Sutton S. R., McKay D. S., and Dreibus G. 2005. Journal of Geophysical
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EXAMINATION OF TRACE ELEMENT PARTITIONING
BEHAVIOR IN THE FE-NI SYSTEM
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University Applied Physics Laboratory. E-mail: Nancy.Chabot@jhuapl.edu.
2University of Maryland.

Experimental studies of element partitioning in solid metal/liquid metal
system have been used to investigate a number of planetary science topics,
such as the solidification of iron meteorites, the crystallization of Earth’s
core, and the evolution of ureilites. Recent studies using laser ablation ICP-
MS provide very complete data sets for trace element partitioning in the Fe-
Ni-S, Fe-Ni-C, and Fe-Ni-P systems [1, 2, 3]. 

The Fe-Ni system, with negligible light element contents (such as S, C,
and/or P), should yield a common solid metal/liquid metal partitioning value
(Do). Generally, the Do value for the Fe-Ni system is determined by fitting the
partitioning data as a function of the light element and locating where the fit
intercepts for a zero value of the light element concentration. In some cases,
the Do value as determined by different light element systems do not agree.
For example, in the Fe-Ni-S system, Do(Au) = 0.25 for S = 0 wt% [1], while
in the Fe-Ni-P system, Do(Au) = 0.51 for P = 0 wt% [3]. Using different
D(Au) partitioning values for iron meteorite can lead to significant
differences in the fractional crystallization trends generated in models [4, 5]. 

Through experiments, a fully consistent value for Do can be established
directly, rather than relying on extrapolations of fits to data. Results will be
presented on new solid metal/liquid metal experiments conducted in the
light-element-free Fe-Ni system for this purpose. Experiments were
conducted at 1 atm in evacuated silica tubes. Previous discussion noted that
experiments at the high temperature required to produce coexisting solid
metal and liquid metal in the Fe-Ni system (~1500 °C) would cause the silica
tube, and hence the experiment, to fail. We propose that our experimental
success was due to the high purity of the silica that we used. 

Electron microprobe analyses for Fe and Ni coupled with analyses of
25 trace elements by laser ablation ICP-MS provide the first experimental
determinations of solid metal/liquid metal Do values for many of these trace
elements. We will introduce our new results and compare them to previous
data and fits from the Fe-Ni-S, Fe-Ni-C, and Fe-Ni-P systems. This new
experimental dataset has implications for topics such as modeling the
crystallization of iron meteorites, understanding partitioning behavior in
metallic systems, examining the history of planetary cores, and unraveling
the evolution of metal-bearing meteorites.

References: [1] Chabot N. L. et al. 2003. Meteoritics & Planetary
Science 38:181–196. [2] Chabot N. L. et al. 2006. Geochimica et
Cosmochimica Acta 70:1322–1335. [3] Corrigan C. M. et al. 2009.
Geochimica et Cosmochimica Acta 73:2674–2691. [4] Wasson J. T. 1999.
Geochimica et Cosmochimica Acta 63:2875–2889. [5] Chabot N. L. 2004.
Geochimica et Cosmochimica Acta 68:3607–3618.
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NEAR-EARTH ASTEROID/METEOROID IMPACTS: PROSPECTS
FOR LINKING TELESCOPIC OBSERVATIONS WITH
RECOVERED METEORITES
Clark R. Chapman1 and Alan W. Harris2. 1Southwest Research Institute, Suite
300, 1050 Walnut St., Boulder, CO 80302, USA. 2Space Science Institute,
4800 Orange Knoll Ave., La Cañada, CA 91011, USA.

Introduction: The recent discovery of asteroid 2008 TC3, its predicted
and observed impact over Sudan 20 hours later, and subsequent recovery of
meteorites [1] may seem to be a remarkably lucky event, but it is actually the
forerunner of what should be an increasingly common occurrence due to
previously unrecognized and increasing capabilities of the current
Spaceguard Survey and plans for future near-Earth asteroid (NEA) surveys.
NEAs of diameter 4 m (the size of 2008 TC3) strike the Earth annually (1.5 m
objects strike monthly) [2]. An incoming 4 m object is brighter than the
limiting magnitude of current Spaceguard Survey telescopes for 1 to 2 days.
The survey is limited to the night sky, favoring the northern hemisphere and
locations away from the galactic plane and the Moon, typically covering
~35% of the celestial sphere. A decade ago, this fraction of the sky was
covered on a monthly basis but it is now mapped several times a month. Thus
the current survey has a chance approaching 10% of observing an annual
impactor as an astronomical object and predicting an accurate impact
location and time. So the survey, as currently operating, may detect an event
like 2008 TC3 roughly once a decade; monthly impactors cannot be detected
so far out, but there are more of them, so they are likely to be found at least
as frequently. Larger NEAs (>30 m diameter), possibly capable of doing
damage on the ground approaching that done by Tunguska a century ago,
should all be bright enough long enough in advance to be detected in time to
provide short-term warning, provided that they come from the 35% of the sky
that is being mapped.

Future Prospects: Fairly minor enhancements to the current
Spaceguard Survey could significantly enhance the discovery rate of
meteorite infalls. These could include enhancement of southern hemisphere
observing, mapping closer to the Sun, and improving detection algorithms in
starry fields. Current telescope allocation procedures are not yet optimized
for quick response to ensure that astronomical observations for physical
properties are obtained before impact; unfavorable weather conditions could
also inhibit timely observations. Notification channels should be fine-tuned
to enhance the chance that an impact itself can be observed from space, from
aircraft, and from the ground.

 There are plans for markedly enhancing the Spaceguard Survey,
including the Pan-STARRS and LSST projects. When (and even if ) they will
go online is uncertain. Current plans are that LSST would “cover the sky”
(35% of it) about once every 5 nights and it would be capable of detecting all
monthly impact events, for the meteoroids coming from that fraction of the
sky. Provided such objects yield meteorites, we may eventually expect
meteorites linked to astronomical objects to be potentially recoverable on
land on an annual basis, even though the majority will land in the ocean.

References: [1] Jenniskens P. et al. 2009. Nature 458:485–488. [2]
Brown P. et al. 2002. Nature 420:294–296.
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COMBINED MICRORAMAN AND C-, N-ISOTOPIC STUDY OF
DISORDERED CARBONS IN ACAPULCOITES—LODRANITES 
E. Charon1, 2, J. Aléon2, and J. N. Rouzaud1. 1Laboratoire de Géologie de
l’Ecole Normale Supérieure, UMR CNRS 8538, 24 rue Lhomond 75231
Paris Cédex5. 2Centre de Spectrométrie Nucléaire et de Spectrométrie de
Masse, UMR 8609, Université Paris Sud XI 91405 Orsay Campus. E-mail:-
charon@geologie.ens.fr. 

Introduction: Primitive achondrites have textures and mineralogy
indicative of partial melting but preserve numerous primitive geochemical
characteristics (e.g., ~chondritic bulk chemical composition or chondritic
abundances of volatile elements). Notably “graphitic” carbons have been
described in acapulcoites and lodranites [1–3], with highly diverse carbon
and nitrogen isotopic compositions attributed to the preservation of
preaccretionary signatures. In order to establish a link between these more or
less evolved (graphitized) carbons with the organic matter (very disordered),
synthesized in the protosolar nebula and preserved in carbonaceous
chondrites, and to determine the degree of the reorganization of the
carbonaceous material (graphitization) during the differentiation, we initiated
a systematic µRaman-SIMS-TEM study of carbons in a suite of 5
acapulcoites and 1 lodranite showing variable degrees of recrystallization
(NWA 725, Dhofar 1222, Dhofar 125, Monument Draw, Acapulco and
Lodran). Here we report preliminary Raman microspectrometry results
obtained on all meteorites at the Ecole Normale Supérieure and C and N
isotopes measured with the IMS 4F at the Montpellier University facility in
carbons from Acapulco.

Results: Acapulco exhibits the largest diversity of carbons with eight
different morphological types [2]. No carbon grains were found embedded in
the metal of the least metamorphosed acapulcoites, whereas Lodran present
several types of carbon similar to those in Acapulco. The first Raman
characterizations indicate that none of the Acapulco carbon types can be
ascribed to pure graphite (always a detectable D band). They show variable
degrees of order similar to those commonly observed in carbons formed by
catalytic exsolution from Fe metal. Preliminary C and N isotopic results
indicate that the C coating can contribute up to 10‰ on the δ13C depending
on the porosity of the sample. With the assumption (which remains to be
verified) that this effect is negligible for Acapulco carbons our measurements
agree with previous results [3]: δ13C extend from –38‰ to +38‰ with a
significant peak around the δ13C of insoluble organic matter from
carbonaceous chondrites (−10‰ to −20‰) and δ15N range from −162‰, the
composition of Acapulco metal to ~0‰, the composition of Acapulco
silicates [4]. No systematic correlation with the Raman spectra has been
observed but similar morphologies of carbons seem to exhibit similar isotope
systematic, which suggests that parent body effects may be significant.

Perspectives: In order to understand to which extent these isotopic
variations can be ascribed to preserved precursors but also to carbons newly
formed, possibly by catalytic exsolution from metal during high temperature
events, it is now planned to study the carbons nanostructures using HRTEM
on FIB sections of the carbons previously characterized by SIMS.

References: [1] El Goresy A. et al. 1995. Nature 373. pp. 496–499. [2]
El Goresy A. et al. 2005. Geochimica et Cosmochimica Acta 69. pp. 4535–
4556. [3] McCoy T. J. et al. 2006. Geochimica et Cosmochimica Acta 70. pp.
516–531. [4] Marti K. et al. 2002 Geochimica et Cosmochimica Acta 66. pp.
A487–A487.



72nd Meeting of the Meteoritical Society: Abstracts A49

5206
THE LINK BETWEEN CV AND CK CARBONACEOUS
CHONDRITES BASED ON PARENT BODY PROCESSES 
N. Chaumard1, B. Devouard1, B. Zanda2, and L. Ferrière3. 1Laboratoire
Magmas et Volcans, UMR 6524 Blaise Pascal University—CNRS, 5 rue
Kessler, 63038 Clermont-Ferrand, France. E-mail: n.chaumard@opgc.univ-
bpclermont.fr. 2LMCM, MNHN UMR 7202 CNRS, 61 rue Buffon, 75005
Paris, France. 3Departments of Earth Sciences/Physics and Astronomy,
University of Western Ontario, London, ON N6A5B7, Canada.

Introduction: Unlike the other carbonaceous groups, CK chondrites
are a metamorphic series from type 3 to type 6 [1]. However, previous studies
suggested a possible link between CKs and the CV3 oxidized subgroup
[2–5]. We studied CK and CV samples of types 3 to 4 to investigate the
petrological relationship between these two carbonaceous chondrite groups.

Samples: Our study was carried out on Vigarano (CV3 Red.), Bali
(CV3 Ox.), Allende (CV3 Ox.), NWA 779 (CV3 Ox.), NWA 2900 (CV3
Ox.), DaG 431 (CK3-An.), NWA 1559 (CK3), NWA 4724 (CK3.8), NWA
4425 (CK3.8), NWA 4423 (CK3.9), NWA 4422 (CK4), Karoonda (CK4) and
TNZ 057 (CK4). 

Results and Discussion: Modal Abundances of Chondritic
Components. Matrix, chondrules and CAIs range respectively from 49 to
67.5%, 21.9 to 41.3%, and 9.9 to 11.4%, in CV chondrites, and from 66.4%
to 74.9%, 17.8% to 26.9%, and 2.1% to 12.5% in CK chondrites. NWA 2900
values are close to CK3 abundances. Dark inclusions (DIs) are normally
typical of CVs [6]; however, NWA 4425 and TNZ 057, both classified as
CKs, contain 17.5 ± 7.9% and 11.5 ± 2.1% of DIs, respectively. 

Matrix Textures and Petrology. The matrix of Allende is mainly
composed of acicular olivine crystals with avg. size of 6 m. CK matrices
show a unimodal size distribution (DaG 431 excluded), with mean size
increasing with petrographic type, from 16.7 to 65 µm for NWA 1559 and
TNZ 057, respectively. Olivine crystals are tabular in type 3.8 and become
globular in type 3.9/4. In the least metamorphosed CK NWA 1559, olivine
crystals are Fa36.1 + 0.1. In type 4s, matrix olivines are equilibrated around
Fa32, typically Fa32.0 + 0.5 in TNZ 057. This chemical evolution is correlated
with the textural equilibration of the matrix. 

Calcium-Aluminum-Rich Inclusions. All CK3–4 contain fine-grained
CAIs. In type 3s, CAIs are dominantly composed of an anorthite-spinel-
fassaite-low-Ca-pyroxene assemblage. With increasing metamorphism, fine-
grained CAIs are enriched in Fe, and ilmenite and titanomagnetite have
crystallized.

Dark Inclusions. Estimated bulk compositions of DIs (between the
serpentine and saponite lines in the Si-Fe-Mg diagram) indicate a possible
aqueous alteration before metamorphism.

Conclusions: CKs and CVs show numerous similarities. The CK group
could simply be the result of metamorphic reequilibration of the CV oxidized
subgroup, rather than a really distinct carbonaceous group. In agreement with
geochemical studies [2, 3], our petrological analysis suggests a continuous
metamorphic series from oxidized CV to CK chondrites.

References: [1] Kallemeyn G. W. et al. 1991. Geochimica et
Cosmochimica Acta 55:881–892. [2] Greenwood R. C. et al. 2003.
Meteoritics & Planetary Science 38:A96. [3] Greenwood R. C. et al. 2004.
Abstract #1664. 35th LPSC. [4] Devouard B. et al. 2006. Meteoritics &
Planetary Science 41:A203. [5] Brearley A. J. 2009. Abstract #1791. 40th
LPSC. [6] Brearley A. J. and Jones R. H. 1998. In Planetary materials, J. J.
Papike (Ed.), Rev. in Mineral., vol. 36.
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RADIATIVE HEATING OF NEO C-TYPE ASTEROIDS, A
PLAUSIBLE CAUSE OF METAMORPHISM FOR CK CHONDRITES?
N. Chaumard1, B. Devouard1, B. Zanda2, and A. Provost1. 1Laboratoire
Magmas et Volcans, UMR 6524 Blaise Pascal University—CNRS, 5 rue
Kessler, 63038 Clermont-Ferrand, France. E-mail: n.chaumard@opgc.univ-
bpclermont.fr. 2LMCM, MNHN UMR 7202 CNRS, 61 rue Buffon, 75005
Paris, France.

Introduction: CK chondrites are the only group of carbonaceous
chondrites with petrographic types ranging from 3 to 6 [1]. There might be a
continuous series from oxidized CVs to CKs [2, 3]. One of the peculiarities of
CK chondrites from petrological type 3 to 5 is the texture of their matrices,
with numerous micron-sized vacuoles and inclusions inside the olivine grains
[4, 5]. Porous olivine aggregates have been formed experimentally by heating
fine-grained assemblages of San Carlos olivine (Fo88), at temperatures
ranging from 1350 to 1550 °C [6]. The textures in CK matrices could
similarly be the result of a transient HT event having affected a fine-grained
matrix. Metamorphosed CKs have been interpreted as the result of shock
metamorphism [4, 5]. We propose an alternative numerical model to account
for the transient HT event at the origin of CK chondrites: we investigated the
effect of radiative heating from the Sun on asteroids with close perihelion and
low albedo.

Method: Surface temperatures were obtained with a Lambertian
temperature model [7, 8, 9]. Temperatures at depth in the asteroid were
obtained by heat diffusion, solved by a Crank-Nicolson finite difference
method. 

Results: C-type asteroids, with albedos c. 0.07 [10], are plausible
parent-bodies for carbonaceous meteorites. Among Near Earth Objects
(NEO), a number have perihelial distances <0.387 AU (Mercury’s orbit).
Phaethon is an example of such an object (albedo = 0.1066, perihelion
≈0.14 AU). With favorable parameters, maximum subsurface temperatures of
C-type meteoroids can reach up to 1050 °C at perihelion. However, heat
diffusion is limited in depth owing to the spin of the asteroid and the thermal
diffusivity coefficient. Heat varies exponentially at depths of 0.5–2 m before
it is completely dampened. Temperature at the core depends on the radius of
the object. Core temperatures significant for metamorphic processes
(>300 °C) could be reached only for small meteoroids, with a diameter lower
than 1 meter.

Conclusions: Our results suggest that radiative heating, although
limited in depth, might be a source in the metamorphism of infra-meter
objects (the case for all CK meteorites). This process should be further
considered as a possible cause of the thermal metamorphism visible in CK
carbonaceous chondrites of petrological types 3 to 5. 

References: [1] Kallemeyn G. W. et al. 1991. 55:881–892. [2]
Greenwood R. C. et al. 2004. Abstract #1664. 35th LPSC. [3] Devouard B. et
al. 2006. Meteoritics & Planetary Science 41:A203. [4] Rubin A. E. 1992.
56:1705–1714. [5] Tomeoka K. et al. 2001. Meteoritics & Planetary Science
36:1535–1545. [6] Whattam S. A. et al. 2008. Earth and Planetary Science
Letters 269:200–211 [7] Lawson S. L. and Jakosky B. M. 1999. Abstract
#1892. 30th LPSC. [8] Harris A. W. 1998. Icarus 131:291–301. [9] Lagerros
J. S. V. 1996. Astronomy and Astrophysics 310:1011–1020. [10] Belskaya I.
N. and Shevchenko V. G. 1999. Abstract #1374. 30th LPSC.
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TAMDAKHT METEORITE: THE LAST MOROCCAN FALL 
H. Chennaoui-Aoudjehane1, A. Jambon2, M. Bourot Denise3, O. Boudouma2,
J. Gattacceca4, P. Weber5 and P. Bonté6. 1Université Hassan II Aïn Chock,
Facutlé des Sciences, BP 5366 Maârif Casablanca Morocco (E-mail:
h.chennaoui@fsac.ac.ma), 2Université Pierre et Marie Curie-Paris6 ISTEP,
Case 110, 4 place Jussieu, 75252 Paris France. 3Muséum National d’Histoire
Naturelle de Paris, Laboratoire d’Etude de la Matière Extraterrestre, Rue
Buffon 75005 Paris France. 4Université d’Aix Marseille III, CEREGE,
France. 5University of Bern, Laboratory for high Energy Physics,
Switzerland. 6LSCE Gif/Yvette France.

History: On December 20, 2008, at 22:37 h (local time; UT+00),
witnesses from a number of locations in Morocco (Agadir, Marrakesh,
Ouarzazate) observed a meteor with a W to E trajectory. According to the
local newspaper, Al Massae (of December 27), people from the high Atlas
Mountains (between Marrakesh and Ouarzazate) heard a sound and felt an
aftershock. Due to the high relief in this mountain region, covered with snow
at this time of the year, searching for the meteorite was a difficult task. The
first reports on finding meteorite pieces came a couple of weeks later from
Tamdakht, a village near Ouarzazate. The largest impact pit is located near
Oued Aachir (1.10 m diameter and 70 cm depth, 31°09.8′N, 7°00.9′W), 12
impact coordinates have been recorded. A strewn field of at least 25 km long
and 2 km wide has been outlined with a major axis oriented N 74°.

Physical Characteristics: Total weight is presently estimated to be
100 kg. Pieces recovered as of February 15th 2009 are 30 kg, 5.1 kg, 3.8 kg,
3.69 kg, 2.4 kg, and a number of pieces below 2 kg. The largest fragment
shows a nearly complete dull gray fusion crust, other pieces are 90%
crusted to free of crust, often broken along pre-existing fractures. Unusual
thick fusion crust, locally exceeds 1 mm.

Petrography: Abundant chondrules size is 0.1 to 1.5 mm with visible
but not well-delimited outlines. Dominant olivine and orthopyroxene.
Abundant chromite, rare clinopyroxene and ilmenite. Numerous pockets with
chromite, plagioclase and phosphate (merrillite and Cl-apatite). Kamacite,
with deformed Neumann bands, and taenite, twinned troilite. Copper. Mode:
metal+troilite 10%.

Mineral Compositions and Geochemistry: Magnetic susceptibility
log X = 5.3 (10−9 m3/kg). Composition of Olivine is Fa18 ± 0.5, orthopyroxene
Fs16 ± 0.3. Plagioclase Ab84 ± 2. Chromite: Cr# = 82. Kamacite with 5% Ni and
taenite. Oxygen isotopes δ17O = 3.26 ‰, δ18O = 5.01 ‰, and δ17O = 0.65‰.

Cosmogenic Isotopes: gamma ray activity measurements reveal 7Be
22Na 26Al, 46Sc, 54Mn, 56Co, 57Co, 58Co, 60Co with a 22Na/ 26Al activity ratio
of 2.1 (at the time of fall).

Classification: Accordingly Tamdakht is classified as an H5 ordinary
chondrite, shock intensity is S3, weathering grade W0. 

Conclusion: After the Benguerir fall (22nd November 2004. [1], it is
the second Moroccan fall that has been well studied and declared by a
Moroccan-French scientific group, with the significant cooperation of the
local and international collectors.

References: [1] Chennaoui Aoudjehane H., Jambon A., Bourot Denise
M. and Rochette P. 2006. Meteoritics & Planetary Science 41:231–238. 
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OXYGEN ISOTOPIC COMPOSITIONS AND DEGREE OF
ALTERATION OF CR CHONDRITES 
B.-G. Choi1, I. Ahn1, 2, K. Ziegler3, J. T. Wasson3, 4, E. D. Young3, 4 and A. E.
Rubin4. 1Earth Sci. Ed., Seoul Nat’l Univ., Seoul, Korea, 151–748. E-mail:
bchoi@snu.ac.kr. 2Korea Polar Research Institute, Incheon, 406–840, Korea.
3Earth and Space Sciences, UCLA. 4IGPP, UCLA, Los Angeles, CA 90095,
USA.

Although hydrously altered, CR chondrites are among the most
primitive samples of the solar nebula because of no evidence for thermal or
shock metamorphism [1], high presolar grain abundances [2], and perhaps
because of their solar refractory lithophile/Mg ratios [3]. Previous O-isotope
measurements showed that CR chondrites form a mixing line of slope ~0.7
with a rather large scatter [4].

We measured O-isotopic compositions of 10 CR chondrites, including
seven Antarctic and two hot-desert finds and one fall, using the CO2-laser
fluorination techniques at UCLA and Korea Polar Research Institute.
Samples were gently crushed using an agate mortar and pestle; relatively
fresh-looking fragments were carefully selected under a binocular
microscope. Each meteorite was prepared with (1) dilute-acid wash + pre-
fluorination, (2) pre-fluorination only and (3) no pretreatment. Acid wash and
pre-fluorination techniques help in the removal of terrestrial weathering
products; however, they may also remove some non-terrestrial materials. It is
difficult to recover fine-grained materials completely after acid wash and pre-
fluorination are used to remove some surface hydroxyl oxygen. GRO 99577,
the most altered CR [5] was measured only without pretreatments.

Our data fall on a mixing line of slope ~0.75 with less scatter than the
previous data set. In each case, the washed and pre-fluorinated samples of
each chondrite have the lightest O-isotopes followed by samples with pre-
fluorination only and those analyzed without pretreatments. All of the data
fall along the same mixing line. While the previous data showed that
Antarctic members fall closer to the terrestrial fractionation line than the
others [4], our data do not show such a tendency, implying that our data
reflects lower levels of terrestrial contamination.

It had been recognized that O-isotopic composition correlates with the
degree of alteration of CR chondrites [4]. Our data show the same trend.
Three CR chondrites that have been proposed as the least altered members,
LAP 02342 [6], MET 00426 and QUE 99177 [7], form a tight cluster on the
16O-rich end (δ17O ≈ −2.4‰, δ18O ≈ 0.4‰), followed by GRO 03116,
EET87770, GRV 021710, Acfer 187, Renazzo, Gao-Guenie (b) and GRO
95577 with increasing δ18O. Our GRO 95577 data (δ17O = 4.70‰, δ18O =
9.73‰) differ from the previous measurements, but are very similar to matrix
from EET 87770 and Renazzo [4].

References: [1] Krot A. N. et al. 2002. Meteoritics & Planetary
Science 37:1451–1490. [2] Floss C. and Stadermann F. 2009. Geochimica et
Cosmochimica Acta 73:2415–2440. [3] Kallemeyn et al. 1994. Geochimica
et Cosmochimica Acta 58:2873–2888. [4] Weisberg M K. et al. Proceedings
of the NIPR Symposium on Antarctic Meteorites 8:11–32. [5] Weisberg M. K.
and Heinz H. 2007. Geochimica et Cosmochimica Acta 73:6124–6140. [6]
Wasson J. T. and Rubin A. E. 2009. Geochimica et Cosmochimica Acta 73:
6124–6140. [7] Abreu N. M. and Brearley A. J. 2008. Abstract #2013. 39th
LPSC.
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COOLING OF POROUS PLANETESIMALS AFTER IMPACTS:
IMPLICATIONS FOR THE THERMAL EVOLUTION OF
PRIMITIVE BODIES
F. J. Ciesla1, T. M. Davison2, and G. S. Collins2. 1Dept. of the Geophysical
Sciences, The University of Chicago, 5734 S. Ellis Ave. Chicago, IL 60637,
USA. E-mail:(fciesla@uchicago.edu) 2Dept. of Earth Science and
Engineering, Imperial College London, London, SW7 2AZ, UK.

Introduction: Due to their frequency and energetics, impacts have
often been invoked as possible sources of heating in planetesimals [1, 2]. In
fact, impact melts have been identified in a number of chondritic meteorites,
demonstrating that such energetic events did take place on meteorite parent
bodies. Whether such events contributed significantly beyond localized
heating of such bodies remains controversial. Keil et al. [3] presented SPH
simulations that showed that the temperature increase in a planetesimal after
an impact would be small, and thus these events were not important in
thermal metamorphism or igneous processes. However, we recently reported
that the temperatures of heated material could have been much greater than
previously realized due to the high porosity of young planetesimals [4, 5].
How significantly these increased temperatures affect the thermal evolution
of a planetesimal remains to be determined.

Methods: We have modeled a series of collisions between
planetesimals of different volume ratios and at different velocities using the
iSALE hydrocode. Taking the results of these simulations, which give the
post-impact temperatures throughout a planetesimal, we solve the two-
dimensional heat equation using a finite-volume scheme on a cylindrical grid.
A radiative boundary condition is used at the planetesimal surface.

Results: The highest temperatures reached in a post-impact
planetesimal range from a few hundred Kelvin above ambient to well above
the liquidus of the planetesimal materials. However, modest parameter
choices, such as an impact between 50% porous planetesimals with a volume
ratio of 1000:1 at a velocity of 5 km/s, produce peak temperatures of
~1500 K at the floor of the resulting crater with temperatures decreasing
monotonically over a distance equal to roughly half the diameter of the
impacting body. The thermal energy then diffuses through the surviving
planetesimal before being radiated away at the surface. The cooling rates of
the heated material depend sensitively on the actual size of the planetesimal
and the amount of porous regolith above the crater that develops from mass
wasting and accretion of fine-grained dust. These cooling rates range from
~10−104 K/Myr.

Discussion: Impacts between planetesimals would have been frequent
and energetic events during the first few million years in the history of the
solar system. Such events could have left an imprint in the thermal evolution
of primitive bodies, such as the parent bodies of the chondritic meteorites.
The resulting heating and cooling can be similar to that inferred for the
chondrites classified as petrologic types 4 and 5. Type 6 thermal histories can
be achieved but, so far, only under very particular circumstances.

Acknowledgements: This work is supported by a grant from the
NASA Planetary Geology and Geophysics Program (Grant Number
NNX09AG13G).

References: [1] Rubin A. E. 1995. Icarus 113:156–167. [2] Sharp T. G.
and de Carli P. S. 2006. In Meteorites and the early solar system II, pp. 653–
677. [3] Keil K. et al. 1997. Meteoritics 32:349–363. [4] Davison T. M. et al.
2009. Submitted to Icarus. [5] Davison T. M. et al. 2009. This issue.
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PHOTOCHEMICAL ISOTOPE EFFECTS IN THE EARLY SOLAR
SYSTEM 
R. N. Clayton, Enrico Fermi Institute, University of Chicago, Chicago IL
60637. E-mail: r-clayton@uchicago.edu.

There is increasing consensus on the role of photochemistry in
establishing the large non-mass-dependent (NMD) isotopic variations
observed in oxygen in solar system materials. A prime candidate process is
isotopic self-shielding in the photolysis of gaseous carbon monoxide. Still at
issue are the questions of where and when this might have occurred. One
class of models requires low temperatures, so that atomic oxygen, enriched in
17O and 18O, combines with H2, and is trapped as water ice to form an
isotopically distinct reservoir, which can later undergo evaporation and
chemical interaction with oxygen of solar system composition to produce
slope-1 linear mixing arrays. In the model of Yurimoto and Kuramoto [1],
this “cold place” is the molecular cloud from which the solar nebula formed;
in the model of Lyons and Young [2], the “cold place” is the solar nebula at
tens of Astronomical Units (AU) from the Sun. In these models, the UV light
required for photolysis is probably produced primarily by bright, young
neighboring stars. A third scenario is based on the X-wind model of Shu et al.
[3], in which the young Sun is the light source, and photochemistry occurs at
about 1500K at a distance of <0.05 AU from the Sun. All of these models are
compatible with the Genesis observation that the solid bodies of the inner
solar system are enriched in 17O and 18O relative to the present-day Sun (and
the average solar system) [4]. Only the X-wind picture accounts in a natural
way for the chemical and isotopic evidence that primitive meteoritic CAIs are
primary condensates from a solar gas [5]. The main reason that the location is
important is the possible distinction between the inner and outer solar system.
The “cold” models require that all planetary matter has gone through the
NMD processing, whereas the X-wind model might affect only the inner
solar system plus whatever material was ejected to great distances, as in Inti,
the CAI found in the Stardust collection [6]. A critical test of this question
lies in the isotopic composition of solar nitrogen, which is still in dispute
[7, 8, 9]. Recent measurements of nitrogen isotope abundances in meteorites
have shown enhancements of the 15N/14N ratio by factors of >2, [10, 11],
which may be beyond what can be achieved by low-temperature ion-
molecule chemistry, and may require another mechanism, such as
photochemistry.

References: [1] Yurimoto H. and Kuramoto K. 2004. Science 305:
5691. [2] Lyons J. R. and Young E. D. 2005. Nature 435:317. [3] Shu F. H. et al.
1996. Science 271:1545. [4] McKeegan K. D. et al. 2008. 39th LPSC, #2020.
[5] Grossman L. and Clark S. P. 1972. 37:635. [6] Zolensky M. E. et al. 2006,
Science 314:1735. [7] Hashizume K. et al. 2000, Science 290:1142. [8] Marty
B. et al. 2009, 40th LPSC, #1857. [9] Pepin R.O. et al. 2009, 40th LPSC,
#2103. [10] Bonal L. et al. 2009, 40th LPSC, #2046. [11] Briani G. et al.
2009, 40th LPSC, #1642.
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MOLECULAR COMPOSITION OF CARBONACEOUS GLOBULES
IN THE BELLS (CM2) CHONDRITE 
S. J. Clemett1*, K. Nakamura-Messenger2, S. Messenger, K. L. Thomas-
Keprta3, G.-A. Robinson4, and D. S. McKay5. 1–4ESCG/5NASA Johnson
Space Center, Houston, TX77058, USA. *E-mail: simon.j.
clemett@nasa.gov.

Introduction: Some meteorites and IDPs contain m-size carbonaceous
globules (e.g., [1, 2]) that are associated with significant H and/or N isotopic
anomalies [3, 4]. This has been interpreted as indicating that such globules
may contain at least partial preserved organic species formed in the outer
reaches of the proto-solar disk or the presolar cold molecular cloud. Owing to
their small sizes, relatively little is known about their chemical compositions.
Here we present in situ measurements of aromatic molecular species in
organic globules from the Bells (CM2) chondrite by microprobe two-step
laser mass spectrometry (µL2MS) [5]. This meteorite was chosen for study
because we have previously found this meteorite to contain high abundances
of globules that often occur in clusters. The Bells (CM2) globules are also
noteworthy for having particularly high enrichments in 2H and 15N. In this
study, we identified individual globules and clusters of globules using native
UV fluorescence.

Methods: Low-dose UV fluorescence offers both a convenient and
non-destructive method to identify the in situ spatial distribution organic
globules within a host chondrite matrix. A small chip of the Bells (CM2)
chondrite, ~500 m in diameter, was embedded in epoxy on a potted stub and
cross-sectioned using a diamond knife ultramicrotome to expose an interior
surface. After sectioning the freshly cut epoxy surface was imaged with a
fluorescence microscope. Using a 330–385 nm UV excitation filter in
combination with a 420 nm long-pass emission filter, both individual
globules and clusters showed well defined native fluorescence signatures
allowing their exact spatial locations to be determined. After correlation the
positions of individual globules with subsequent optical imaging the epoxy
surface was transferred to µL2MS instrument for molecular analysis. The
organic composition of individual globule and/or clusters was measured with
a spatial probe resolution of ~7 m. After µL2MS analysis the epoxy section
was finally C coated and re-imaged using field-emission SEM.

Results and Discussion: While the elemental and isotope
compositions of organic globules from a range of meteorites and IDP have
been well documented there is a paucity of information on their molecular
composition. Our results indicate that while both globules and the average
organic composition of the bulk Bells (CM2) matrix share a similar
distribution of multiply alkylated 3–4 ring polycyclic aromatic hydrocarbons
(PAHs) there is a distinct difference in their distributions of lower molecular
weight (<178 amu) species. Although significant variations exist between
globules all show complex distributions of 1–2 ring aromatic species
containing a variety of O and S containing function groups such as phenol
(C6H5OH; 94 amu) and benzothiophene (C8H6S; 134 amu).

References: [1] Nakamura K. et al. 2002. International Journal of
Astrobiology 1:179–189. [2] Garvie L. A. J. and Buseck P. R. 2006.
Meteoritics & Planetary Science 41:633–641. [3] Nakamura-Messenger K.
et al. 2006. Science 314:1439–1442. [4] Busemann H. et al. 2006. Science
312:727–730. [5] Clemett S.J. and Zare R.N. 1996. IAU Symposium 178:306.
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SEARCHING FOR THE 506-NM PYROXENE ABSORPTION BAND
IN METEORITE SPECTRA
E. A. Cloutis1 and M. J. Gaffey2. 1Department of Geography, University of
Winnipeg, Winnipeg, MB, Canada R3B 2E9. E-mail: e.cloutis@uwinnipeg.
ca. 2Department of Space Studies, University of North Dakota, Grand Forks,
ND, USA 58203. E-mail: gaffey@space.edu. 

Introduction: Fe2+-bearing, low-Ca pyroxene and pigeonite
reflectance spectra exhibit a narrow Fe2+ spin-forbidden absorption band in
the 506-nm region. This feature is seen in reflectance spectra of terrestrial [1]
and synthetic pyroxenes [2], HED meteorites [3], and telescopic spectra of
Vesta, vestoids [4] and other asteroid types [5]. 

This feature is the strongest of the Fe2+ spin-forbidden bands and hence
can potentially be used as an indicator of the presence of pyroxene in the
absence of longer wavelength data. In order to determine the applicability of
this feature to planetary remote sensing, we measured reflectance spectra of
a number of powdered meteorites and mixtures of pyroxenes plus other
materials.

Experimental Procedure: Given the narrowness of this band (on the
order of 6 nm FWHM) high spectral resolution data is required for its
detection and characterization. We measured reflectance spectra of the
following materials (with ~0.3 nm resolution): E-chondrites, aubrites, LL, L,
and H chondrites, eucrites, a low-Fe (Fs ~ 0.4) terrestrial pyroxene, and
orthopyroxene (Fs13) + meteoritic metal mixtures. 

Results: For this study, we define an absorption band as being present
if it occurs in the right wavelength region, is visually apparent in the
spectrum, and is apparently stronger than the noise in the spectrum. Using
these criteria, we identify an absorption band in spectra of some E-chondrites
(Daniel’s Kuil, Pillistfer, Indarch), but not others. We find evidence for a
weak band in reflectance spectra of all four of our available aubrites, but
generally only for the larger grain sizes. An absorption band is also present in
our low Fe (Fs ~ 0.4) terrestrial sample.

Of the ordinary chondrites examined, only H-chondrites show evidence
for a 506-nm absorption band. This is consistent with the higher pyroxene
abundance in H vs. L and LL chondrites (but not the lower Fs content in this
group). Detection limits were also determined for pyroxene+metal mixtures.
A band is evident in a 90%–10% metal-pyroxene (Fs 13) mixture.

Discussion: The data acquired to date suggest that the 506-nm region
absorption band is a potentially useful indicator of the presence of pyroxene.
The position of this band gives an indication of Fe2+ content; near 503 nm in
the low Fe2+ samples (aubrites, E-chondrites), and closer to 506 nm in higher
Fe2+ samples (H-chondrites, HEDs). The presence of this band in some E-
chondrite spectra and high metal content mixtures suggests that it can serve
as an indicator of the presence of pyroxene in a wide variety of assemblages.
It should be noted that in the aubrite and E-chondrite spectra, the depth of this
band is <0.5%. Therefore detecting its presence requires high SNR data. 

References: [1] Kaletzke L. et al. 2006. Abstract #2174, 37th LPSC.
[2] Klima R. L. et al. 2007. Meteoritics & Planetary Science 42:235–253. [3]
Hiroi T. et al. 2001. Earth Planets Space 53:1071–1075. [4] Cochran A. L.
et al. 2004. Icarus 167:360–368. [5] Busarev V. V. 1998. Icarus 131:32–40. 
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NUMERICAL MODELING OF IMPACT EJECTION PROCESSES IN
POROUS GEOLOGIC MATERIALS 
G. S. Collins2 and K. Wünnemann2. 1Dept of Earth Science and Engineering,
Imperial College London, London, SW7 2AZ, UK. E-mail:(g.collins@
imperial. ac.uk). 2Museum für Naturkunde, Leibniz-Institute at the
Humboldt University, D-10099 Berlin, Germany.

Introduction: Quantifying the excavation and ejection processes that
occur during an impact or small-body collision is important for
understanding many solar system processes. Ejected material is the dominant
component of deposits around a crater; hence, ejection is an important
mechanism for the redistribution of mass on airless bodies. In addition,
material ejected at sufficiently high velocity may escape the gravitational
field of the target body, which has important consequences for early planetary
growth, the collisional evolution of asteroids and the interplanetary transfer
of surface material.

Background: Experimental studies of ejection dynamics have
provided much insight into ejection processes either indirectly, by tagging
target material and locating its post-impact position [1], or directly, by
making stroboscopic photographs of grains in ballistic flight [2, 3]. However,
the difficulty of measuring the motion of ejecta in such brief, rapid, small-
scale events has precluded thorough quantification of the ejection process.

As a compliment to experimental investigation, numerical modeling
enables us to study the effects of target properties, such as porosity and
strength, on ejection processes. Here we report on a suite of iSALE [4, 5]
impact simulations, spanning a range in target porosity from 0–90% and
target friction angles from 0–45°, to quantify ejection velocity in porous
geologic materials as a function of ejected mass and launch position. 

Results: Our results are largely consistent with experimental studies
[e.g., 2, 3, 6]. We find that, for fixed impactor parameters, the total ejected
mass is lower for impacts in targets with high porosity and/or high friction
angle. For the majority of crate growth, ejection velocity decreases as a
power law of launch position. The mass ejected faster than a given velocity
decays as a power law of the ejection velocity. The slopes and offsets of these
power-laws depend on target porosity and friction angle. Power-law behavior
breaks down for low ejection velocities (in the near-rim region and at the
termination of crater growth) due to the effects of gravity and internal
friction. Existing ejecta scaling laws [7] can be extended to account for these
effects.

Implications: Our model results suggest that cratering efficiency and
ejection velocity are dramatically reduced when the target material is highly
porous. Porosity is an important property of asteroids, comets and early
planetesimals; hence, our results have important implications for momentum
transfer and disruption in collisions between these bodies.

Acknowledgements: We thank Boris Ivanov and Jay Melosh for their
help in developing iSALE. This work was funded by NERC grant NE/
E013589/1 and DFG grant WU 355/5-1.

References: [1] Stöffler D. et al. 1975. JGR 80:4062–4077. [2] Cintala,
M. J. et al. 1999. Meteoritics & Planetary Science 34:605–623. [3] Anderson
J. L. B., Schultz, P. H., Heineck J. T. 2004. Meteoritics & Planetary Science
39 (2):303–320. [4] Wünnemann K. et al. 2006. Icarus 180:514–527. [5]
Amsden A. A. et al. 1980. Los Alamos Report LA-8095. [6] Housen K. R.
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JGR, 88(B3) 2485–2499.
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CR2 CHONDRULE ORIGIN: OXYGEN ISOTOPES, REDOX, AND
THE ROLE OF ICY BODIES IN THE DISK
H. C. Connolly Jr.1 and Gary. R. Huss4. 1Kingsborough Community College
of CUNY, Brooklyn, New York 11235 USA. 2Lunar and Planetary
Laboratory, Tucson, AZ USA 3American Museum of Natural History, New
York, New York USA. E-mail: hconnolly@kingsborough.edu. 4Hawai’i
Institute of Geophysics and Planetology, University of Hawai’i at Manoa,
Honolulu, HI.

Chondrules in CR2 chondrites have diverse O-isotope compositions.
CR2 type-I (FeO-poor) chondrules form a single group lying below the TF
line and to the left of the CCAM line [1]. CR2 type-II (FeO-rich) chondrules
form three distinct groups: (1) a group that overlaps the heavy end-members
of type-I chondrules, (2) one on the CCAM line near the intercept with the TF
line and, (3) one within the field of ordinary chondrite chondrules [2, 3]. As
a general rule, type-I chondrules are 16O-rich compared with type-II
chondrules, but no petrographic or geochemical feature other than their broad
designation of type I and type II is correlated with their O-isotopes. The
general correlation between the redox conditions and O-isotope composition
strongly suggests that a process or set of processes may have controlled both
characteristics of CR2 chondrules.

 A set of processes that may account for the above observations is shelf-
shielding followed by migration of 17,18O-rich icy bodies into the chondrule-
forming region(s) before transient heating. Isotope-selective dissociation of
CO molecules due to absorption of UV photons can occur in regions where
the photons that dissociate C17O and C18O penetrate more deeply into a body
of gas than photons that dissociate C16O due to the lower column density of
C17O and C18O. The result is preferential release of 17O and 18O from CO
molecules followed by recombination into H2O, producing water enriched in
heavy oxygen [4–6]. Beyond the snow line, the 17,18O-rich water freezes onto
mineral grains to form ice mantles, leaving the gas enriched in 16O. The result
is two distinct O-isotopes reservoirs. The ice-covered grains then accrete into
larger bodies, meters to 10s or 100s of meters in diameter. These bodies move
inward with time in the disk [7, 8].

Evidence from chondrites suggests that local regions of the disk
evolved from 16O-rich to 17,18O-rich. For example, relict forsterite grains with
O-isotope compositions similar to type-I chondrules within type II’s suggests
that redox conditions evolved from near solar, when type I chondrules and the
relict grains formed, to orders of magnitude more oxidizing, when type-II
chondrules formed.

In our model, type-I chondrules formed when significant H2O vapor
had migrated outwards past the snow line, leaving the gas in the inner solar
system enriched in 16O and a low fO2, ideal for production of type-I
chondrules. Migration of icy bodies into the chondrule-forming region(s) of
the inner solar system occurred after type-I chondrules formed. During
additional transient heating events, icy bodies were heated and H2O vapor
was added to the ambient gas, increasing the 17,18O abundances and the fO2 to
well above solar, which is when type-II chondrules formed.

References: [1] Krot A. N. et al. 2006. 767. [2] Connolly H. et al. 2008.
LPSC #1675. [3] Connolly H. and Huss G. 2009. Geochimica et
Cosmochimica Acta, submitted. [4] Theimens M. 1996 Chondrites and the
Protoplanetary Disk, 107. [5] Young et al. 2008 Oxygen in the solar system,
Reviews in Mineralogy, p. 187. [6] Yurimoto et al. 2008. Oxygen in the solar
system, Reviews in Mineralogy, p. 141. [7] Cuzzi and Zahnle. 2004 ApJ 490.
[8] Ciesla F. 2008. Science 613.
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36CL AND 10BE IN PALLASITE METAL
D. Cook1, 2, G. F. Herzog1, I. Leya3, and L. Huber3. 1Rutgers Univ.,
Piscataway, NJ 08854, US. (davec@earth.ox.ac.uk). 2Oxford Univ., Oxford,
OX1 3PR UK. 3Physik. Inst., CH 3012 Bern, Switzerland.

Introduction: With a few exceptions, the cosmic-ray exposure (CRE)
ages of pallasites are based on measurements of noble gases alone [1]. In the
absence of data for cosmogenic radionuclides, shielding corrections can be
ambiguous and production rates uncertain, perhaps disguising clustering of
CRE ages. Cosmogenic radionuclide activities establish production rates and
therefore are useful for the validation of calculations that model such rates.
We report measurements of 36Cl and 10Be concentrations in pallasite metal. 

Experimental Methods: Twelve samples from eleven pallasites, all
finds, were chosen for analysis. Samples were polished with SiC, sawed to
give pieces weighing ~45 mg, and examined by eye to check for the absence
of silicates. After addition of Al, Be, Ca, and Cl carriers, samples were
digested at room temperature in 1 M HNO3. The elements of interest were
chemically separated and 10Be and 36Cl measured by AMS at PRIMELab
(Purdue University). 

Results and Discussion: Low 36Cl and 10Be in Brenham (Table 1)
reflect the large size of the object [2]. Allowing for terrestrial age, the 36Cl/
10Be ratios for most of the samples follow the relation found for irons [3],
36Cl/10Be = 5.97 − 0.184⋅10Be 0.024⋅[10Be]2. Ahumada plots above the curve
and Eagle Station below it. Average 10Be and 36Cl activities of 2 ± 1 and 10 ±
6 (1-σ) are about half the values 5 and 23 dpm/kg typical of small iron
meteorites and the metal phases of stones [4], indicating appreciable
shielding for our samples. Other shielding indicators are equivocal.
Published 22Ne/21Ne ratios are unusually low [5], but low Si concentrations
are partly to blame. Lower bounds on nominal meteoroid radii based on the
recovered masses and a density of ~4.9 g cm−3 [6] range from 5 cm for South
Bend to about 50 cm for Brenham; the corresponding radii in stones with a
density of 3.6 g cm−3 would be ~6 to 60 cm, values that are not particularly
large. 

References: [1] Herzog G. 2004. Treatise on Geochemistry, Vol. 1,
Elsevier, 347–380. [2] Honda M. et al. 2002. Meteoritics & Planetary
Science 37:1711–1728. [3] Lavielle B. et al. 1999. EPSL 170:93–104. [4]
Vogt S. et al. 1990. Rev. Geophys. Res. 28:255–275. [5] Schultz H. and
Franke L. 2004. Meteoritics & Planetary Science 39:1889–1890. [6] Buseck
P. R. 1977. Geochimica et Cosmochimica Acta 41:711–740.
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CANDIDATE SOURCE REGIONS FOR THE LUNAR METEORITES
C. M. Corrigan1, A. J. Dombard2, P. D. Spudis3, D. B. J. Bussey4, T. J. McCoy1.
1Smithsonian Institution, Washington DC, 20013. E-mail:corriganc@si.edu.
2University of Illinois at Chicago, Chicago IL 60607, 3Lunar and Planetary
Institute, Houston TX, 77058, 4JHU/APL, Laurel MD, 20723.

Introduction: The lunar meteorites provide a sampling of the Moon’s
surface unlike any provided by the Apollo or Luna missions. While these
latter samples are from known locations, the lunar meteorites appear to
randomly sample the Moon. To date, no studies have concluded that lunar
meteorites are preferentially ejected from any specific regions on the Moon
[1], though [2] have recently suggested that Dhofar 961 is connected to the
South Pole Aitken (SPA) Basin and [3] have traced SaU 169 to a thorium
hotspot south of Imbrium. Given this random sampling, lunar meteorites can
reveal much about the geochemistry and origin of the regions from where
these meteorites were excavated, as well as linking the ages of the rocks to
their source regions, providing important constraints on the timing of recent
impacts into the lunar surface and the age of the lunar surface. Here, we
present candidate source regions for most of the lunar meteorites. 

Methods: Using Lunar Prospector Gamma Ray Spectrometer (LP-
GRS) data optimized by [4], we have simultaneously matched nine major and
trace elements (Si, Ti, Al, Fe, Mg, Ca, Th, U, and K) to the compositions of
most of the lunar meteorites. Two matching algorithms are used in this
process. In the first, a range is defined around the compositional value of a
LP-GRS pixel based on a prescribed tolerance, while the second is based on
a sum of errors between the meteorite compositions and the LP-GRS pixel
values. The top matches are plotted onto a lunar surface map in order to
identify clustering within candidate source regions for each meteorite. Where
possible, the compositions of paired meteorites are also cross-compared to
test the method. These procedures allow the identification of source regions
with compositional affinities to the meteorites, and to infer such properties as
nearside versus farside provenance (feldspathic meteorites) and possible
source mare (basaltic meteorites).

Sample Results/Discussion: Yamato 983885 (Y98) and Calcalong
Creek (CC) may be samples from the SPA basin floor, a high priority target
for lunar exploration by a sample return mission. Like Dhofar 961 [2], these
meteorites are basalt-bearing feldspathic regolith breccias, and their
candidate source locations are driven by high Si (Y98, CC), Ca and K (Y98)
and low Mg (CC) concentrations in the rocks. Our most likely source region
for SaU 169, a KREEP-rich, mafic impact-melt regolith breccia is near the
source site determined by [3] driven by high Th, as well as U. Our
determination of Mare Serenitatis as the source region for NEA 003, a high
Ca/Mg mare basalt with basaltic impact melt breccia, compares well with the
work of [5].

Although a simultaneous match of nine elements and the clustering of
the top matches lend confidence to our determinations, the Moon is known to
be heterogeneous on scales smaller than the LP-GRS resolution. Thus, our
determinations are non-unique, and candidate locations have been prioritized
for future analysis. This effort sets the stage to identify source craters for
nearly all lunar meteorites.

References: [1] Korotev R. 2005. Chemie der Erde 65, 297. [2] Jolliff
B. et al. 2009, Abstract #2555. 40th LPSC. [3] Gnos et al. 2004. Science 305,
657. [4] Prettyman et al. 2006. JGR 111, E002656. [5] Haloda et al. 2007.
Abstract #1768. 38th LPSC.

Table 1.

Sample
Rec. Mass 
(kg)

36Cl 
(dpm/kg)

10Be 
(dpm/kg)

Ahumada 52.6 12.8 ± 0.4 1.7 ± 0.1
Albin 15.4 11.1 ± 0.3 1.8 ± 0.1
Brenham 2400 0.12 ± 0.01 <0.06
Eagle Sta. 36 0.81 ± 0.05 0.25 ± 0.03
Esquel 1500 11.0 ± 0.4 2.7 ± 0.1
Finmarken 77.5 16.6 ± 0.4 3.0 ± 0.1
Huckitta 1412.5 7.9 ± 0.3 2.1 ± 0.1
Imilac/ >200 6.6 ± 0.2 1.8 ± 0.1
 ‘Ilimaes’ 9.0 ± 0.4 1.8 ± 0.1
Krasnojarsk 700 18.3 ± 0.5 4.3 ± 0.2
South Bend 2.5 18.8 ± 0.5 3.6 ± 0.2
Springwater 68 11.2 ± 0.3 2.0 ± 0.1
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REFRACTORY METAL NUGGETS WITHIN PRESOLAR
GRAPHITE
T. K. Croat, M. Jadhav, E. Lebsack and T. J. Bernatowicz. Laboratory for
Space Sciences and Physics Dept., Washington University, St. Louis, MO
63130, USA, tkc@wustl.edu.

Introduction: We report the discovery of OsRu-rich metal grains
within a 13C-rich low-density graphite from the Orgueil meteorite. The metal
grains are compositionally similar to those found previously within 2
Murchison KFC1 graphites [1] and to the refractory metal nuggets (RMNs)
found within primitive meteorites that are believed to be first condensates
from the solar nebula [2]. Since the metal grains are found encapsulated in
presolar graphite, they are probably first condensates from a 13C-enriched
and s-process-enriched circumstellar environment. 

Procedure: C, N, O, Si, Al-Mg, K, Ca, and Ti isotopes were measured
with the NanoSIMS on graphite d3m-7 from the Orgueil OR1d density-size
separate (1.75–1.92 g cm−3, >1 m) [3, 4]. D3m-7 was then ultramicrotomed
and studied in TEM [5].

Results and Discussion: A 20 nm grain of composition
Ru34Os24Mo23Fe17Ni2 was found within a 13C-rich graphite (12C/13C = 11.4 ±
0.1). Multiple electron diffraction patterns show a hcp (a ~ 2.8, c ~ 4.4) solid
solution of metallic Ru and Os. The grain was not closely associated with
sulfides or oxides (as with some RMNs), but internal SiCs (~4.4 BCC) and
low-Ni kamacites (~3.0 Å BCC) and peripheral chromites were found within
this graphite. Isolated metal grains with compositions Os82Ru9Mo6Fe2Cr1
and Os48Ru36Cr12Fe4 and same crystal structure were found previously in two
separate Murchison KFC1 graphites (isotopic compositions unmeasured), but
no associated phases were found [1]. Numerous RuFe-rich metal grains (hcp
with a ~ 2.8Å, c ~ 4.5Å; RuxFe1-x w/ x = 0.57−0.87 and no Os) were also
found along with s-process enriched carbides in various turbostratic KFC1
graphites [6]. The RuFe metal grains were found with disproportionate
frequency among 13C-rich graphites. The absence of abundant noble metals
seen in RMNs (e.g., Ir, Pt, Rh) may result from their limited solubility in the
hcp phase (only Os, Ru, Re form hcp phase). The large s-process element
enrichments (e.g., Ru, Mo) in the metal grains, as well as the association with
s-process enriched carbides in some cases, indicate that CH stars or Sakurai’s
object are plausible stellar source types for the 13C-rich graphites, as was the
case for s-process enriched SiC A + B grains [7]. However, the range of metal
grain compositions could also be a result of final equilibration with the gas
(prior to encapsulation) over a range of temperatures. A study of isolated
RMNs by [8] showed a similar compositional range to our metal grains,
namely Os-dominated alloys that became progressively richer in Mo, Ru and
with simultaneous increase in Fe, Ni content. These RMN compositions
agree with results of condensation calculations from a gas of solar
composition as the temperature of final equilibration is lowered from 1616 K
to 1450 K [8]. 

References: [1] Croat T. K. et al. 2005. The Astrophysical Journal 631:
976–987. [2] Wark D. A. and Lovering J. F. 1976. Abstract #912 7th LPSC
[3] Jadhav M. et al. 2006. New Astron. Rev. 50:591–595. [4] Jadhav M. et al.
2008. Abstract #1047 39th LPSC [5] Croat T. K. et al. 2009. Abstract # 2175.
40th LPSC [6] Croat T. K. et al. 2008. Meteoritics & Planetary Science 43:
1497–1516. [7] Amari S. et al. 2001. The Astrophysical Journal 559:463–
483. [8] Berg et al. 2009. Abstract #1585 40th LPSC.
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THE 81KR-KR DATING TECHNIQUE FOR METEORITES 
N. Dalcher1, K. C. Welten2, K. Nishiizumi2, R. Wieler3, and I. Leya1.
1Institute of Physics, Space Research and Planetary Science, University of
Bern, Sidlerstrasse 5, 3012 Bern, Switzerland, E-Mail: nathalie.dalcher@space.
unibe.ch. 2Space Sciences Laboratory, University of California, 7 Gauss Way,
Berkeley, CA 94720-74502, USA. 3Institute of Isotope Geochemistry and
Mineral Resources, ETH Zürich, Clausiusstrasse 25, 8092 Zürich,
Switzerland.

Introduction: In solar system research one of the long standing
questions is whether CAIs and/or chondrules are pre-exposed to galactic
cosmic-rays relative to the rest of their host meteorites or not. This can only
be answered using advanced dating techniques. We therefore check the 81Kr-
Kr dating technique (e.g., [1, 3]) for meteorites. This technique is reliable and
independent of the size of the meteorite, the shielding depth of the sample,
and its chemical composition. 

Methods and Samples: We currently perform a systematic comparison
of 81Kr-Kr and 36Ar-36Cl ages for ordinary chondrites. We separated and
cleaned metal samples of 13 chondrites: Alfianello (L6), Aumale (L6),
Ausson (L5), Bruderheim (L6), Harleton (L6), Hessle (H5), Kanadahar (L6),
La Criolla (L6), Mbale (L5/6), Mocs (L5/6), Mount Browne (H6), Peace
River (L6), and St. Germain-du-Pinel (H6); all of them featuring long
exposure ages and high metamorphic grades. After having measured 10Be,
26Al, and 36Cl in the metal separates by AMS we currently measure 3,4He,
21,22Ne, and 36,38Ar in aliquots of those samples by noble gas mass
spectrometry. Based on the thus obtained data we determine reliable cosmic-
ray exposure ages using the 36Cl-36Ar method. Bulk samples of the selected
objects have already been analyzed for 3,4He, 21,22Ne, and 36,38Ar. The data
enable us to experimentally check model calculations of cosmogenic nuclide
production rates [2] as well as to study diffusion losses of 3H and/or 3He in
metal and silicate phases. Additionally, we calculated cosmic-ray exposure
ages for all 13 objects using either the correlations given by [4] and [5] or
using production rates based on state-of-the art modeling [2].

The study is currently be completed by the analysis of Kr and Xe
isotopes, with a special emphasis on cosmogenic 81Kr. In addition, we
currently perform first model calculations for cosmogenic production rates of
Kr and Xe isotopes. This study will not only improve our understanding of
the 81Kr-Kr-dating technique for meteorites, it will also significantly increase
our knowledge about the cosmogenic production of heavy noble gases, their
occurrence in refractory inclusions, and their role in the formation processes
of meteorites and their components. Furthermore, exposure age studies of,
e.g., CAIs, chondrules, rims around chondrules, dark and light inclusions,
using the improved 81Kr-Kr system will follow and will improve our
understanding of timings and processes in the early solar system. 

References: [1] Eugster O. et al. 2006. Meteorites in the early solar
system II, 829–851. [2] Leya, I. and Masarik J. 2009. Meteoritics & Planetary
Sciences, accepted for publication. [3] Wieler R. 2002. Reviews in
Mineralogy and Geochemistry, vol. 47. pp. 125–170. [4] Eugster O. 1988.
Geochimica et Cosmochimica Acta 52:1649–1662. [5] Nishiizumi K. et al.
1980. Earth and Planetary Science Letters 50:156–170.
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COSMOGENIC NEON FROM INDIVIDUAL OLIVINE GRAINS OF
CHONDRULES AND CHONDRITES
J. P. Das1, K. Kehm2, J. N. Goswami3, O. V. Pravdivtseva1, A. P. Meshik1 and
C. M. Hohenberg1. 1Department of Physics, Campus Box 1105, Washington
University, 1Brookings Drive, Saint Louis, MO 63130, USA.,
jdas@physics.wustl.edu 2Physics Department, Washington College, 300
Washington Ave., Chestertown, MA 21619, USA. 3Physical Research
Laboratory, Ahmedabad-380009, India.

Introduction: Study of individual grains from Murchison, Murray,
Cold Bokkeveld (CM2), and Orguiel (CI) has provided evidence of either
exposure to energetic early Sun or regolith exposure [1–2]. On the other
hand, if chondrules were formed close to early Sun as suggested by X-wind
model [3], record of exposure to energetic solar radiation is expected from
chondrules or their phases. However, such records are rarely detected [4, 5].
We are analyzing individual olivine grains from chondrites [Rio Negro (L4),
Cochabamba, and Mighei (CM2)] and chondrules [from Murchison (CM2),
Chainpur (LL3.4), Bjurböle (L/LL4), Dhajala (H3.8), and Parsa (EH3)].
EDX spectra were measured for each grain to confirm the mineralogy and
obtain the target chemistry to calculate the 21Ne production rate due to
cosmic ray exposure (CRE). Neon was then released from each grain by laser
melting and analyzed by high sensitivity mass spectrometer. 

Results and Discussion: Nine irradiated and eight unirradiated grains
from Rio Negro and 29 unirradiated grains from Cochabamba are analyzed
so far. For both kinds of Rio Negro grains, the distribution of CRE ages are
similar and comparable to the estimated CRE age of Rio Negro bulk. All
grains from Cochabamba except K1-2C6 have CRE ages around 2 Ma, a
typical CM2 CRE age. K1-2C6 shows additional exposure of ~3 Ma (an
exposure time in 4π stage). This yields a pre-compaction regolith exposure
(2π stage) time of about 7.5 Ma for this grain. This suggests that this grain
remained on the parent body surface for around 7 Ma, a shorter time period
than the long regolith exposure time required for Murchison and Murray
grains [1]. We are currently analyzing more olivine grains from chondrites
and chondrules and the results will be discussed during the meeting. 

References: [1] Hohenberg et al. 1990 Geochimica et Cosmochimica
Acta 54:2133–2140 [2] Nichols et al. 1992. Abstract #1490 23rd LPSC. [3]
Shu et al. 2001. The Astrophysical Journal 548:1029–1050. [4] Das J. P. and
Murty S. V. S. 2005. In International Cosmic Ray Conference, pp. 101–104.
[5] Roth et al. 2009. Abstract #1838, 40th LPSC. 
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COORDINATED TEM/NANOSIMS MICROANALYSIS OF
STRUCTURALLY OR ISOTOPICALLY RARE PRESOLAR
SILICON CARBIDES 
T. L. Daulton1, 2, F. J. Stadermann3, 2, T. J. Bernatowicz3, 2, S. Amari3, 2, and
R. S. Lewis4. 1Center for Materials Innovation. 2Physics Department,
3Laboratory for Space Sciences, Washington University in St. Louis, St.
Louis MO 63130, USA. 4Enrico Fermi Institute, University of Chicago,
Chicago IL 60637, USA.

Introduction: Submicron- to micron-sized grains of SiC originating
from asymptotic giant branch (AGB) stars and supernovae (SN) can be
ubiquitous in the matrices of primitive chondrites. Previous work has shown
that presolar SiC occurs as three fundamental polytypes or stacking
sequences (cubic 3C, hexagonal 2H, and one-dimensionally disordered
hexagonal structure designated here ∞H) along with their intergrowths [1]. It
has also been shown that presolar SiC occurs as several isotopic types termed
mainstream, A + B, X, Y, and Z [2]. We are presently performing coordinated
Transmission Electron Microscopy (TEM) and NanoSIMS measurements of
individual presolar SiC grains to more fully understand their histories. We
report our preliminary results on structurally or isotopically rare SiC grain
types.

Results: Suspensions of SiC isolated by acid dissolution from
Murchison (KJB residue) [3] were deposited on amorphous C-coated TEM
grids. Importantly, of the KJ-series size separates, KJB is most representative
of the Murchison SiC population since 70% of the Murchison population lies
within 0.3–0.7 µm, characteristic of 90% of KJB grains. The distribution of
structure types in KJB is 77.1% (3C), 2.1% (2H), 0.9% (∞H), 16.6% (3C/2H),
2.4% (3C/∞H), 0.3% (2H/∞H), and 0.6% (3C/2H/∞H).

Nine ∞H disordered and six 3C/2H/∞H-intergrowth grains that were
predominantly ∞H were mapped by TEM. These grains were relocated and
measured by NanoSIMS: 12 (plus 3, from ref. [4]) exhibited mainstream 12C/
13C ratios, 2 were type A+B (12C/13C = 7 ± 5 and 4 ± 2), and 1 was of type X
(δ29Si = −500‰ ± 50‰, δ30Si = −400‰ ± 50‰). Isotopic compositions of
∞H SiC were roughly similar to the distribution observed for the entire
Murchison population (dominated by 3C SiC). This was also the case
reported for 42 2H/3C intergrowth SiC grains [4]: 36 Mainstream, 1 type
A+B, 1 type Y, 2 type Z, and 2 most likely of type X. Also, during NanoSIMS
measurements a type X SiC grain was observed which was subsequently
determined by TEM to be 3C SiC with a few small twin domains.

Since SiC polytype formation has been shown in the laboratory to be
very sensitive to growth conditions, the fact that presolar SiC of different
structural types show roughly similar distributions within each isotopic type
suggests that SiC forming regions of AGB stars and SN do not present
remarkably different physical conditions. Despite obvious and dramatic
differences between AGB stars and SN, SiC apparently condenses under
roughly similar pressure and temperature ranges in both sources. This is
further supported by our TEM/NanoSIMS results on four SN SiC grains of
type X in KJB: 2 were 2H/3C intergrowths [4], 1 was 3C, and 1 was ∞H.
These observations do not exclude that there may be differences in the
distribution of SiC structure types (and conditions in SiC forming regions)
between AGB stars and SN; rather they suggest any differences will not be
large.

References: [1] Daulton T. L. et al. 2003. Geochimica et
Cosmochimica Acta 67:4743–4767. [2] Meyer B. S. et al. 2006. in Meteorites
and the early solar system II, Lauretta D. and McSween Jr. H. Y., eds. U. of
Arizona Press. [3] Amari S. et al. 1994. Geochimica et Cosmochimica Acta
58:459–470. [4] Daulton T. L. et al. 2006. MetSoc, Abstract #5260.
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RBT 04133: A NEW, UNUSUAL CARBONACEOUS CHONDRITE
J. Davidson1, D. L. Schrader2, H. Busemann1,3, I. A. Franchi1, H. C. Connolly
Jr.2, D. S. Lauretta2, C. M. O’D. Alexander4, A. Verchovsky1, M. A.
Gilmour1, R. C. Greenwood1, and M. M. Grady1. 1PSSRI, Open University,
UK. E-mail: j.davidson@open.ac.uk. 2LPL, The University of Arizona, USA.
3SEAES, University of Manchester, UK. 4DTM, Carnegie Institution of
Washington, USA.

Introduction: The study of primitive carbonaceous chondrites is an
important means of understanding the conditions of the early solar system.
We report new data on the Antarctic find RBT 04133, originally classified as
a CR2 carbonaceous chondrite [1]. However, we show that RBT 04133 is not
a CR and has affinities to the CV and CO carbonaceous chondrite groups. 

Methods: We have characterized the petrography, chemistry, C, N, O,
and H isotope compositions, and presolar grain abundances of RBT 04133.
Bulk sample, insoluble organic matter (IOM) residue and a thin section (RBT
04133, 8) were analyzed. 

Results: Mineralogy and Petrology. Modally, RBT consists of ~5%
opaques (mostly sulfides), ~11% refractory inclusions, ~37% chondrules,
and ~47% matrix (all vol.%). Chondrules (0.45–4.6 mm) are ~92% type I and
~8% type II; Fa1.8–54.6, Fs0.7– 9.7 and Wo0.88–4.7, and Fs23.4–25.3 and Wo49.2–51.1
(matrix is ~Fa51). No phyllosilicates were observed. Opaques within
chondrules and matrix are kamacite, taenite, and Ni-poor troilite. Ni and Co
in metal are inversely correlated; suggesting thermal alteration. Petrology and
compositional data suggest a CV3 classification.

Stable Isotope Analyses. C and N isotope analyses of both bulk sample
and IOM were undertaken on the OU’s Finesse mass spectrometer. δ13C and
δ15N are −5.0 ± 1‰ and −22.9 ± 2‰, respectively, for the IOM. δ13C agrees
well with the COs, whilst δ15N agrees with the COs and reduced CVs [2].

The amount of C in the IOM was calculated to be 69 wt%. This value is
most similar to the CRs but also agrees with the COs and reduced CVs [2].

Oxygen. High-precision oxygen isotopic measurements undertaken by
laser fluorination [3] show bulk RBT 04133 plots near the CVs, with δ17O of
−3.32‰ and δ18O of 0.21‰.

Presolar Isotope Anomalies. Presolar silicates, oxides, SiC, and
anomalous C and N were detected using the OU’s NanoSIMS 50L. CR
chondrites have presolar SiC abundances of 25–55 ppm [4, 5], similar to CI
Orgueil (44 ppm, this work). A SiC abundance of ~10 ppm was calculated for
RBT 04133: this is lower than we reported for the CRs but agrees with 10
ppm for the CO ALHA 77307 [4, 5].

Raman Spectroscopy. MicroRaman spectroscopic analysis of the IOM
at the OU revealed that the D and G features from RBT 04133 IOM plot
between those from CVs and COs and are quite distinct from the more
primitive CRs [6]. Thus, the IOM of RBT 04133 is less primitive than that of
the CRs and may have experienced higher temperatures of ~450 °C [6].

Conclusions: Our current data suggest that RBT 04133 is a mildly
thermally altered CV3 with some CO-like characteristics. Further work is
intended to investigate these deviations. 

References: [1] Weisberg et al. 2008. Meteoritics & Planetary
Science 43:1551–1588. [2] Alexander C. M. O’D. et al. 2007. Geochimica et
Cosmochimica Acta 71:4380–4403. [3] Miller M. F. et al. 1999. Rapid
Commun. Mass Spectrom. 13:1211–1217. [4] Davidson J. et al. 2008.
Abstract #1184. 39th LPSC. [5] Davidson J. et al. 2009. Abstract #1853. 40th
LPSC. [6] Busemann H. et al. 2007. Meteoritics & Planetary Science 42:
1387–1416.
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ASYMPTOTIC GIANT BRANCH STARS AND THEIR INFLUENCE
ON THE ISOTOPIC COMPOSITIONS OF THE TRANSITION
ELEMENTS
A. M. Davis1, R. Gallino2, S. Cristallo3, and O. Straniero3. 1Department of the
Geophysical Sciences, Enrico Fermi Institute, University of Chicago,
Chicago, IL 60637, USA. E-mail: a-davis@uchicago.edu. 2Dipartimento di
Fisica Generale, Universitá di Torino, 10125 Torino, Italy. 3INAF-
Osservatorio Astronomico di Collurania, 64100 Teramo, Italy.

The great majority (~90%) of presolar SiC grains likely come from low
mass (~2 M�) asymptotic giant branch (AGB) stars, the site of s-process
nucleosynthesis. Progressive leaching experiments on carbonaceous
chondrites have revealed s-process signatures, due to the chemical resistance
of SiC [e.g., 1, 2]. With the increasing interest in nucleosynthetic anomalies
in the transition elements in bulk meteorites and in leachates of primitive
meteorites [e.g., 3–5], as well as in individual presolar SiC grains [6] we
examine the predictions of AGB star models for these elements.

The envelope of an AGB star of initially solar composition has C<O in
the early stages and condenses silicates and oxides. With repeated thermal
pulses with dredge-up from the He intershell, the envelope becomes enriched
in carbon and s-process isotopes. Once the C/O >1, graphite and carbides
begin to condense in stellar winds. In order to compare calculations with
leaching residues from meteorites, we constructed a weighted average
isotopic composition of graphite and carbides condensing from the envelope,
weighting each pulse with C>O by the amount of mass loss following each
pulse. This average is dominated by the last pulse with dredge-up, after which
about half of the envelope is eventually lost through stellar winds. Isotopic
compositions predicted for average graphite and carbides condensed from an
AGB star of 2 M� and initial solar metallicity follow (with cross sections
mostly slightly updated from [7], but with important changes for Ni, Cu and
Ge): (1) δ(46Ti/48Ti) = 36‰, δ47Ti = 8‰, δ49Ti = 96‰, and δ50Ti = 168‰; (2)
δ(50Cr/52Cr) = −18‰, δ53Cr = 1‰, and δ54Cr = 72‰; (3) δ(54Fe/56Fe) = −4‰,
−Fe = 54‰, δ58Fe = 282‰, and δ60Fe/56Fe = 2.8 10−6; (4) δ(60Ni/58Ni) =
17‰, 61Ni = 142‰, δ62Ni = 59‰, and δ64Ni = 450‰; (5) δ(65Cu/63Cu) =
521‰; (6) δ(66Zn/64Zn) = 270‰, δ67Zn = 430‰, δ68Zn = 564‰, and δ70Zn =
−13‰; (7) δ(71Ga/69Ga) = 355‰; (8) δ(72Ge/70Ge) = 94‰ δ73Ge = 40‰
δ74Ge = 109‰, and δ76Ge = −640 ‰. All s-only isotopes below A = 90 are
dominated by production in the preexplosion evolution of massive stars, but
a number of isotopes, including 58Fe, 64Ni, 65Cu, 66,67,68Zn, 69,71Ga, and
70,72,73,74Ge, have some production in AGB stars. Progressing through the
sequence of elements listed above, there is increasing overproduction of s-
process isotopes, but even with 70,72,73,74Ge, only half as much
overproduction in AGB stars as is typical for s-only isotopes of mainly AGB
parentage such as 96Mo and 134Ba.

The largest predicted anomalies in Fe and Ni are in 58Fe and 64Ni,
isotopes that are often ignored because of low abundances and isobaric
interferences. It is of great importance to measure all isotopes to fully
understand nucleosynthetic histories.

References: [1] Reisberg L. et al. 2009. Earth and Planetary Science
Letters 277:334–344. [2] Dauphas N. et al. 2004. Earth and Planetary
Science Letters 226:465–475. [3] Dauphas N. et al. 2008. The Astrophysical
Journal 686:560–569. [4] Rotaru M. et al. 1992. Nature 358:465–470. [5]
Qin L. et al. 2009. LPSC 40:#1672. [6] Marhas K. K. et al. 2008. The
Astrophysical Journal 689, 622–645. [7] Lugaro M. et al. 2003. The
Astrophysical Journal 593:486–508.
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QUANTIFYING HEATING IN POROUS PLANETESIMAL
COLLISIONS
T. M. Davison1, G. S. Collins1 and F. Ciesla2. 1Dept of Earth Science and
Engineering, Imperial College London, London, SW7 2AZ, UK. E-mail:
thomas.davison02@imperial.ac.uk. 2Dept of Geophysical Sciences, The
University of Chicago, 5734 South Ellis Avenue, Chicago IL 60637, USA.

Introduction: Collisions between planetesimals at speeds of several
kilometers per second were common during the early evolution of our solar
system [e.g., 1, 2, 3, 4]. However, shock heating of planetesimals in such
impacts has largely been dismissed as a substantial heat source because of the
high impact velocity required to shock-heat significant volumes of non-
porous rock [e.g., 5, 6]. However, recent experimental and numerical work
suggests that the low velocities at which dust aggregation occurs will result in
highly porous (>65% pore space by volume) planetesimals [7, 8, 9]. It is
well-known that the presence of porosity can dramatically increase the
amount of heating in an impact due to the large amount of energy expended
crushing out the pore-space [e.g., 10, 11]. In this work, we quantify the
efficiency of heating during high velocity collisions between planetesimals
using hydrocode modeling. In an ongoing series of simulations, we test the
effect on shock heating of the initial porosity and temperature of the
planetesimals, the relative velocity of the collision, the relative size of the two
colliding bodies, and temperature and porosity heterogeneities within the
colliding bodies.

Results: Our results show that while heating is minor in collisions
between non-porous planetesimals at impact velocities below 10 km/s, much
higher temperatures are reached in collisions between porous planetesimals.
As a result, substantial melting of nearly equal-sized bodies can be achieved
at collision velocities below 7 km/s, depending on initial porosity and
temperature. For initially warm bodies (~700 K), a collision velocity of
~5 km/s is sufficient to produce a substantial mass of melt. Such collisions
would catastrophically disrupt the two bodies. For collisions of small bodies
into larger ones, such as those with an impactor-to-target planetesimal mass
ratio below 0.1, significant localized heating occurs in the target body. At an
impact velocity of 5 km/s, the mass of melt produced is about twice the
impactor mass, a mass of up to four times the impactor mass is heated by
400 K, and temperature increases of 100 K occur in a region up to 10 times
the impactor mass. In such collisions the majority of the impactor is also
shock-heated above the melting point. Hence, energetic collisions between
planetesimals in the early solar system may have resulted in the heating of
significant volumes of primitive materials [12].

References: [1] Bottke W. F. et al. 2005. Icarus 179:63–94. [2] Kenyon
S. J. and Bromley B. C. 2001. The Astronomical Journal 121:538–551. [3]
Weidenschilling S. J. et al. 1998. Science 279:681–684. [4] Weidenschilling
S. J. et al. 2001. Earth Planets Space 53:1093–1097. [5] Keil K. et al. 1997.
Meteoritics and Planetary Science 32:349–363. [6] McSween H. J. et al. In
Asteroids III, Bottke W. F. et al. eds. pp. 559–571. [7] Blum J. 2003.
Meteoritics & Planetary Science 38, Abstract 5152. [8] Wurm G. et al. 2001.
Physical Review E 64:046301. [9] Wurm G. et al. 2004. The Astrophysics
Journal 606:983–987. [10] Zel’dovich Y. B. and Raizer Y. P. 1967. Physics of
shock waves and high-temperature hydrodynamic phenomena. [11] Kieffer
S. W. 1971. Journal of Geophysical Research 76:5449–5473. [12] Ciesla F.
et al. 2009. This issue.
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TIMESCALE OF MARTIAN MANTLE OVERTURN RECORDED IN
NAKHLITE MARTIAN METEORITES
V. Debaille1, A. D. Brandon2, C. O’Neill3, B. Jacobsen4, Q.-Z. Yin4,
1Université Libre de Bruxelles, Brussels, Belgium. E-mail:
vdebaill@ulb.ac.be. 2NASA-Johnson Space Center, Houston, TX.
3Macquarie University, New South Wales, Australia. 4University of
California, Davis, CA.

Solidification of a magma ocean may result in a mantle overturn where
the Fe-rich upper but denser cumulates sink to the bottom of the silicate
mantle and the lower but lighter Mg-rich cumulates rise to shallower levels
[1,2]. This is because Mg-rich lighter cumulates are expected to crystallized
first, starting at the bottom of the silicate mantle while the denser Fe-rich
cumulates will crystallize later upwards. This creates an inverse density
gradient that can potentially result in a mantle overturn. Investigating
whether or not a mantle overturn actually occurred, and dating the end of the
magma ocean crystallization that possibly resulted in a mantle overturn are
important for our understanding of the early differentiation processes in
terrestrial planets. 

In Mars, the duration of the Martian magma ocean (MMO) has been
estimated to being less than 40 Myr [3–5], while recent and precise 142Nd/
144Nd data suggest the longevity of the MMO to ~100 Myr after the solar
system formation [6]. New ε176Hf, ε143Nd and ε142Nd obtained for three
nakhlites (Nakhla, MIL 03346 and Yamato 000593) are combined to existing
ε182W data to track the time scale of Martian mantle overturn. The low
ε176Hf/ ε143Nd of nakhlites (0.8 to 1.2); their complex source evolution
recorded by their ε143Nd versus ε142Nd systematics; and the inconsistency
between their high 182W (~+3) [4, 7] but intermediate and shergottite-like
ε142Nd (~+0.6; [6, 8], this study) is best explained by the removal of majoritic
garnet from their source when 182Hf was extinct but 146Sm still extant. 

Garnet segregation can occur in highly molten cumulates [9]. A new
numerical model indicates that deep cumulates brought up to shallower levels
during a mantle overturn can melt up to 65% by adiabatic decompression,
allowing garnet to be segregated. A multi-stage model is developed for the
source of nakhlites, where the first stage represents core segregation, the
second stage silicate mantle differentiation, the third stage garnet segregation
as a consequence of the mantle overturn and the fourth stage production of
nakhlite magmas from their mantle source. A good agreement between the
multi-stage model and the values observed in nakhlites can be achieved for a
garnet segregation occurring ~100 Myr after the solar system formation.
Such a protracted time scale for the mantle overturn is similar to a previous
but independent estimation of the longevity of the MMO [6]. 

References: [1] Hess P. C. and Parmentier E. M. 1995. Earth and
Planetary Science Letters 134:501–514. [2] Elkins-Tanton L. T. et al. 2003.
Meteoritics & Planetary Science 38:1753–1771. [3] Borg L. E. et al. 2003.
Geochimica et Cosmochimica Acta 67:3519–3536. [4] Foley N. C. et al.
2005. Geochimica et Cosmochimica Acta 69:4557–4571. [5] Elkins-Tanton
L. T. 2008. Earth and Planetary Science Letters 271:181–191. [6] Debaille V.
et al. 2007. Nature 450:525–528. [7] Lee D.-C. and Halliday A. N. 1997.
Nature 388:854–857. [8] Caro G. et al. 2008. Nature 452:336–339. [9]
Elkins-Tanton L. T. et al. 2005. Journal of Geophysical Research 110:
E12S01. 



72nd Meeting of the Meteoritical Society: Abstracts A59

5388
ABSENCE OF ARCHAEAN BASEMENT IN THE GENESIS OF
LONAR CRATER, INDIA
K. Deenadayalan1, N. Basavaiah1, S. Misra1 and H. Newsom2. 1Indian
Institute of Geomagnetism, Navi Mumbai 410 218, India. E-mail:
deenakan@rediffmail.com. 2Institute of Meteoritics, University of New
Mexico, NM 87131, USA. 

Introduction: The Lonar crater, India [1] is believed to have formed
entirely on basaltic target rock (Deccan Trap, 65 Ma) and is therefore
comparable to impact craters formed on other planetary surfaces with basaltic
crusts. The genesis of Lonar crater has recently become complicated because
isotopic studies on some impact-melt looking glasses found on the surface or
in talus occurring mostly inside the crater around the lake suggested
involvement of the Archean basement present beneath the Deccan Trap in
this region [2, 3]. However, field and petrographic observations do not favour
this idea [4]. These samples have a similar appearance to the old earthen
bricks used by ancient peoples [5] and it is possible that all of these are only
ancient artifacts with no relationship to cratering processes. In this study, we
therefore, have dated many of these samples by paleomagnetic dating
technique to evaluate this possibility. 

Sample Description: The samples are 10–20 cm in length, rectangular
to sub-spherical to irregular in shape, black on freshly broken surfaces, highly
vesicular and have relatively low specific gravity with flow structure on their
hemispherical surfaces [5]. Under microscope, the samples are translucent,
black colored glass with minute squarish crystal of opaque with partially
digested relict pieces of unshocked basalt, plagioclase and clinopyroxene.
Flow-like structure typically present in the in-situ impact melts occurring
within the ejecta outside the crater [1, 5] are not observed within these
glasses. 

Results and Discussion: We have dated ten specimens, two from each
of five artifacts, collected inside the crater around the lake using the
paleointensity dating technique after Thellier and Thellier [6]. The sample
discs measuring 2.5 by 2.5 cm were used for paleomagnetic studies. The
estimated paleointensity values worked out to be within 56.8 ± 3.2 µT. When
compared with the secular variation curve [7], these values provided an age
of 1150 ± 50 AD for our samples. Thermoluminescence dating of impact-
bombs gave an age of the Lonar crater of 52 ± 6 ky [8]. Radiocarbon dating
of post-impact lake sediments gave a lower age limit of 15–30 kyr for Lonar
crater [9]. So the present age definitely suggests that the impact-melt looking
samples from inside the crater are much younger in age and definitely
represents artifacts of ancient people.

References: [1] Fredriksson et al. 1973. Science 180:862–864. [2]
Chakrabathi and Basu. 2006. Earth and Planetary Science Letters 247:197–
211. [3] Chakrabathi et al. 2006. Earth and Planetary Science Letters 247:
669–670. [4] Misra 2006. Earth and Planetary Science Letters 247:667–668.
[5] Osae et al. 2005. Meteoritics & Planetary Science 40:1473–1495. [6]
Thellier and Thellier 1959. Annals of Geophysics 15:285–376. [7]
Ramaswamy and Duraiswamy 1990. Physics of the Earth and Planetary
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Instrumentacao 12:1–7. [9] Fredriksson et al. 1979. Smithsonian
Contributions to the Earth Sciences 22:1–12.
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HYDROGEN ISOTOPIC RATIO IN IRON METEORITES
C. Defouilloy1, R. Duhamel1, F. Robert1, 1LMCM, CNRS-MNHN Paris,
France.

Introduction: Iron meteorites are generally thought to be samples from
the core of differentiated bodies. But their age calculated with the Re/Os
radiochronometer shows they are among the oldest bodies of the solar system
[1]. Thus, a possible condensation of metallic material from the solar nebula
could also be considered. The D/H ratio of different bodies in the solar system
has been measured and varies from 25 × 10−6 (δD=−870‰) [2] in the Solar
Nebula up to 1200 × 10−6 (δD = +6700‰) [2] in some whole rock
carbonaceous chondrites.

Consequently, the D/H ratio in Iron Meteorites could be an indicator of
their origin. An analytical technique for measuring the D/H ratio of Iron
meteorites using ion microprobe is currently being tested and calibrated using
metallic standards.

Experiments: Hydrogen isotopic composition is determined with the
CAMECA IMS 3f at the National Museum of Natural History in Paris,
France. Samples are mounted either in epoxy and Au-coated or as polished
thin sections. A primary positive Cesium beam, with intensity ranging from 5
to 10 nA, was focused to produce a 30 µm diameter beam. Because of the
highly conductive nature of these metallic samples, the use of an electron gun
is unnecessary. Entrance and Exit slits as well as the Energy slit are kept wide
open. Under these conditions, the mass resolution is <400 (with the Cs+

primary beam the possible mass interference between H2
− is D− is negligible).

In order to assess the possible terrestrial contamination a sample from the
Coahuila meteorite has been saw and polished with deuterated alcohol;
results are compared with its non-deuterated counterpart.

Results: The comparison of the depth profiles between deuterated and
non-deuterated sample shows a contamination restricted at the surface of the
sample (equivalent of one hour of sputtering). Further inside, no evidence of
contamination is detectable i.e., the D/H ratio of the deuterated sample
reaches a plateau with depth that is indistinguishable from the non-
deuterated sample. The absolute values for H concentration and D/H ratio
are within ± 0.5% and ± 20‰, respectively (2 sigma).

References: [1] Smoliar et al. 1996. Science 271:1099–1102. [2]
Deloule and Robert 1995. Geochimica et Cosmochimica Acta 59:4695–4706.
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THE MISSING ACHONDRITES: TAKING A PINCH OF SALT WITH
THE NEBULA
Jeremy S. Delaney. Rutgers University. New Brunswick, NJ, USA
jsd@rci.rutgers.edu.

The formation of achondrites is typically associated with temperatures
that cause magmatic, or near-magmatic reprocessing of chondritic
precursors. This view is incomplete. The formation of planetesimals (and the
process of aggregation that must occur to form the planets, planetoids and
asteroids of the solar system) can initially produce cold objects as well as the
hot bodies implied by evidence of magmatism. Objects that form sufficiently
early in the evolution of the solar system, will have a significant budget of
short-lived isotopes that decay producing internal heating of the body. (Other
heating mechanisms may also apply.) Heating of these bodies from nebular
ambient temperatures to silicate melting temperatures occurs. The presence
of fully differentiated bodies requires this. The initial heating step in
planetary differentiation subjects the interior of the body to steadily rising
temperatures and has predictable consequences.

Consider the gradual heating of a mass of CI composition (as an
approximation of solar composition). Apart from very volatile gases, the first
material mobilized in the warm interior of the body will be water ± CO2
(~273–600 K) from both surface coatings and hydrous minerals. Breakdown
of hydrous minerals may well lead to dissolution of elements such as Na, K,
F, Cl, I, C, S, and others into H2O solution. Melting of ices and dehydration
of the interior of a warming object should lead to significant leaching of
several traditionally “volatile” elements into solution. The remaining solids
will acquire at least part of the “volatile depleted” signature that characterizes
many meteorite groups, especially achondrites. The dissolved components
will migrate toward the surface of the object in response to the thermal
gradient established by internal heating. At that surface, evaporation of the
water to the nebula will cause efflorescence on those surfaces. Masses of salt
crystals with a range of compositions will be produced “contaminating” the
sample surface. A crust of evaporite minerals on the surface seems inevitable
(Halite, sylvite, anhydrite, gypsum, calcite . . .). Dehydration of a CI
composition object may well lead to the initial formation of an evaporite crust
upon initiation of planetary differentiation.

No evaporite-rich achondrites are known, but the physical properties of
these minerals (low melting points, high solubility in water, easy
comminution of minerals) inevitably lead to a prediction of extreme rarity.
Asteroids with evaporite crusts are not known. However, the Vis-NIR spectra
of these evaporite minerals are, with the exception of a water band,
dominated by their transparency! Spectra from asteroids with evaporite
crusts may well show only the underlying mineralogy, not the surface
evaporite mineralogyy. More extensive searches (from orbit) in the far-IR
may reveal salty bodies, as may gamma spectroscopy (K, Cl) such as that on
the Dawn mission. The most likely parent bodies to preserve salty crusts are
those on which whole body differentiation is incipient or incomplete—
ordinary chondrite and primitive achondrite bodies. The missing achondrites
should not be ignored.

5272
TEMPERATURE STRESS AT THE SURFACE OF NEAR-EARTH
ASTEROIDS
M. Delbo1, S. Marchi, A. Morbidelli1. 1UNS-CNRS-Observatoire de la Côte
d’Azur, BP 4229 06304 Nice cedex 04, France. E-mail: delbo@oca.eu.
2Dipartimento di Astronomia, Università di Padova, Vicolo dell’Osservatorio
3, I-35122 Padova, Italy.

Introduction: The surfaces of near-Earth asteroids (NEAs) are subject
to large temperature variations: these are due to the change of the insolation
intensity caused by the diurnal cycle between day and night, by seasonal
effects and by the orbital eccentricity. At 1 AU from the Sun, typical
temperatures at the subsolar point are of about 400 K, whereas nighttime
estimated temperatures are below 200 K. However, about hundred of the
known NEAs have perihelion distances that bring these bodies at distances
from the Sun below 0.3 AU where the surface temperature can rise above
800 K, in particular within craters.

Moreover, the orbits of NEAs are not stable over their dynamical
lifetime: we find that a fraction of these bodies is likely to have experienced
low perihelion distances in the past. As a consequence, these bodies are
expected to have suffered considerable Sun-driven heating, not trivially
correlated to their present orbits.

Is the surface make up and mineralogy of these asteroids altered by this
strong isolation?
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DISCOVERY OF A NEW METEORITE CONCENTRATION SITE IN
QUEEN MAUD LAND, ANTARCTICA
G. Delisle1, C. Koeberl2, F. Brandstaetter3 and Queenmet Scientific Party.
1Bundesanstalt fuer Geowissenschaften und Rohstoffe (BGR), Hannover,
Germany. E-mail: G.Delisle@bgr.de. 2University of Vienna, Austria. 3Natural
History Museum, Vienna, Austria. 

Introduction: Numerous meteorite concentrations at elevation levels
between 2000 to 2500 m are known, e.g., from ice fields in the Transantarctic
Mountains or Enderby Land. There should be meteorite concentrations in the
territory in between–Queen Maud Land—because the regional glaciological
situation appears to be roughly comparable. An isolated find in 1961 by
Russian researchers–the Lazarev meteorite–offers a first indication for the
potential of the area [1]. To check this question further, a reconnaissance
survey of the area southeast of the Wohlthat Massiv in Queen Maud Land/
Antarctica was carried out in the Antarctic field season 2007/08 by the
Bundesanstalt für Geowissenschaften und Rohstoffe (BGR), Germany. 

Results: A meteorite concentration site, now unofficially called
Queenmet site, was detected on blue ice fields to the southeast of the Payer
Mountains. The Queenmet site was selected on the basis of an extended
regional airborne radar survey in 1995/1996 which had indicated regionally
thin ice cover [2]. The site itself can be described in general terms to be
dominated by a gentle topographic step running between two unnamed
nunataks. The southern nunatak is located at 72°23.5′S, 16°E, the northern
one at 72°13′S, 16°8′E. Sixteen meteorites have been found, all with one
exception being L, LL or H ordinary chondrites. In addition, one 31 kg iron
meteorite was recovered.

Upon return from the search site the finding location of the Lazarev
meteorite was searched from the airplane. This particular meteorite has the
oldest terrestrial age (5 Ma) of all Antarctic meteorites [3]. The site is located
on a narrow ridge which makes it unlikely that this find represents a direct
fall. The ridge, serving as a local barrier to ice flow, rises only a few m above
the current ice stand. The site shows many features that are typical for
meteorite accumulation areas, such as the presence of blue ice in front of the
ridge. 

Discussion: We propose that the ice level of roughly 5 Ma ago was
apparently similar to the present-day condition, indicating an extremely well-
developed long term stability of the East Antarctic ice sheet under different
climatic conditions. A significantly increased ice stand apparently never
existed in the region since that time. Otherwise the meteorite would have
been glacially removed from the outcrop. This observation is in good
agreement with recent numerical modelling of the East Antarctic ice sheet
under different climatic regimes [4]. This observation, together with our
meteorite discoveries, leads us to the assumption that this underexplored
region offers opportunities for the discovery of additional concentration sites. 

References: [1] Ravich M. G. 1968. Int. Geology Review 10:1083–
1095. [2] Meyer U. et al. 2005. Geol. Jb. B 97:129–140. [3] Nishiizumi K.
et al. 1989. Earth Planetary Science Letters 93:299–313. [4] Pollard D. and
DeConto R. M. 2009. Nature 458:329–332.

5119
A MOLECULAR MODEL OF CHEMICAL STRUCTURE OF
INSOLUBLE ORGANIC MATTER IN CARBONACEOUS
CHONDRITE
S. Derenne1, F. Robert2, 1BioEMCo, CNRS-UPMC, Paris, France
(sylvie.derenne@upmc.fr) 2LEME, MNHN-CNRS, Paris, France
(robert@mnhn.fr). 

Introduction: Carbonaceous chondrites are the most primitive objects
of the solar system. They exhibit significant carbon contents and most of this
carbon occurs as insoluble organic matter (IOM), which might be the first
OM available on early Earth for life. Moreover, prebiotic molecules have
been identified in the soluble organic fraction of the meteorites. It is therefore
of special interest to decipher the chemical structure of the IOM of
carbonaceous chondrites. Due to its insolubility and refractory character,
IOM analysis requires the combination of several analytical tools.

Methods: IOM was isolated from three carbonaceous meteorites using
successive extractions and acid treatments (HCl, HF). Its chemical structure
was then investigated through spectroscopic methods (Fourier transform
infra-red, solid-state 13C and 15N NMR, electron paramagnetic resonance,
X-ray absorption near-edge spectroscopy), chemical (RuO4 oxidation), and
thermal (pyrolysis) degradations and high resolution transmission electron
microscopy.

Results: Taken together, these techniques provided a wealth of
qualitative and quantitative information from which we derived 11
parameters on the same IOM residue. In addition to the basic elemental
composition, these parameters describe the distribution of the different types
of carbon, nitrogen and sulphur atoms as well as the size of the polyaromatic
units. We therefore propose for this molecular structure a model which fits
with these 11 quantitative parameters. Several cosmochemical implications
are derived from this structure. (1) The “Universal” infrared spectrum around
3.3 µm can be explained by the statistical combination of C and H yielding all
the possible isomers in aliphatic chains. (2) The size of aromatic units in the
IOM are markedly smaller than in interstellar PAHs, suggesting a selective
UV photodestruction in the gas phase. (3) The signature of a S and O
oxidation in the parent body meteorite is clearly perceptible. (4) There is no
evidence for a relation between soluble and insoluble N bearing molecules.
Based on the fact that aromatic moieties are highly substituted and aliphatic
chains highly branched, it can be anticipated that the synthesis of this IOM
occurred through successive additions of single carbon units in the gas phase
ending by a spontaneous cyclization for chain length ≥7 C. As a whole, these
observations are in favour of an organo-synthesis in the solar T-Tauri disk
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LA-ICP-MS ANALYSIS OF PROJECTILE MATERIAL FOR
EXPERIMENTAL CRATERING (MEMIN PROJECT)
A. Deutsch1, J. Berndt2, T. Kenkmann3, and I. Domke.1 1Institut f.
Planetologie, Wilhelm-Klemm-Str. 10, Universität Münster, D-48149
Muenster, Germany; 2Institut für Mineralogie, Univ. Münster, D-48149
Muenster, Germany;. 3Museum für Naturkunde—Leibniz Institut an der
Humboldt-Universität Berlin, D-10115 Berlin, Germany. E-mail.
deutsca@uni-muenster.de.

Within the frame of the MEMIN (Multidisciplinary Experimental and
Modeling Impact Research Network [1]) program, 1.0 × 1.0 × 0.5 m sized
blocks of quartz sandstone have been impacted by steel spheres with a mass
of 4.1 g; impact velocity was 5.3 km s−1 [2]. One of the goals of the project is
to document, analyze, and understand the fate of the projectile and it's
dissemination into ejected material and the target. In order to reach this goal,
a careful characterization of the chemical composition of the projectile is
needed, as well as sophisticated techniques to collect the ejecta separated in
time (early-late) and space (high vs. low angle) (e.g., [3]). The results of such
an experimental study can than be compared with data from natural impact
craters [4], and will provide input data for more accurate scaling. The pilot
experiments yielded some unexpected results as parts of the projectile were
ejected as spall fragments while evidence for melting and even vaporization
was found in the target and the ejecta during the SEM post-mortem study [2].
Such high-T features are in contrast to the calculated peak shock pressure of
<60 GPa, and point to local pressure excursions. High T processes may also
include element fractionation; therefore the use of an iron meteorite for
making the projectiles would be desirable. Documentation of the
dissemination of projectile matter and of impact-induced fractionation effects
is only possible using equipment with very low detection limits (e.g., for
PGE, Ga, Ge, and others) and extreme spatial resolution [5]. In a first attempt
to select an iron meteorite appropriate as projectile, a slice of the IC iron
meteorite Arispe [6], and mm2-sized pieces of the material used for the
preparation of the projectiles in the MEMIN pilot experiments (AISI 4130
STEEL DIN 1.7218 25CrMo4) were prepared for laser ablation ICP mass
spectrometry (Thermo Element2; Inst. f. Mineralogie, Münster). The
following masses were analyzed, 52Cr, 53Cr, 59Co, 60Ni, 63Cu, 69Ga, 72Ge,
75As, 95Mo, 121Sb, 182W, 191Ir, 193Ir, 194Pt, 195Pt, and 197Au. We have used two
isotopes for both, Ir and Pt in order to test accuracy and precision of our
experimental setup. The Pt/Ir ratio in Arispe as measured with the LA-ICP-
MS is 0.9572 ± 0.068 (mean ± 1σ; N = 5), 194Pt/195Pt is 1.001 ± 0.022
compared to the recommended value of 0.9855 ± 0.0029, and 191Ir/193Ir is
1.004 ± 0.017. 

Acknowledgements: The MEMIN research unit is supported by the
German Science Foundation DFG.

References: [1] Kenkmann T. et al. 2006. LPSC XXXVII, abstr.#1587.
[2] Kenkmann T. et al. 2007. LPSC XXXVIII, abstr.#1832. [3] Evans N. et al.
1994. Geological Society of America Special Paper 293:93–101. [4]
Mittlefehldt D. W. et al. 2005. Geological Society of America Special Paper
384:367–390. [5] Mullane E. et al. 2004. Chemical Geology 208:5–28. [6]
Scott E. R. D. and Wasson J. T. 1976. Geochimica Cosmochimica Acta 40:
103–115. 
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GAS-SURFACE INTERACTION IN THE SOLAR NEBULA:
CONTRIBUTION OF THE PRONEXT INSTRUMENTATION
Z. Djouadi1, J. Borg1, L. d’Hendecourt1, D. Deboffle1, D. Baklouti1, C.
Depecker and H. Leroux2, 1“Astrochimie et Origines”, Institut
d’Astrophysique Spatiale, Orsay (France), 2LSPES, Université de Lille 1,
Villeneuve d’Ascq (France) Email: janet.borg@ias.u-psud.fr.

Introduction: In the last years, and, more particularly, since the return
of the Stardust mission and the analyses of returned cometary material, a
better understanding of the evolution of the minerals present in the solar
nebula in its first million years starts to emerge [e.g., 1;2]. These recent
discoveries tend to reinforce the radial mixing model, as theoretically
suggested by [3]. A possible comparison between the various extraterrestrial
grains, present as primitive material and now available for analysis in the
laboratory, shows a complex mineralogy for these grains. In particular, while
interstellar silicate grains, as well as “stardust” grains are found to be mainly
anhydrous, numerous phyllosilicates are found in primitive meteorites [4].
One interpretation of this evolution of minerals when entering the nebula
may be found in the metamorphism of the grains under the specific physical
conditions prevailing in the nebula (pressure, temperature, gas composition
or irradiation). 

Experimental Description: With the development of the PRONEXT
(PROcessus Nébulaires à la surface des grains EXTraterrestres) experiment,
we intend to study experimentally the evolution of grain surface analogues,
when subjected to a controlled heating, under a particular atmosphere. The
aim is to understand the mineralogical evolution that may have taken place in
the solar nebula, by simulating gas-surface interactions with nebular gases.
PRONEXT is a high pressure/high temperature [300 K, 1000 K] commercial
environmental cell for which IR spectroscopy will deliver the main in-situ
information, with the adaptation to a FTIR spectrometer VERTEX 70,
working in the [7000–400 cm−1] range. In a second step, Transmission
Electron Microscopy measurements will give a clear identification of the
minerals evolution.

The main objective of this experimental approach is to study the
kinetics of some reactions, particularly the ones of hydration and carbonate
formation from amorphous silicates surfaces in interaction with H2,/H2O/
CO2 atmospheres and deduce kinetic constraints for evolution time scales in
the nebula, prior to parent bodies formation as discussed in [5].

We will present a description of the experimental set-up and discuss
some preliminary results.

References: [1] Brownlee et al. 2006. Science 314:1711–1716. [2]
Westphal et al. 2009. The Astrophysical Journal 694:18. [3] Bockelée-
Morvan et al. 2002. A&A 384:1107–1118. [4] Zolensky et al. 2008.
Meteoritics and Planetary Science 43:261–272. [5] Brearley A. J. 2003.
Treatise on Geochemistry, vol. 1, edited by Davis A. M. Elsevier. pp. 247–
268.
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FINE-GRAINED MINERALOGY OF COMETARY
ULTRACARBONACEOUS ANTARCTIC MICROMETEORITES
E. Dobrica1, C. Engrand1, H. Leroux2 and J. Duprat1. 1CSNSM, CNRS-Univ.
Paris Sud, 91405 Orsay Campus, France. E-mail:
elena.dobrica@csnsm.in2p3.fr. 2LSPES, CNRS–Univ. Lille, 59655 Villeneuve
d’Ascq, France.

Introduction: The CONCORDIA micrometeorite collection recovered
from central Antarctic snow contains fluffy, fragile particles [1] among which
we identified some ultracarbonaceous Antarctic micrometeorites
(UCAMMs) [2, 3]. UCAMMs are dominated by up to ~80 vol% of
carbonaceous material that contains small and complex mineral assemblages
[2–4]. Their structure and chemical compositions are reminiscent of the
CHON particles detected in comet Halley [5, 6]. We found extreme
deuterium anomalies (up to 30 times the solar value) in these UCAMMs [7].
We present here the fine-grained mineralogy of these mineral assemblages by
Transmission Electron Microscopy (TEM) in two UCAMMs (DC-06-09-45
and -119), in order to shed light on the formation and evolution of these well
preserved particles of potential cometary origin.

Results and Discussion: The UCAMM ultrathin sections show the
predominance of a homogeneous carbonaceous amorphous-like material
containing small pockets of complex mineral assemblages [3, 8]. No organic
nanoglobules like those frequently observed in AMMs, carbonaceous
chondrites or possibly Stardust samples [9–12] were identified in the
UCAMM carbonaceous matter. Crystalline material dominates over glassy
phases in the fine-grained mineral assemblages, with grain ranging from a
few nanometers to half a micron in size. The dominant mineral phases
identified so far are Mg-rich olivines, low-Ca and Mg-rich pyroxenes, Ca-
rich pyroxenes (diopside), Fe-Ni sulfides and Fe-Ni metals. The olivine and
low-Ca pyroxene compositions range from Fo-En100 to Fo-En80 with a
frequency peak around Fo-En90. Low-Ca pyroxenes are about twice as
abundant as olivines. The compositions of Fe-Ni sulfides measured at this
scale are comparable to that determined for larger Fe-Ni sulfides in all types
of CONCORDIA AMMs [13]. The average major element composition of
the fine-grained mineral assemblage is close to that of CI-chondrites.

The olivine and pyroxene compositions of the UCAMM mineral
assemblages do not show the pronounced frequency peak at Fo-En99
observed in regular AMMs and Comet Wild 2 samples [14–16]. They can be
compared to equilibrated assemblages observed in IDPs, of possible
cometary origin and interpreted as the result of subsolidus annealing of
amorphous precursors, like GEMS grains [17]. 

References: [1] Duprat J. et al. 2007. Advances in Space Research 39:
605–611. [2] Dobrica E. et al. 2008. LPSC XXXIX #1672 (CD-ROM). [3]
Dobrica E., et al. 2009. LPSC XL #1534 (CD-ROM). [4] Nakamura T. et al.
2005. Meteoritics & Planetary Science 40 Suppl. #5046. [5] Lawler M. E.
and Brownlee D. E. 1992. Nature 359:810–812. [6] Fomenkova M. N. et al.
1994. Geochimica et Cosmochimica Acta 58 4503–4512. [7] Duprat J. et al.
2009. LPSC XL #1724 (CD-ROM). [8] Dobrica E. et al. 2009. LPSC XL
#1688 (CD-ROM). [9] Maurette M. et al. 1995. LPSC XXVI 913–914. [10]
Nakamura-Messenger K. et al. 2006. Science 314 1439–1442. [11] Matrajt G.
et al. 2008. Meteoritics & Planetary Science 43:315–334. [12] Messenger
S. et al. 2008. LPSC XXXIX #2391 (CD-ROM). [13] Engrand C. et al. 2007.
LPSC XXXVIII #1668 (CD-ROM). [14] Kurat G. et al. 1994. Geochimica et
Cosmochimica Acta 58:3879–3904. [15] Engrand C. and Maurette M. 1998.
Meteoritics & Planetary Science 33:565–580. [16] Zolensky M. E. et al.
2006. Science 314:1735-1739. [17] Keller L. P. and Messenger S. 2009.
LPSC XL #2121 (CD-ROM).

5036
PETROLOGY OF A GRANITIC CLAST IN POLYMICT UREILITE
EET 83309
H. Downes1, 2, A. D. Beard1 and K. Howard2. 1Birkbeck/UCL Research
School of Earth Sciences, Birkbeck, University of London, Malet St, London
WC1E 7HX, UK. E-mail: h.downes@ucl.ac.uk. 2Department of Mineralogy,
Natural History Museum, Cromwell Rd, London, UK.

Introduction: EET 87720 is a polymict ureilite breccia showing a
cataclastic aggregate dominated by rounded clasts of large olivine, up to 3 mm
in diameter, plagioclase and minor amounts of low-Ca pyroxene with traces
of Ni-rich iron, troilite, suessite and graphite set in a clast-supported matrix of
finer mineral clasts. Here we report the first occurrence of a granitic clast in
an interior chip of EET 87720. 

Results: The granitic clast is approximately 550 × 850 µm in size
(0.5 mm2) consisting of quartz, albite (Ab89–93) and oligoclase. The
oligoclase occurs as a large (150 × 225 µm) euhedral strongly zoned
phenocryst (core = Ab73; rim = Ab91). Quartz and albite occur as a
granophyre-like intergrowth (150–200 µm) mantling the oligoclase
phenocryst. In the intergrowth, quartz occurs as thin elongated vermicular
blebs, with an average diameter of 5–10 µm and up to 100–120 µm in length
within larger albite crystals. Outside the intergrowth quartz and albite occur
as anhedal crystals up to 150 µm in diameter. The quartz is slightly impure
containing up to 1.3 wt% Al2O3 and 0.2 wt% Na2O. Although the normal
granophyre mineralogy of K-feldspar and quartz does not occur within this
granitic clast, the texture is very similar to that of terrestrial granophyres. The
granophyre-like intergrowth and the oligoclase phenocryst share a common
margin, suggesting the granitic clast was part of a larger fragment. An
estimate of bulk composition reveals that the clast is an alkali granite.

Origin of the Granitic Clast: Although granite is abundant in the
Earth’s crust, it is thought to be rare on other planets. It is also extremely rare
as lithic clasts in brecciated meteorites, being only reported in a few
meteorites (e.g., four granite clasts in the LL3-6 chondritic breccia Adzhi-
Bogdo [1]) and as small inclusions in returned Apollo samples [2, 3]. The
formation of granitic magma on Earth can occur in several ways. Firstly,
anatexis of pre-existing silica-rich feldspar-bearing material, such as
terrigenous sediments, schists and felsic gneisses, can produce a eutectic
partial melt with a granitic composition. This case is unlikely to be
responsible for the origin of the granite clast described here, since it requires
a sedimentary cycle that probably involves water. Alternatively, granites can
be produced by extensive fractionation of a basaltic magma, or partial
melting of igneous rocks. Since EET 87720 is from the Antarctic, it is highly
unlikely that the granite clast could have been derived by contamination from
the terrestrial environment. Its presence in the regolith of an achondrite
asteroid indicates that granitic material was present on bodies that were
involved in collisions early in solar system history. 

References: [1]. Bischoff et al. 1993. Meteoritics 28:570–578. [2]
Warren et al. 1983. EPSL 64:175–185. [3] Rutherford et al. 1976. Proc. 7th
LPSC, pp. 1723–1740.
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A NOVEL NATURAL SHOCK-INDUCED HIGH- PRESSURE
POLYMORPH OF FeTiO3 WITH THE LI-NIOBATE STRUCTURE
FROM THE RIES CRATER, GERMANY
L. S. Dubrovinsky1, A. El Goresy1, Ph. Gillet2, X. Wu1 and A. Simionivici3.
1Bayerisches Geoinstitut, Universität Bayreuth, 95447 Bayreuth, Germany
E-mail: Leonid.Dubrovinsky@uni-bayreuth.de. 2ENS-Lyon, 69364 Lyon.
France, 3Laboratoire de Géodynamique des Chaînes Alpines, UMR 5025,
Geosciences LGIT, Université de Grenoble, 38041 Grenoble, France.

Introduction: The Ries crater in Germany was first established as an
impact structure in 1961 and 1963 through the discovery of the high-pressure
polymorphs of silica: coesite and stishovite by E. C. T. Chao and his
colleagues [1, 2].  Ever since, the Ries crater is considered to be the best-
preserved impact crater in Europe. Additional two new high-pressure
polymorphs of TiO2: akaogiite (Space group P21/c) and TiO2-II (Space group
Pbcn) were also recently reported from diamond-bearing shocked gneisses,
thus allowing unambiguously to constrain the equilibrium peak-shock
pressures responsible for these phase transformations [3, 4]. Abundant
ilmenite grains depicting stark deformation effects are also present in the
same shocked gneisses containing akaogiite. We selected few grains optically
depicting clear evidence for high-pressure inversion to a dense species for
chemical analysis by EDX and X-ray diffraction studies. 

Results and Discussion: The grains suspected to contain the shock-
induced Li-niobate polymorph of ilmenite depict in reflected light clear
evidence for preferred orientation of FeTiO3 crystallites (<3 µm). Chemical
analyses by EDX revealed that the grains are almost pure FeTiO3 with minor
(<1.2 wt%) concentration of MnO. Several grains were cored out and
subjected to micro-beam X-ray diffraction analyses. The obtained diffraction
pattern could be unambiguously indexed in terms of a rhombohedral lattice
similar to the Li-niobate structure of MnTiO3 [5] The obtained cell
parameters are a = 5.1241(4) Å and c = 13.7327(18) Å (Space group R3c; c/
a = 2.68(2), Z = 6).

The presence of akaogiite in the same gneiss in close vicinity to the new
species, strongly suggests that the original ilmenite was subjected to a similar
equilibrium peak shock pressure not exceeding 28 GPa [3]. This pressure
estimate lies within the stability field of the perovskite polymorph of FeTiO3
(Space group Pbnm) [5]. Consequently, we argue that the original ilmenite
was inverted in the shock event to the perovskite polymorph of FeTiO3 and
then inverted during the decompression stage to the less dense Li-niobate
structured species because the perovskite polymorph of FeTiO3 is
unquenchable [5].

Conclusions: The high-pressure inventory of the shocked rocks in the
Ries Crater contains so far five species: coesite, stishovite [1, 2], akaogiite
[3], TiO2-II [4] and the Li-niobate structured polymorph of FeTiO3. In situ
microscopic localization of these polymorphs in the rock sections, optical
determination of the transformation textures and the degree of inversion is an
indispensable prerequisite for a reliable constraining of the equilibrium shock
pressures and the post shock temperatures.  

References: [1] Shoemaker E. M. and Chao E. C. T. 1961. JGR 66,
(10):3371–3378. [2] Chao E. C. T. and Littler J. 1963. Geological Society of
America Special Paper 73, 127. [3] El Goresy et al. 2001. Science 293:1467–
1470. [4] El Goresy et al. 2001. EPSL 201:485–495. [5] Ross N. et al. 1989.
Physics and Chemistry of Minerals 16:621–629.
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EFFECT OF SPACE RADIATION PROCESSING ON LUNAR SOIL
SURFACE CHEMISTRY: X-RAY PHOTOELECTRON
SPECTROSCOPY STUDIES
C. Dukes1, R. Christoffersen2, 3, L. Keller3, M. J. Loeffler1, and R. Baragiola1.
1Laboratory for Atomic and Surface Physics, University of Virginia,
Charlottesville, VA 22902. E-mail: car8r@virginia.edu. 2Jacobs Technology,
ESCG, Mail Code JE23, Houston, TX, 77058. 3Mail Code KR, ARES,
NASA Johnson Space Center, Houston, TX  77058.

Introduction: Current understanding of the chemistry and
microstructure of the surfaces of lunar soil grains is dominated by a reference
frame derived mainly from electron microscopy observations [e.g., 1, 2].
These studies have shown that the outermost 10–100 nm of grain surfaces in
mature lunar soil finest fractions have been modified by the combined effects
of solar wind exposure, surface deposition of vapors and accretion of impact
melt products [1, 2]. These processes produce surface-correlated nanophase
Feo, host grain amorphization, formation of surface patinas and other
complex changes [1, 2]. What is less well understood is how these changes
are reflected directly at the surface, defined as the outermost 1–5 atomic
monolayers, a region not easily chemically characterized by TEM. We are
currently employing X-ray Photoelectron Spectroscopy (XPS) to study the
surface chemistry of lunar soil samples that have been previously studied by
TEM. This work includes modification of the grain surfaces by in situ
irradiation with ions at solar wind energies to better understand how
irradiated surfaces in lunar grains change their chemistry once exposed to
ambient conditions on earth. 

Results and Discussion: Baseline XPS analyses of 10084 mare soil in
both “bulk” (<1 mm grain size) and ≤20 µm dry-sieved size fractions
dispersed on high-purity oriented graphite substrates detects Ti: 1.5%, Mg:
2.8%, Ca: 3.4%, Fe: 4.2%, Al: 4.8%, Si: 18.3%, and O: 65.1%. These results
are quite similar, although not identical, to previous measurements [3]. High-
resolution scans of the Fe 2p peak show Fe is completely in the 3+ oxidation
state, suggesting that at least on XPS depth scales (1–5 nm), both metallic Fe
and Fe2+ in the bulk grains is completely oxidized at the surface, likely by
atmospheric reactions. This oxidation is yet to be evident in our analytical
TEM studies of the outer margins of ≤20 µm 10084 grains prepared by
ultramicrotomy. Irradiation of the bulk 10084 soil in the XPS chamber with
4 keV He+ ions results in the Fe 2p photoelectron peak shifting to 707 eV
characteristic of predominantly metallic Fe on the surface at an ultimate dose
of 1 × 1017 He+/cm2. Exposure of this irradiated sample to ambient laboratory
conditions for only 5 minutes, followed by re-analysis, shows only Fe3+ on
the surface, consistent with complete re-oxidation. A more detailed
progressive in situ irradiation study of the ≤20 µm 10084 sample using 4 keV
Ar+ to sputter clean the sample shows metallic Fe appearing at only 4.4 × 1014

Ar+/cm2, where a monolayer or less has been removed. By comparison, a
much larger fluence, ~1016 Ar+/cm2, was needed to form metallic Fe on
olivine surfaces [4], a material that has no metallic Fe in the bulk. This
suggest that the observed metallic Fe on the irradiated lunar grains is intrinsic
Feo of lunar origin, and that irradiation mainly removes surface oxidation. 

References: [1] Keller L. P. and McKay D. S. 1993. Science 261:1305–
1307. [2] Keller L. P. and Christoffersen R. 2005. 68th Meteoritical Society
Meeting, Abstract #5244. [3] Housley R. M. and Grant R. W. 1976.
Proceedings, 7th Lunar Science Conference, pp. 881–888. [4] Loeffler M. J.
et al. 2009. Journal of Geophysical Research 114.
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EVIDENCE FOR AQUEOUS ALTERATION IN ORDINARY
CHONDRITES FROM COMPOSITIONAL AND OXYGEN
ISOTOPIC TRENDS IN AN EXOTIC FRAGMENT
K. A. Dyl1, A. Bischoff2, K. Ziegler3, K. Wimmer4, E. D. Young1,3,
1Department of Earth and Space Sciences, UCLA, Los Angeles, CA 90095
E-mail: (kdyl@ucla.edu). 2Institut für Planetologie, Wilhelm-Klemm-Str. 10,
48149 Münster, Germany. 3Institute of Geophysics and Planetary Physics,
UCLA, Los Angeles, CA 90095, 4Suedendstr. 1,  86695 Nordendorf,
Germany.

Introduction: Type 6 ordinary chondrites (OCs) have undergone
extensive thermal metamorphism; however, the time scales and nature of this
processing are debated [1, 2]. Previous studies have documented the presence
of halite, as well as evidence for aqueous alteration, in highly metamorphosed
ordinary chondrites [3,4].  An exotic fragment in Villalbeto de la Peña (L6)
offers a unique opportunity to probe fluid-assisted metamorphism in an OC.
Shock veins indicate early incorporation into the parent body, and a coarse-
grained rim is evidence of chemical interaction with its host [5]. We
measured the compositional and oxygen isotopic gradients, using them to
model diffusion at type 6 conditions with and without the presence of H2O.

Results: The dark fragment, composed primarily of feldspathic
groundmass, is ~spherical and 2 cm in diameter.  The inclusion has a coarse-
grained rim composed of albitic plagioclase (~An10) indistinguishable from
that in the host.  A diffusion profile extends 500 µm into the fragment, where
it reaches andesine composition (~An50) characteristic of the fragment.

Oxygen isotopic data were obtained for the bulk meteorite and
inclusion using CO2 laser fluorination.  Villalbeto de la Peña has an oxygen
isotopic composition with ∆17O 1.1‰, consistent with L6 ordinary chondrite.
The bulk inclusion records a ∆17O  −0.55‰.  The in situ UV laser ablation
fluorination system at UCLA was used to measured ∆17O across the host-
fragment interface.  The profile reveals a clear isotopic gradient 1000–
1500 µm into the inclusion, indicating exchange.

We used our two data sets and previously determined diffusion
parameters to model silicon diffusion (a proxy for albite-anorthite) and
oxygen self-diffusion in the fragment, both “dry” [6, 7] and in the presence of
of P(H2O) = 1 bar [8, 9, 10].  Solid-state diffusion relying solely on thermal
metamorphism cannot explain our data due to the sluggish diffusion of
silicon through feldspar structure. Our “wet” diffusion models provide
improved fit to our data sets when applying the same time scale to both
processes.

Conclusions: We conclude that the exotic fragment present in
Villalbeto de la Peña records alteration signatures from a volatile phase on the
L chondrite parent body.  

References: [1] Bennett M. E. and McSween H. Y. 1996. Meteoritics &
Planetary Science 31:783–792.  [2] Kessel R. et al. 2007. Geochimica et
Cosmochimica Acta 71:1855–1881.  [3]  Zolensky M. E. et al. 1999. Science
285:1377–1379. [4] Grossman J. N. et al. 2000. Meteoritics & Planetary
Science 35:467–468.  [5] Bischoff A. et al., in prep. [6] Cherniak D. J. 2003.
EPSL 214:655–668.  [7] Ryerson F. J. and McKeegan K. D. 1994.
Geochimica et Cosmochimica Acta 58:3713–3734. [8] Bocharnikov R. E.
et al. 2000. Geochemistry International 38:S186–S193.  [9]  Giletti B. J.
et al. 1978. Geochimica et Cosmochimica Acta 42:45–57.  [10]  Kohn M. J.
1999. American Mineralogist 84:570–580.
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PRESOLAR GRAINS IN PRIMITIVE ENSTATITE CHONDRITES
S. Ebata1 and H. Yurimoto1. 1Department of Natural History Sciences,
Hokkaido University, Sapporo 060-0810, Japan. E-mail:
ebashin@ep.sci.hokudai.ac.jp.

Introduction: Presolar grains predated the formation of our solar
system. Presolar grains are identified by isotopic anomalies from several type
IDPs, chondrites and AMMs [e.g., 1–5]. Enstatite chondrites (hereafter ECs),
ordinary chondrites and carbonaceous chondrites are typical types of
primitive meteorites. These chondrites reflect redox conditions in the early
solar nebula. ECs were formed under highly reducing nebula conditions [e.g.,
6]. Krot et al. (2000) proposed that the redox condition was formed by
enrichments of presolar carbonaceous grains [7]. If these are true, abundances
and species of presolar grains are unique in ECs. The purpose of this study is
to determine mineral species of presolar grains in enstatite chondrites in order
to understand decomposition processes by reduced condition in the early
solar nebula.

Experimental: The HokuDai isotope microscope system (Cameca ims-
1270 + SCAPS [8]) was used for high precision isotope imaging. A FESEM-
EDS system (JEOL JSM-7000F + Oxford INCA Energy) was used for
mineralogical study and for mineral identification of presolar grains. Samples
used in this study were three EH3 chondrites; ALHA81189, Yamato-691 and
SAH 97072.

Results: The chemical compositions were determined for eight presolar
silicate grains; Pyroxene: 6 (the volume abundance: 11 ppm), Olivine: 1 (0.33
ppm), SiO2: 1 (0.32 ppm). In the case of presolar carbonaceous grains
(hereafter C-grains), the chemical compositions were determined for thirteen
grains; graphite: 7 (2.7 ppm), SiC: 6 (11 ppm). Out of 13, 2 presolar C-grains
surrounded by sulfides were identified.

Discussion: Abundances of presolar graphites were about 10 times
larger than those in other type 3 chondrites [9, 10]. This suggests presolar
graphites were selectively survived in the ECs parent body or in the ECs
forming region in the solar nebula because graphite phase is one of the most
stable solid under reduced environment [e.g., 11]. Presolar grains of pyroxene
compositions are dominant in ECs. This suggests presolar silicates of
enstatite composition were selectively survived in the ECs parent body or in
the ECs forming region in the solar nebula, which is consistent with the redox
state. Presolar C-grains surrounded by troilite and metal layer was observed.
One of the C-grain is attached with olivine. Isotopic compositions of the
olivine and sulfide are indistinguishable from solar. These results suggest that
minerals were condensed on presolar grains in the solar nebula. 

This study shows that species of presolar grains in ECs are consist with
the redox conditions in the ECs parent body suggesting matrix constituents of
ECs have been heated in extremely reduced solar nebula.

References: [1] Messenger et al. 2003. Science 300:105–108. [2]
Nguyen and Zinner 2004. Science 303:1496–1499. [3] Nagashima et al.
2004. Nature 428:921–924. [4] Ebata et al. 2006. LPSC XXXVII 1619. [5]
Yada et al. 2006. LPSC XXXVII, 1470. [6] Keil 1968. Journal of
Geophysical Research 73:6945–6976. [7] Krot et al. 2000. Protostars and
Planets IV, part V, pp. 1019–1054. [8] Yurimoto et al. 2003. Applied Surface
Science 793:203–204. [9] Huss and Lewis 1995. Geochimica et
Cosmochimica Acta 59:115–160. [10] Huss et al. 2003. Geochimica et
Cosmochimica Acta 61:5117–5148. [11] Lodders and Fegley 1999. I. A. U.
Symposium 191:279–290.
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CAI AND CHONDRULE SIZES AND ABUNDANCES IN THE CO3
CHONDRITES KAINSAZ AND COLONY
D. S. Ebel1, M. Lu1, 2, I. R. Erb1,  M. K. Weisberg1, 3. 1Dept. Earth and
Planetary Sciences, American Museum of Natural History, New York, NY
10024. E-mail: (debel@amnh.org). 2Stuyvesant High School, New York, NY
10282. 4Dept. Physical Sciences, Kingsborough College, City University of
New York, Brooklyn, NY 11235 E-mail: (mweisberg@kbcc.cuny.edu).

Introduction: The sizes of Ca-, Al-rich inclusions (CAIs), chondrule
subtypes, and amoeboid olivine aggregates (AOAs), and their relative
abundances compared to surrounding matrix, are fundamental parameters
that constrain theories of clast origin, accretion into chondrite parent bodies,
and models of nebular evolution, transport, and the complementarity of
components in chondrites. Abundances in CO3 have not been measured
comprehensively since [1]. New techniques [2] revealed differences in clast/
matrix ratios between reduced and oxidized CV subtypes [3]. Significant
differences from earlier work [4] on CV chondrites  [2, 3] prompted us to re-
examine the CO chondrites. 

Procedure: Surfaces of Kainsaz (CO3.2 fall, 24 mm2 at 2 microns per
pixel) and Colony (CO3.0 find, 8 mm2 at 2 µm/pxl, 16 mm2 at 6 µm/pxl,)
were mapped in x-ray emission by EMP [2]. Element, BSE, and red-green-
blue composites as registered layers in a drawing program were examined to
outline clasts digitally and determine their type [2]. From these outlines,
pixels in each clast type over the entire map were counted to yield relative
component abundances. Clast size distributions were measured separately
using the same digital outlines.

Results: Our preliminary findings for Colony (at 6 µm/pxl) are
consistent with the average reported by [1] for six CO chondrites: 33.7%
matrix, 39.5 chondrules, 11 AOAs, 2.1 CAIs, 5.7 metal + sulfide, 8% lithic
fragments [1], after adjusting for differences in the clast definitions of [1].
Maps at 2 µm/pxl allow better resolution between AOAs and chondrules, and
between chondrule subtypes. The apparent (uncorrected) size distribution for
all clasts (n = 976) in Colony is log-normal, with mean radius 158 µm for
circles of equivalent area to each clast. This is much larger than the 67 µm
mean radius measured by [5] for round, obviously identifiable Colony
chondrules (n = 238). Correction for 3D effects will reduce mean clast size in
both cases [6].

Conclusions: New methods allow counting and analyzing clasts
efficiently over large areas, and produce a record allowing later re-analysis,
unlike previous methods. Our preliminary findings for CO chondrites are
similar to [1] for clast abundances. Our mean size is larger than [5], even if
we omit AOAs and CAIs from our data set. Clast/matrix ratios in CO are
more similar to reduced CV than to oxidized CV. We suspect that clast type
abundances, including chondrule subtypes, differ between Kainsaz and
Colony. By analysis of our 2 µm/pxl maps, we will quantitatively test this
hypothesis.

References: [1] McSween H. Y. Jr. 1977. Geochimica et
Cosmochimica Acta 41:477–491. [2] Brunner C. E., Ebel D. S. and Weisberg
M. K. 2008. Meteoritics & Planetary Science 43:A28. [3] Ebel D. S.,
Leftwich K., Brunner C. E. and Weisberg M. K. 2009. Abstract #2065. 40th
LPSC. [4] McSween H. Y. Jr. 1977. Geochimica et Cosmochimica Acta 41:
1777–1790. [5] Rubin A. E. 1989. Meteoritics 24:179–189. [6] Eisenhour
D. D. 1996. Meteoritics & Planetary Science 31:243–248.
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CHARACTERIZING THE EFFECT OF SHOCK ON ISOTOPIC
AGES II: MG-SUITE TROCTOLITE MAJOR ELEMENTS
J. Edmunson1 and B. A. Cohen2. 1NASA Postdoctoral Program, Marshall
Space Flight Center. E-mail: Jennifer. E.Edmunson @nasa.gov. 2Marshall
Space Flight Center.

Introduction:  Two troctolites from the lunar magnesium suite (Mg
suite), 76335 and 76535, have 147Sm-143Nd and 87Rb-87Sr ages that do not
indicate the same age for their respective sample.  In the case of 76335, the
147Sm-143Nd age is 4278 ± 60 Ma [1], but the 87Rb-87Sr data does not reveal
an isochron [2].  For 76535, the 147Sm-143Nd age is significantly younger
(4260 ± 60 Ma [3]) than the 87Rb-87Sr age (4570 ± 70 Ma, λ  = 1.402 × 10–11

[4]).  This study was designed to discover why the 147Sm-143Nd and 87Rb-87Sr
ages did not match for each individual sample.

Observations:  Sample 76335 is composed of anorthite (An98Ab2) and
olivine (Fo88), with minor orthopyroxene (En87Fs12Wo1) and various trace
phases (including chromite, baddeleyite, zirkelite, metal, and merrillite).
Microprobe analysis indicates that 76335 Fe-Ni-Co metal has Ni and Co
abundances indicative of pristine rocks, supporting the conclusions of [5] and
the status of 76335 as a monomict breccia.

Troctolite 76535 is unlike 76335 in most physical features, but is very
much like 76335 in geochemistry.  Sample 76535 is a coarse-grained
annealed rock complete with 120° triple grain junctions [6], while 76335 is a
cataclastite.  Investigations are ongoing to determine if 76335 is part of the
76535 parent pluton, but with at least one subsequent cataclastic event that
76535 did not experience.  There are a few points of evidence that would
imply a shared origin.  First, their geochemical pairing [7].  Second, their
almost identical bulk trace element pattern [8, 9].  Third, the overlap of 76335
and 76535 in 147Sm-143Nd age versus ε143

Nd space [1].  Lastly, remnant 120°
triple grain junctions and small linear inclusions of pyroxene [10] in the
anorthite of cataclastized 76335 match those observed 76535.  These shared
features may indicate that the samples originated from the same parent
pluton.  Thus, the near identical 147Sm-143Nd ages may indicate the true age
of both troctolites, while the subsequent cataclastic event experienced only
by 76335 may have disturbed the 87Rb-87Sr isotopic systematics sufficiently
to prevent an isochron.
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Center, administered by Oak Ridge Associated Universities through a
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SHOCK METAMORPHISM, BRECCIATION, AND IMPACT
MELTING IN METEORITES
Edward R. D. Scott. Hawai`i Institute of Geophysics and Planetology.
University of Hawai`i. Honolulu, HI 96822, USA. Email:
escott@hawaii.edu.

Introduction: The shock metamorphic scheme for ordinary chondrites
and an extension of the classification of lunar breccias provides a firm
foundation for evaluating the shock and impact histories of many kinds of
meteorites [1].  Shock pressure estimates are very dependent on the initial
state of the target and may be upper limits, e.g., if targets were initially hot or
porous [2–3]. Thus, mild shock at elevated temperatures may generate shock
stage S1-2 rocks with certain features like those in more heavily shocked
rocks [4]. The interpretation of shock and brecciation in meteorites is also
more complex than for planetary rocks as asteroids may have experienced
impacts that were much more diverse than the cratering events that affected
planetary rocks. 

Early Disruption of Differentiated Asteroids: Stony-iron meteorites
like pallasites and mesosiderites that form from molten metal and unshocked
broken rock may have formed in low-velocity hit-and-run impacts possibly
between protoplanets [5] rather than in hypervelocity asteroidal collisions.
Destruction at 1–2 AU prior to capture of debris in the asteroid belt by
protoplanets may also help to explain how Vesta’s crust survived.

Howardites, Eucrites and Diogenites: Most HEDs are shocked,
brecciated, and have Ar-Ar ages of 3.5–4.1 Gyr consistent with impact
heating and breccia formation on Vesta during the late heavy bombardment
(LHB) [6]. HEDs probably come from one or more Vesta family asteroids,
which formed at ~3.5 Gyr. About half the unbrecciated eucrites (7% of
HEDs) are largely unshocked and have Ar-Ar ages of 4.48 Gyr. These may
date excavation and removal from Vesta and subsequent storage in a ~10 km
sized asteroid that escaped the LHB [7]. The general lack of HEDs and H
chondrites with Ar-Ar ages of 4.1–4.5 Gyr suggests that if the primordial
asteroid belt was 103 times more massive than the current belt and was
dynamically excited by Jupiter’s formation, the size distribution did not
resemble the current one. The dearth of early impacts may result from
formation of 100–1000 km diameter planetesimals by gravitational
instabilities rather than by binary accretion of km-sized planetesimals.

Unshocked and Unbrecciated Angrites: If angrites represent ancient
basalts and crustal rocks like the eucrites, why are angrites unshocked and
unbrecciated? A plausible explanation is that the angrites were removed early
from their parent body and stored in a ~10 km asteroid, like the 4.48 Gyr old
eucrites.  

Catastrophic Disruption of the L Chondrite Parent Body: The
demolition of the 100–150 km diameter parent asteroid of the Gefion family
created thousands of 1–15 km fragments and probably accounts for the
abundance of heavily shocked L chondrites, their 470 Myr shock ages, and
the almost immediate accumulation of fossil L chondrites on Earth [8]. 

References: [1] Stöffler D. et al. 1991. Geochimica et Cosmochimica
Acta 55:3845–3867. [2] Schmidt R. T. 2006. Meteoritics & Planetary Science
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Arizona Press, pp. 653–677. [4] Hutson M. L. et al. 2009. LPSC 40:1081. [5]
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SOLAR SYSTEM SHIFTS IN OXYGEN ISOTOPES ASSOCIATED
WITH SUPERNOVA INJECTION OF ALUMINUM 26
C. I. Ellinger1, P. A. Young1 and S. J. Desch1. 1School of Earth and Space
Exploration, Arizona State University. steve.desch@asu.edu.

Injection of material ejected from a core-collapse supernova, into the
solar system’s already formed disk, is one proposed mechanism for
producing the short-lived radionuclides such as 26Al, inferred from isotopic
studies of meteorites to have existed in the solar nebula.  Gounelle and
Meibom [1] have argued that injection of sufficient supernova material to
explain the abundance of 26Al inferred from meteorites would necessarily
shift the oxygen isotopic composition of the solar system, reducing δ17O and
δ18O by several tens of per mil.  The lack of evidence for such shifts, [1]
argue, excludes a supernova origin for 26Al.  We critically examine this claim
and investigate whether such large isotopic shifts necessarily follow injection
of a meteoritic abundance of 26Al.  Unlike previous studies, we consider the
anisotropy of supernova explosions in a 3D simulation and compute local
production of isotopes in spatially distinct regions in the supernova (see [2]
for more details).  Supernovae explode quite often with at least some degree
of anisotropy and a forming solar system is likely to receive not the average
composition of the ejecta (as [1] assume), but material from particular zones
within the supernova.  We consider in particular zones where 26Al is
produced. 

We find that predictions of the production of 18O is initially very
dependent on the thermodynamic history of the region due to the
temperature-dependent branching ratio of 18F at high (>109 K) temperatures.
At the end of the anisotropic supernova simulation, however, we find that the
abundance of 18O in the ejecta is in general much higher than in spherically
symmetric (1D) simulations. Shifts in δ17O, on the other hand, have a smaller
range, tend to be positive, and only a few per mil in magnitude.  Significantly,
the shifts could move the solar nebula material from a composition similar to
that of the Sun, as measured by the Genesis mission, to a composition like
that of calcium-rich, aluminum-rich inclusions or CAIs, the first solids to
form in the solar system.  That is, injection of 26Al quite plausibly might shift
oxygen isotopic ratios from near (-600/00,-600/00) in the three-isotope plot for
oxygen [3], to a point near (-500/00,-500/00) corresponding to the first
condensates in CAIs e.g., [4–5]. We conclude that injection of 26Al from a
supernova is not incompatible with the oxygen isotopic ratios of solar nebula
materials. 
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SILICATE ATMOSPHERE AND CLOUDS OF HOT EARTH-LIKE
EXOPLANETS
B. Fegley Jr. and L. Schaefer. Planetary Chemistry Laboratory, Department
of Earth and Planetary Sciences, Washington University, St. Louis, MO
63130. E-mail: bfegley@wustl.edu, laura_s@wustl.edu.

Introduction: The discovery of the rocky exoplanet CoRoT-Exo-7b, with
day side surface temperatures between 1800–2600 K [1], shows that some
exoplanets are hot enough to vaporize silicates. We predict that the atmospheres
of these planets will contain O2, O, rock-forming metals, and silicate clouds.

Methods: We used thermochemical equilibrium calculations to model
the gas-melt interactions on an Earth-like exoplanet at T  = 1500–3000 K. We
used several starting compositions, including: continental crust, oceanic crust
(N-MORB), lunar crust, and the bulk silicate Earth (BSE) (shown below). We
include the elements Na, K, Fe, Mg, Si, Ti, Ca, Al, and O. Results are given
as a function of surface T. Our companion abstract [2] discusses the effect of
fractional vaporization on the atmospheric composition.

Results: At low temperatures, Na is the major gas, followed by O2 and
monatomic O (Fig. 1). As temperature increases, the Na gas abundance
decreases, and the abundances of other gases increase. At T >3000 K, SiO
becomes the most abundant gas. Total pressure decreases in the order N-
MORB, BSE, continental crust, lunar crust. For the BSE, log10 PT (bar)  =
5.77–21524 / T + 492766 / T2 from 1500 to 3000 K. The table shows
condensation temperatures of different silicate clouds in an adiabatic
atmosphere of a BSE planet with a surface temperature of 2000 K.

Acknowledgments: This work is supported by Grant NNG04G157A
from the NASA Astrobiology Institute.
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CHARACTERIZATION OF SHOCK-METAMORPHIC EFFECTS IN
QUARTZ FROM SANDSTONES AT THE HAUGHTON IMPACT
STRUCTURE, CANADA
L. Ferrière and G. R. Osinski. Departments of Earth Sciences/Physics and
Astronomy, University of Western Ontario, 1151 Richmond Street, London,
ON, N6A5B7, Canada. E-mail: ludovic.ferriere@uwo.ca.

Introduction: The 23 km diameter and ~39 Ma Haughton impact
structure, located on Devon Island, Canada, was formed in Cambrian to
Silurian sedimentary rocks and Precambrian crystalline basement gneissic
rocks [1]. Previous studies show that Haughton sandstones (“Hs”) have
undergone melting at low pressures (<20 GPa; [2]). However, even though
the presence of planar deformation features (PDFs) in quartz grains has been
recognized in relatively less shocked samples [e.g., 2], the distribution and
crystallographic orientations of the PDFs in quartz grains from Hs has not
been studied in any detail. Here, we report on preliminary petrographic and
universal-stage microscope investigations of planar fractures (PFs) and PDFs
orientations in quartz grains from Hs samples from the central uplift.

Results: Haughton sandstones are typically fine-grained, well sorted,
grain-supported, sub-angular to rounded quartz arenites, generally with
authigenic quartz overgrowths. A cement of calcite is visible in some Hs; rare
detrital K-feldspar was also noted. Quartz grains show sharp to slightly
undulatory extinction and contain abundant fracturing, such as concussion
fractures and PFs. Poorly developed, non-decorated planar deformation
features (PDFs), generally only 1 set per grain, are visible. Several quartz
grains also display grain mosaicism. A few grains contain open PFs with
c(0001) orientation and with incipient, possible PDF sets that branch off of
the PFs. Very similar features have been described from the Rock Elm
structure [3]. Our initial U-stage measurements show that ~35% and ~80% of
the PFs and PDFs, respectively, have indexed Miller-Bravais crystallographic
orientations equivalent to c(0001). Approximately 17% and 12% of the PFs
are oriented parallel to ξ{1122} and r{1011} orientations, respectively. A
few PFs and PDF sets are oriented parallel to other typical crystallographic
orientations in quartz; however, better statistics are needed to confirm that
these measurements are relevant [4]. Note that only ~4% of the PDF sets
remain unindexed, when ~17% of the PF sets are unindexed. 

Discussion and Future Work: On the basis of the abundant grain
fracturing, the abundance of PFs, and the limited number of poorly developed
PDFs with characteristic c(0001) orientations, we estimate that the studied
Hs samples experienced peak shock pressures of up to ~10 GPa [5]. The
present results will be compared with PDFs orientations in quartz grains from
Hs cobble-size clasts that were collected from the crater-fill impact melt
breccias; we plan also to compare our observations with similar low-pressure
shock effects in samples from other known impact structures to further
evaluate the influence of target lithology on the resulting shock effects.

Acknowledgments: The present work was supported by the
Government of Canada with a PDRF (to L. F.) and an NSERC Discovery
Grant (to G. O.).
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Osinski G. R. 2007. Meteoritics & Planetary Science 42:1945–1960. [3]
French B. M. et al. 2004. GSA Bulletin 116:200–218. [4] Ferrière L. et al.
2009. Meteoritics & Planetary Science, in press. [5] Stöffler D. and
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Fig. 1. Sub-cloud atmosphere for BSE composition as a function of surface
temperature.
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PETROGRAPHIC AND GEOCHEMICAL STUDY OF AN
ANOMALOUS MELT ROCK FROM THE GILF KEBIR PLATEAU,
CLOSE TO THE LIBYAN DESERT GLASS AREA, EGYPT
L. Ferrière1, B. Devouard2, S. Goderis3, P. Vincent2, D. Bernon4, R.
Lorillard5, and J. M. Saul6. 1Departments of Earth Sciences/Physics and
Astronomy, University of Western Ontario, 1151 Richmond Street, London,
ON N6A5B7, Canada. E-mail: ludovic.ferriere@uwo.ca. 2Laboratoire
Magmas et Volcans, UMR CNRS 6524, 5 rue Kessler, 63038 Clermont-
Ferrand, France. 3Earth System Sciences, Vrije Universiteit Brussel,
Pleinlaan 2, B-1050 Brussels, Belgium. 464 rue de Missy, 17000 La Rochelle,
France; 538 rue Brétignière, 17000 La Rochelle, France. 6ORYX, 3 rue
Bourdaloue, 75009 Paris, France.

Introduction: Four of the authors (D. B., R. L., B. D., and P. V.)
collected unusual samples from a meter-sized boulder found among tabular
formations of sandstone in the north of the Gilf Kebir plateau, Egypt, about
160 km south-southeast of the Libyan desert glass (LDG) area.

LDG is a natural silica glass found in between sand dunes of the Great
Sand Sea of western Egypt [1]. Although its origin has been the subject of
much debate, LDG is now generally recognized as an impact product [e.g.,
2]. However, no impact crater has so far been found in the LDG area. 

For this study, the samples were investigated using optical microscope,
microRaman, SEM, microprobe, ICP-AES, and ICP-MS. 

Results: The rock is dark gray in color, very compact (i.e., no vesicles),
and strongly magnetic. Whole rock analyses are as follow (in wt%): SiO2
40.5; Al2O3 30.8, Fe2O3 22.7, TiO2 4.4, with remarkably low alkali
(Na2O + K2O  = 0.1 wt%) and CaO (0.1 wt%) contents. In thin section, the
rock displays a magmatic aphanitic-microlitic texture with microlites of
mullite (Al4.2Fe3+

0.2Si1.6O9.8), an Fe-rich spinel close to magnetite, and an Fe-
Ti oxide, in a mesostasis of nearly pure silica. Tridymite has been identified
in the mesostasis, as well as in segregation veinlets. Rounded, relict quartz
grains also occur and are surrounded by tridymite. Platinum group element
(PGE) concentrations in the melt rock are within the range of the average
continental crust with iridium as an exception, slightly more elevated. These
PGE patterns are similar to those measured for LDG. 

Discussion: This melt rock has a composition and mineralogy that is, to
our knowledge, unreported from any terrestrial magmatic rock. Phase
diagrams in the system SiO2-Al2O3-FeO-Fe2O3 suggest that temperature c.
1600 °C is needed to melt a rock with such a composition. Considering the
location of recovery, and the lack of vesicles, an anthropogenic origin is
highly unlikely. The PGE signature of the melt rock is neither diagnostic of
an impact origin, nor the contrary, as is also the case for the PGEs in LDG.
Although the chemical composition of the rock and the high-temperature
involved in its formation seem to be pointing to an impact origin, no high
pressure phases have so far been detected. 

Acknowledgments:  This abstract is dedicated to the memory of
Edmond Diemer 1929–2008). 
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P-T CONDITIONS AND MECHANISMS OF ENSTATITE TO
AKIMOTOITE TRANSFORMATIONS IN THE SHOCKED L-6
CHONDRITE TENHAM
T. Ferroir1, M. Miyahara2, E. Ohtani2, P.Beck3, A. Simionovici4 P. Gillet1 and
A. El Goresy2. 1LST ENS-Lyon, 69364 Lyon, France. E-mail:
tristan.ferroir@ens-lyon.org. 2Graduate School of Science, Tohoku
University, Sendai, 980-8758, Japan. 3Laboratoire de Planetologie,
Universite Joseph Fourier, 38041 Grenoble Cedex 9, France. 4OSUG, LGCA,
38041 Grenoble, France. 5Bayerisches Geoinstitut, Universität Bayreuth,
95447 Bayreuth, Germany.  

Introduction: Our recent studies on the shocked L6 Tenham chondrite
revealed different settings of enstatite to akimotoite conversion: (1) complete
transformation of enstatite, (2) a   lamellar setting mimicking intracrystalline
transformation (3) coexistening akimotoite and pyroxene glass, the latter
interpreted as amorphization product of former perovskite [1]. The recent
report of fractional crystallization of high-pressure olivine liquid to
ringwoodite and wadsleyite in chondrules entrained in a shock melt vein [2]
motivated us to explore this possibility for pyroxenes  in shock-melt veins in
Tenham.

Results: We surveyed the different high-pressure assemblages in a
shock melt vein as well as the transformations near the vein in Tenham. Three
different forms of ringwoodite and akimotoite were encountered in the same
settings: (1) a polycrystalline transformation  presumably resulting from
solid-state transformation, (2) lamellar intergrowth in the low pressure
polymorph  (3) a crystallization from melt. We also encountered lingunite at
the vein wall. This assemblage of different high-pressure polymorphs records
a shock pressure in the range of 19–24 GPa and around 2500 K 

We conducted FIB cutting [3] for STEM study in two of the three
akimotoite areas and we investigated the conversion mechanisms. In both
cases, observations reveal that akimotoite  formed from the crystallization of
the high-pressure melt. They also suggest that the pyroxene melt is hardly
miscible with the chondritic liquid. However, chemical analysis made by
STEM-EDS on the akimotoite and enstatite revealed different chemical
compositions. Akimotoite compositions distinct from that of enstatite
resulted from interaction between melts. The “intracrystalline akimotoite”
with the formula  (Ca0,01,Mg1,44,Fe0,57,Al0,02) (Si1,88, Al0,12)O6, is
significantly different from the former pyroxene  (Ca0,03,Mg1,4,Fe0,64)(Si1,87,
Al0,13)O6 and hence did not emerge from solid-state inversion. The “bulk
transformed area” has a chemical formula of
(Ca0,01,Mg1,64,Fe0,32,Al0,02)Si2O6, different from the intracrystalline
akimotoite and the enstatite. This would indicate melting, crystallization and
elemental exchange reactions.

Conclusions: Our results confirm that shock melt veins, due to their
menagerie of high-pressure minerals contain numerous reliable indicators for
the P-T conditions in shocked meteorites and that entrainment of minerals
inside the shock melt vein, particularly orthopyroxene, can lead to their
partial melting followed by a high pressure crystallization and quenching,
barely mixing with the adjacent material.

References:  [1] Ferroir T. et al. 2008. EPSL 275, 26–31. [2] Miyahara
M. et al. 2008. PNAS 105, 25:8542–8547. [3] Miyahara M. et al. 2008. JMPS
103:88–93.
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SILICON ISOTOPE COMPOSITION OF METEORITES AND
PERIDOTITES: SI IN THE EARTH’S CORE, INFLUENCE OF
NEBULAR PROCESSES AND TERRESTRIAL MAGMATIC
PROCESSES
C. Fitoussi1, B. Bourdon1, T. Kleine1, F. Oberli1, and B. Reynolds1. 1Institute
of Isotope Geochemistry and Mineral Resources (IGMR), ETH Zurich,
Clausiusstrasse 25, 8092 Zurich, Switzerland. E-mail:caroline.fitoussi@
erdw.ethz.ch.

The silicon isotope composition of three carbonaceous chondrites
(Orgueil, Murchison, and Vigarano), three ordinary chondrites (Parnallee,
Bovedy, Bremervörde), one enstatite  chondrite (Sahara 97158) and nine
terrestrial samples (7 peridotites, 1 mid-ocean ridge basalt, 1 ocean island
basalt) were measured to high precision and accuracy using the high
resolution Nu Plasma 1700 MC-ICPMS at ETH Zurich. Silicon isotope ratios
were analyzed by sample-standard bracketing against the NBS28 standard.

The meteorite samples cover a narrow range from δ30Si  =  −0.52 ±
0.05‰ for Sahara 97158 (EH3) to δ30Si  = −0.35 ± 0.04‰ for Orgueil (CI).
The terrestrial samples range from −0.32 to −0.24‰. Based on the mean of
our measured terrestrial samples, the Si isotope composition of the bulk
silicate Earth is −0.28 ± 0.03‰ (1 SD), that is 0.08 ± 0.04‰ heavier than our
carbonaceous chondrites. We interpret this small difference in Si isotope
composition as a result of the incorporation of Si into the Earth’s core during
core formation in a deep magma ocean, which is consistent with temperatures
and pressures required to account for siderophile element abundances in the
Earth’s mantle [e.g., 1]. 

Among chondrites, we observe a correlation of the Si isotope
compositions for the measured chondrites with their elemental Mg/Si ratios.
This feature differs from previously reported data where carbonaceous and
ordinary chondrites were indistinguishable within error [2]. The
cosmochemical trend in Mg/Si has been explained by several processes.
Given that these processes are expected to induce kinetic isotope
fractionation of silicon, one can test these hypotheses at least qualitatively: (i)
in the case of fractional condensation [3] starting from a solar composition
(≈CI), the first material to condensate (olivine) should be enriched in light
isotopes. If an olivine-rich component is lost, then the residual enstatite-rich
component should have a high δ30Si, in contrast with what is observed for
enstatite and ordinary chondrites; (ii) the preferential evaporation of
forsterite [4] should lead to lower Mg/Si with a residue enriched in heavy
isotopes, which is not observed; (iii) the reaction of olivine with a SiO-rich
vapor to form enstatite [5] if affected by kinetic isotope fractionation should
lead to a low Mg/Si and a low δ30Si in the reaction product. Thus, among the
three proposed hypotheses, only the latter seems to fit with our Si isotope
observations. 

In contrast with our meteorite data, the terrestrial samples do not show
a resolvable trend in a δ30Si versus Mg/Si ratios, suggesting that magmatic
processes do not fractionate substantially silicon isotopes. It is interesting to
note that the silicon composition of our terrestrial basalts is consistent with
that of BHVO-1 and BHVO-2 measured by [6].

References :   [1] Corgne A. et al. 2008. Geochimica et Cosmochimica
Acta 70:574–589. [2] Georg R. B. et al. 2007. Nature 447:1102–1106. [3]
Larimer J. W. 1979. Icarus 40:446–454. [4] Tachibana S. 2001. Proc. Jap.
Acad. Ser. B 77:37–42. [5] Palme H. 2000. Space Sci. Rev. 92:237–262. [6]
Abraham K. et al. 2008. Geostand. Geoanal. Res. 32:193–202.
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IDENTIFICATION OF SCHREIBERSITE IN THE MERIDIANI
PLANUM METEORITE
I. Fleischer1, C. Schröder1, G. Klingelhöfer1, and R. Gellert2, 1Institut für
Anorganische und Analytische Chemie, Johannes-Gutenberg-Universität
Mainz, Germany. E-mail: fleischi@uni-mainz.de. 2Department of Physics,
University of Guelph, Canada.

Introduction: Meridiani Planum is the only officially recognized
meteorite on the surface of another planet, at the landing site of the Mars
Exploration Rover Opportunity [1]. Its maximum dimension is ~30cm. The
surface of the rock is covered with pits interpreted as regmaglypts. A coating
covers part of the surface [1]. The Alpha-Particle-X-ray spectrometer
(APXS) and the Mössbauer spectrometer were used to investigate the
undisturbed and the brushed surface of the rock. Based on the Ni and Ge
contents derived by APXS, Meridiani Planum was classified as a IAB
complex iron meteorite [1, 2]. The brushed meteorite surface was reported to
be enriched in P, S and Cl in comparison to Martian soil. Preferential melting
of mineral inclusions such as schreibersite ((Fe,Ni)3P) and troilite (FeS) may
explain formation of the regmaglypts and the elevated levels of P and S [1].
Indeed, several so far unexplained small features in the Mössbauer spectra of
Meridiani Planum suggest the presence of schreibersite.

Mössbauer Spectral Analysis and Analogue Measurements: On
Meridiani Planum, Mössbauer spectra were obtained in the temperature
range between 200 K and 270 K and in two different energy windows
(14.4 keV and 6.4 keV), which provide depth selective information about a
sample [3]. To compensate for low counting statistics due to limited
integration time, all available spectra (14.4 keV and 6.4 keV) were summed
for the integrations on the undisturbed and brushed surface, respectively. In
addition to kamacite (á-(Fe,Ni)) and small amounts of ferric oxide [4, 5], all
spectra exhibit minor features indicative for one or more additional mineral
phases. Analogue measurements were performed with a specimen of the
Mundrabilla Iron meteorite (IAB-ung). Spots of kamacite, troilite and
schreibersite were measured. The schreibersite component of the
Mundrabilla spectra could be fitted with three sextets, as indicated in [6] and
[7]. These schreibersite spectral parameters were found to fit well with most
of the features observed in the spectra obtained of Meridiani Planum, with a
subspectral area of 2–3%. Troilite does not match any of the observed
features. Hematite with a subspectral area of 3% fits well to some of the
remaining features.

Conclusions: Mössbauer spectra of Meridiani Planum indicate the
presence of small amounts of schreibersite, which would explain the reported
enrichment of P on the brushed surface of the rock. Small amounts of
hematite are also indicated and have not been reported before.

Acknowledgements: We are grateful to Jutta Zipfel, Senckenberg
Forschungsinstitut und Gesellschaft, for providing the Mundrabilla
specimen. 
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ORGANIC RIMS ON INDIVIDUAL GRAINS IN CP IDPS:
CONSTRAINTS ON THE ORIGIN OF PRE-BIOTIC ORGANIC
MATTER
G. J. Flynn1, S. Wirick2, L. P. Keller3, C. Jacobsen2, and S. A. Sandford4.
1Dept. of Physics, SUNY-Plattsburgh, Plattsburgh NY 12901 USA E-mail:
(george.Flynn@plattsburgh.edu). 2Dept. of Physics and Astronomy, SUNY-
Stony Brook, Stony Brook,  NY 11794 USA, 3NASA Johnson Space Center,
Houston TX 77058 USA, 4NASA Ames Research Center, Moffett Field, CA
94035 USA.

Introduction: Chondritic, porous interplanetary dust particles (CP
IDPs) are the most primitive samples of extraterrestrial material available for
laboratory analysis [1]. These ~10 µm CP IDPs are unequilibrated aggregates
of mostly submicron, anhydrous grains of a diverse variety, including olivine,
pyroxene, glass, and sulfide. We previously reported that CP IDPs contain a
significant amount of organic matter, and concluded that parent body aqueous
processing, which these IDPs never experienced, was not the mechanism that
produced much of the pre-biotic organic matter of the early solar system [2].
However, we were not able to establish either the time or mechanism of its
production. 

Measurements: The individual grains in these CP IDPs are coated by
layers of carbonaceous material [3], typically ~100 nm thick, which holds the
grains together. We have analyzed these grain coatings by X-ray Absorption
Near-Edge Structure (XANES) spectroscopy using the Scanning
Transmission X-Ray Microscope (STXM) on beamline X1A of the National
Synchrotron Light Source. We have obtained C-XANES maps, using a 35 nm
probe spot, of ultramicrotome sections from nine CP IDPs. Cluster analysis,
which compares spectra from each pixel in the map and identifies groups of
pixels exhibiting similar spectra [4] was used to analyze the data. When
applied to a CP IDP, cluster analysis indicates most of the carbonaceous grain
coatings have very similar C-XANES spectra. These C-XANES analyses
demonstrate that carbonaceous coatings on the individual grains in CP IDPs
are organic, with the two strongest absorption features from C=C and C=O.
This organic matter coats the individual grains, implying an assembly
sequence beginning with grain formation, followed by the emplacement of
the organic coating, and finally the assembly of the primitive dust particles. 

Conclusions: The organic grain coatings in the primitive CP IDPs
appear to have formed prior to the aggregation of the most primitive dust
particles currently available for laboratory analysis, indicating that these
grain coatings are the oldest surviving samples of the pre-biotic organic
matter in our solar system.  The thickness and C-XANES spectrum for the
coatings on all grains in an individual CP IDP are very similar, independent
of the mineralogy of the underlying grain. This indicates that mineral specific
catalysis (e.g., the Fischer-Tropsch process), one of the widely accepted
models for organic formation in the early solar system, was not the
production mechanism for the primitive, pre-biotic organic matter that coats
the grains in the CP IDPs. Our observations are consistent with the alternative
model, that primitive organic matter was produced by irradiation of carbon-
bearing ices that condensed on the grain surfaces. 

References: [1] Ishii H. A. et al.2008. Science 319:447–450. [2] Flynn
G. J. et al. 2003. 67:4791–4806. [3] Thomas K. L. et al. 1996. In Physics,
Chemistry and Dynamics of Interplanetary Dust, ASP Conf. Series, 104,
283286. [4] Lerotic M. 2005. Journal of Electron Spectroscopy and Related
Phenomena, 144–147:1137–1143.
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1Dept. of Physics, SUNY-Plattsburgh, Plattsburgh NY 12901 USA E-mail:
george.Flynn@plattsburgh.edu. 2Dept. of Physics and Astronomy, SUNY-
Stony Brook, Stony Brook,  NY 11794 USA. 3NASA Johnson Space Center,
Houston TX 77058 USA. 4NASA Ames Research Center, Moffett Field, CA
94035.

Introduction: Carbonate is a minor phase in hydrous meteorites and
hydrous interplanetary dust particles (IDPs), where it is believed to have
formed by aqueous processing on asteroidal parent bodies [1]. Carbonate has
been reported in the dust shells around evolved stars [2] and in other
interstellar and circumstellar environments [3] where liquid water is unlikely
to have been present. Toppani et al. [4] demonstrated that carbonates can be
formed in these environments by condensation from a H2O-CO2-rich vapor.
However, carbonate formation is not predicted by equilibrium models of
grain condensation in the cooling of a nebula of solar composition [5], thus
carbonate in our solar system is expected only as a product of later aqueous
alteration. We previously reported carbonate in an anhydrous IDP [6] but
were not able to establish that the carbonate was indigenous.

Carbonate Search: The chondritic porous (CP) IDPs are the most
primitive, i.e. least altered by aqueous or thermal processing, extraterrestrial
materials available for laboratory analysis [7]. They are believed to preserve
the original building blocks of the solar system. We used the Scanning
Transmission X-ray Microscope on Beamline X1A at the National
Synchrotron Light Source to map, with an ~35 nm beamspot, ultramicrome
sections for grains exhibiting the C-O3 absorption feature of carbonate, and
identified rare, sub-micron carbonate grains in five CP IDPs. 

Results: Individual grains in CP IDPs are generally not in direct
contact. Each grain is coated with an ~50 to 200 nm thick layer of organic
matter. This structure indicates a three-step sequence for formation of
primitive dust. First, individual grains condensed, then the grain surfaces
were coated by a refractory organic, and finally the grains collided forming
the first dust of the solar system, the CP IDPs. The grains that acquired this
organic coating are the earliest grains present in the solar nebula. 

In two cases the carbonate grains were large enough that we could
obtain good carbon X-ray Absorption Near-Edge Structure (XANES) spectra
of the coating. These carbonate grains are coated with organic matter that
gives a carbon XANES spectrum indistinguishable from the other grains in
the IDP. 

Conclusions: Our results indicate some carbonate was present in the
solar nebula before the era when the grains collided, forming the initial dust
aggregates, the CP IDPs. Thus, some carbonate grains formed prior to parent-
body aqueous processing, which is consistent with non-equilibrium grain
condensation in the nebula. Astrobiologists search for carbonate as an
indicator of liquid water. Our results indicate the presence of rare carbonate
does not provide definitive evidence of aqueous activity.

References: [1] Zolensky M. and McSween H. Y. 1988. in Meteorites
and the early solar system, Univ. of Arizona Press. pp. 114–143. [2] Kemper
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Astromineralogy, Lect. Notes in Phys. 609. pp. 121–170. [4] Toppani A. et al.
2005. Nature 437:1121–1124. [5] Ebel D. and Grossman L. 2000. 64:339–
366. [6] Flynn G. et al. 2004. in Workshop on Chondrites and the
Protoplanetary Disk, Lunar Planet. Inst., Abstract #9068. [7] Ishii H. et al.
2008. Science 319:447–450.
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PROCESSING OF ORGANIC MICROPARTICLES DURING
CAPTURE IN AEROGEL 
N. J. Foster1, M. J. Burchell1, J. Ormond-Prout2, D. Dupin2 and S. P. Armes2.
1Centre for Astrophysics and Planetary Science, Univ. of Kent, Canterbury,
Kent, CT2 7NH, UK. E-mail: nf40@kent.ac.uk. 2Dainton Building, Dept. of
Chemistry, Univ. of Sheffield, Sheffield, S. Yorkshire, S3 7HF, UK.

Introduction: Hypervelocity capture in space has long been
established in aerogel targets [1]. Since the first laboratory demonstration of
capture [2] aerogel collectors have been flown in space for extended periods
on several missions. Particles during hypervelocity capture can be
significantly ablated, altering the size and structure of the projectile,
potentially biasing any subsequent analysis. The presence of rims forming on
particles during capture has been reported [3].  Reductions in diameter by up
to 20% and up to 50% in mass have been shown in some capture events [4].
Here we investigate the use of organic microparticles coated with a layer of
an organic conducting polymer. The overlayer comprises of only 0.8% by
mass of the projectile, it has a very strong Raman signature, hence its survival
or destruction is a sensitive measure of the extent of chemical degradation
suffered by these organic microparticles.

Experimental Method: Polystyrene (PS) microparticles (thermal
degradation temperature 500 ºC) with a mean diameter of 20 µm were coated
with 20 nm of polypyrrole (PPy) [5,6].  Five different speeds were used for
the experiment 1.07, 1.95, 3.33, 4.55 and 6.11 km s−1.  Silica aerogel targets
were used of density 25–35 kg m−3. Extensive characterization of the
projectiles was carried out using Raman spectrometry, along with optical
microscopy and electron microscopy. This was carried out on pristine
samples before firing and on each of the captured samples.

Results and Discussion: Optical analysis of the captured
microparticles at 1.07 km s−1, showed comparable dimensions to the pristine
microparticles, confirming no significant mass loss occurred. However, at
3.3 km s−1 there was a reduction in diameter of  3 µm, removing PPy coating.
At 6.11 km s−1 (similar to that of the Stardust encounter [7]), the captured
particles had only 54% of the original diameter, a loss of 84% mass. Raman
data showed at 1.17 km s−1 the captured microparticle is very similar to that
of the pristine PPy-PS latex. All spectral features characteristic of both PPy
and PS disappear after capture at 1.95 km s−1. Instead, only two broad bands
are seen at 1374 and 1590 cm−1; (the carbon D and G bands). At 3.3 km s−1,
these bands become stronger. Similar  observations were made at 6.17
km s−1. Although PS and PPy are not necessarily appropriate analogues for
all organic molecules, results suggest that substantial thermal processing and
chemical degradation of organic-rich cometary grains can be expected at a
capture speed of 6.1 km s−1.
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ELEMENTAL ANALYSIS OF X-RAY TOMOGRAPHED SERIAL
ALLENDE SECTIONS 
J. M. Friedrich1, 2, S. F. Wolf3, Rola Halabi1, and D. S. Ebel2. 1Department of
Chemistry, Fordham University, Bronx, NY, 10458. 2Department of Earth
and Planetary Sciences, American Museum of Natural History, New York,
NY 10024. 3Department of Chemistry and Physics, Indiana State University,
Terre Haute, IN, 47809.

Introduction: To examine compositional variability and correlation of
these results with a priori knowledge of chondrule, CAI, reduced metal, and
matrix volume abundances within the Allende (CV3ox) chondrite, we
performed trace and major elemental analysis of serial Allende sections
analyzed by X-ray microtomography. With this work we hope to: 1) obtain
information about the homogeneity of Allende, 2) shed light on the issue of
complementary chemical relationships among chondrite components, and 3)
verify assumed information on reservoirs of major and trace elements.  

Methodology: We examined a 31mm × 6 mm × 4 mm parallelepiped
segment of Allende at resolution of 17.1 µm/voxel with synchrotron X-ray
microtomography (µCT) at the GSE-CARS of the Advanced Photon Source
(APS).  Data collection details were similar to those in [1]. Following
tomographic analysis, we cut the sample section into 10 unequally sized
parallel slices ranging in mass from 75 to 500 mg. Volumetric contents of
high temperature inclusions, matrix and metal within each serial slice were
digitally isolated using the techniques outlined in [2].  Subsequent to
microtomography, samples were homogenized and aliquots taken for
determination of 60 major, minor, and trace elements via ICPMS [3].

Results and Discussion: As a whole, our µCT results show a bulk
average and 1ó standard deviation of 22 ± 4 vol% high temperature
inclusions (chondrules and CAIs), 0.7 ± 0.6 vol% metal, and 78 ± 4 vol%
matrix within bulk Allende, in agreement with the results of [4, 5]. Smaller
samples were more likely to have larger deviations from the mean.

Precision of replicate elemental analyses were sufficient to reveal
compositional heterogeneity for all measured elements in the 75 to 500 mg
samples.  Concentrations of major elements Mg, Al, S, Ca, and Fe vary on
average by 7.6% relative to bulk. Minor elements Na, P, K, Ti, Cr, Mn, and Ni
were slightly more variable with an average of 9.6% relative to bulk.  The
highly volatile trace elements (HVTE) Cd, In, Tl, Pb, and Bi demonstrated
the largest variability with an average of 14.4% relative to bulk with Cd and
In varying >20% between samples. Correlation analysis of microtomography
results and composition indicate the HVTE correlate most strongly with
sample matrix content.  Additionally, Tl, Pb, and Bi correlate modestly with
metal content.  All HVTE show inverse correlation with inclusion content.

Trace element results show smaller deviations than chondrule/matrix
ratios within the samples suggesting secondary alteration have mobilized
some elements. The late addition of HVTE to grain surfaces prior to accretion
may also account for this observation. 

References: [1] Friedrich J. M. et al. 2008. Earth. Planet Sci. Lett. 275:
172–180. [2] Friedrich J. M. 2008. Comp. & Geosci. 34:1926–1935. [3] Wolf
S. F. et al. 2005. Analytica Chimica Acta 528:121–128. [4] Brunner C. E.
et al. 2008. Meteoritics & Planetary Science 43:A28. [5] Ebel D. S. et al.
2009. Abstract #2065 40th LPSC.
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A PRELIMINARY STUDY ON 55MN/52CR RELATIVE SENSITIVITY
FOR A SYNTHETIC CARBONATE: TECHNICAL DETAILS
W. Fujiya1, K. Ichimura1, N. Takahata2, N. Sugiura1 and Y. Sano2.
1Department of Earth and Planetary Science, Univ. of Tokyo. 2Ocean
Research Institute, Univ. of Tokyo. E-mail: fujiya@eps.s.u-tokyo.ac.jp.

Introduction: Mn-Cr ages for carbonates contained in primitive
chondrites have been measured by many authors [e.g., 1]. However, a 55Mn/
52Cr relative sensitivity factor was not well established due to the absence of
suitable standards. We prepared a synthetic Mn and Cr bearing calcite to
evaluate the 55Mn/52Cr relative sensitivity factor. Here we report the technical
details.

Carbonate Production: The Cr-bearing calcite was produced in a N2
filled closed system by the reaction Ca2+ + CO3

2− = CaCO3 in an aqueous
solution. The reaction proceeded by continuous addition of ammonium
carbonate vapor to the adjusted solution [e.g., 2]. The crystal size of the
calcite was ~300 µm. A small amount of hydrazine was added to the solution
in order to keep chromous ion from oxidation. We presume divalent Cr was
dominant in the synthesized calcite, although this was not confirmed
experimentally. 

Measurement of Mn and Cr Concentrations: At first, Mn and Cr
concentrations in the calcite were determined by SEM-EDS. After slightly
polishing, they were measured by EPMA. A weak, defocused or rastered
beam was used due to prevent evaporation of the calcite. At the center of the
spherical calcite grains, Mn and Cr concentrations were nearly 0.3 and 0.1
atomic %, respectively. Though the concentrations decrease towards the
periphery, the value of the Mn/Cr ratio was relatively similar in the narrow
area.

SIMS Analysis: 55Mn/52Cr relative sensitivity factor was determined
by NanoSIMS 50 at Ocean Research Institute of Univ. of Tokyo. A primary
O− beam of ~3 nA was focused to ~10 µm in diameter. 43Ca+, 52Cr+, 53Cr+ and
55Mn+ ions were analyzed in a combined peak-jumping/multi-detection
mode. The total measurement time was typically ~35 minutes. The
measurements were started after 5 minutes presputtering. The mass
resolution power was ~3500, sufficient to resolve all relevant isobaric
interferences. Several points near the center of calcite grains with constant
Mn and Cr concentrations were measured.

Results: Signals of all ions decreased with time during the
measurements. A relative sensitivity factor of 55Mn/52Cr also decreased with
time. Initially it was ~0.7–0.8, and approached to a nearly constant value of
~0.5–0.6 after ~20 minutes. The values at the spots analyzed by EPMA were
lower than the others, implying the EPMA analysis affected the Cr ionization
efficiency. 53Cr+/52Cr+ isotopic ratio was 0.1101 ± 0.0006 (1σ), not dependent
on time and space. This value corresponds to ~−16 permil fractionation from
the reference value [3].

Conclusions: We obtained a relative sensitivity factor of ~0.6 for our
NanoSIMS 50. This value was significantly lower than the values used in
previous studies. The relative sensitivity factor was time dependent (depth
dependent). Implications of these results are reported in [4] in this issue.

References: [1] Endress M. and Bischoff A. 1996. Geochimica et
Cosmochimica Acta 60:489–507. [2] Gruzensky P. M. 1967. In Crystal
growth, edited by H. S. Peiser. pp. 365–367. Pergamon, Oxford. [3] de Laeter
J. R. et al. 2003. Pure and Applied Chemistry 75:683–800. [4] Sugiura et al.
2009. This issue.
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GROWTH, FRAGMENTATION AND INWARD DRIFT OF DUST IN
PROTOPLANETARY DISKS: IMPLICATIONS FOR CHONDRITIC
COMPONENTS
T. Fukui and K. Kuramoto. Department of Cosmosciences, Hokkaido
University, Sapporo 060-0810, Japan. E-mail: ftakashi@ep.sci.hokudai.ac.jp.

Introduction: The study of dust evolution in protoplanetary disks is
crucial for understanding the textual, chemical and isotopic properties of
chondrites. It is widely accepted that chondrules were formed by melting of
precursor dust grains in the solar nebula. Thus the typical size of chondrules
would be correlated with the dust growth process. In addition, once dust
grains have grown to ~mm in size, they are subject to inward drift relative to
the nebula gas. This leads to the temporal and spatial variation of the local
dust-to-gas ratio, which may be responsible for the chemical and isotopic
diversities observed in the chondritic components.  

Model: In this study, we investigate the evolution of the spatial
distribution of dust and gas in a protoplanetary disk considering the effect of
dust growth. The inward drift velocity of dust can be calculated if the dust
size is known. Instead of direct simulation of the coagulation equation, we
develop an analytical model for the size evolution of the typical dust grains.
We also include the effect of collisional fragmentation in a simple manner;
i.e., dust growth stops when the mutual collision velocity, which is an
increasing function of the dust size, exceeds a threshold inferred from
laboratory experiments (~a few m s–1) [1]. 

Result: The typical result of our simulation is summarized as follows.
Initially, dust grains are so small that they grow moving tightly coupled to
gas. In the outer region of the disk, dust grains reaches to sub-mm in size after
several 105 yr and then begin to drift inward. The growth of the dust grains
also continues during inward migration but finally stops because of
collisional fragmentation. The dust size at which dust fragmentation begins is
~1 mm in the inner region of the disk if the threshold collision velocity is
about a few m s–1. In the inner region, the inward dust mass flux increases
with r. As a result, a “traffic jam” of dust occurs, increasing the local dust-to-
gas ratio up to several times higher than the canonical value (~0.01) for a few
106 yr. 

Implications for Chondritic Components: The resulting dust size in
the inner region is comparable to that of typical chondrules. Thus, we suggest
that the typical chondrule size is determined by collisional fragmentation of
their precursor dust grains. The increase of the local dust-to-gas ratio in the
inner region potentially explains the distinct difference in the oxygen isotopic
composition of CAIs and chondrules if H2O ice in the nebula was 16O-poor
relative to the solar composition, as pointed out by previous authors [2, 3].
We newly find that the duration of the 16O-poor environment is tightly
correlated with the threshold collision velocity for fragmentation. The
duration decreases with increasing the threshold because dust grains can
grow larger and drift more rapid. 

References: [1] Blum J. and Wurm G. 2008. Annual Review of
Astronomy & Astrophysics 46:21–56. [2] Yurimoto H. and Kuramoto K.
2004. Science 305:1763–1766. [3] Ciesla F. and Cuzzi J. N. 2006. Icarus 181:
178–204. 
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ARE CI CHONDRITES COMETARY SAMPLES? OLIVINE AS A
DIAGNOSTIC TOOL
Y. Le Gac1, 2, G. K. Benedix1, P. A. Bland2 and S. S. Russell1. 1Impacts and
Astromaterials Research Centre, Natural History Museum, London SW7
5BD, UK. 2Impacts and Astromaterials Research Centre, Department of
Earth Science and Engineering, Imperial College London, South Kensington
Campus, London SW7 2AZ, UK. E-mail: y.legac@nhm.ac.uk.

Introduction: CI chondrites are among the most unusual and primitive
type of carbonaceous chondrites. There are only five CI1 meteorite falls.
They are heavily altered [1], yet show a similar bulk composition to the solar
photosphere [2, 3]. There still remain uncertainties about the origin and
formation of the parent bodies for such meteorites. One theory, based on
evidence from textural and mineralogical arguments [4] and orbital
parameters [5], is that CI chondrites derive from cometary nuclei.

We now have known cometary material to compare to CI chondrites.
The Stardust sample return mission collected cometary dust particles by
flying through the coma of comet 81P/Wild 2 and then brought the samples
back to Earth in January 2006.

To determine the relationship between CIs and returned cometary
material, we may therefore have to focus on the distinctive composition of
anhydrous minerals, which are rare in CI meteorites. Olivine is a common
mineral in the solar system, and has been reported in diverse compositions
within Stardust samples, especially with distinctive levels of Fe, Cr and Mn.
In cold cometary bodies it is unlikely that the chemical composition of
olivine will have been affected by parent body processing, so olivines are
likely to be unaltered and could provide evidence for any primary genetic link
between CIs and cometary material.

In this study we present a compositional dataset of olivine grains in CI
chondrites Orgueil and Ivuna, made on a Cameca SX100 Electron
Microprobe, previously detected with a SEM routine [6]. We plan to present
data from TEM and EBSD investigations as well. We then compare CI
olivine compositions with Stardust ones, in order to establish any genetic
link.

Results and Discussion: Olivine in both Orgueil and Ivuna range from
Fa01 to Fa13. Over this compositional range there is a peak in frequency at
Fa  = 10 mol%.  These compositions are more similar to Wild 2 particles and
anhydrous IDPs than to other carbonaceous chondrite types. This feature
might mainly rely on a sampling bias, perhaps not representing the entire
compositional range. Using these mineral analyses as a starting point, the
next logical step is to investigate the olivine at the sub-micron scale. TEM
analyses will allow investigation of much finer compositional data, as well as
grain size distribution, mineral structure and texture.

References: [1] Bullock E. S. et al. 2005. Geochimica et
Cosmochimica Acta 69:2687–2700. [2] Anders E. and Grevesse N. 1989.
Geochimica et Cosmochimica Acta 53:197–214. [3] Lodders K. 2003.
Astrophysical Journal 591:1220–1247. [4] Campins H. and Swindle T. D.
1998. Meteoritics & Planetary Science 33:1201–1211. [5] Gounelle M. et al.
2006. Meteoritics & Planetary Science 41:135–150. [6] Le Gac Y. et al.
2009. Geophysical Research Abstracts 11:EGU2009–8972. 
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RAPID PROTOSTELLAR COLLAPSE AND THE ORIGIN OF
CALCIUM-ALUMINIUM-RICH INCLUSIONS
H.-P. Gail1, M. Trieloff2, W. M. Tscharnuter1, J. Schönke1, and E. Lüttjohann1.
1Institut für Theoretische Astrophysik, Univ. Heidelberg, 69120 Heidelberg,
Germany E-mail: gail@ita.uni-heidelberg.de. 2Institut für Geowissenschaften,
Univ. Heidelberg, 69120 Heidelberg, Germany.

CAIs are a fundamental—though rare—ingredient of chondrites. They
consist of mineral assemblages which are expected for high temperature
(>1600 K) solar nebula condensates, are considered as oldest solar system
material [e.g., 1] and apparently formed over a relatively short time interval
as indicated by their canonical 26Al/27Al ratio of 5.23 ± 0.13 × 10–5, implying
a formation time interval of < ± 20 ka only [2]. However, their detailed
formation setting is basically unknown, and it is also mysterious how they
could dynamically be transported from supposed formation regions in the
inner solar system outwards to chondrite forming regions, and survive a few
Ma before they became incorporated into carbonaceous chondrite parent
bodies, particular as cm-sized objects are susceptible to strong radial drift
forces.

We present new calculations of the collapse of rotating molecular cloud
cores with axial symmetry, including the 2nd collapse of the core to stellar
dimensions and with sufficient resolution to follow up the inner disk
formation on planetary system scales [3]. The model considers
hydrodynamics, radiative transfer, thermodynamics, and realistic opacities.
Our results show (1) A well defined preplanetary disk extending out to
several AU is formed during collapse within a period of the  order of about
3 ka, which is decisively shorter than the widely assumed time scale related
to the so-called “inside-out collapse”; (2) during its initial build-up phase the
inner disk (<4 AU) is rather hot for a period of a few ka following 2nd
collapse; (3) due to the specific pattern of the accretion flow, material that has
undergone substantial chemical and mineralogical modifications in the hot
(>900 K) inner part may have a good chance to be advectively transported
outward into the cooler remote parts (>4 AU, say) of the disk and to survive
there until it is incorporated into a meteoritic body. The model provides for
the first time the initial temperature and density structure of the accretion disk
and the flow pattern in the disk and its surroundings, including the accretion
shocks, during the very first stages of evolution on scales <<1 AU. It shows
that from the beginning on there is both, accretion and a large-scale transport
of matter close to the mid-plane from hot inner regions, hot enough for
formation of materials like CAIs in meteorites, outward to distances of
several AU from the centre. The model therefore seems to offer also an
explanation how the short CAI-forming period in the solar nebula is related to
the early evolutionary phase of the accretion disk. Though other disc
activities may provide high temperature energetic events (e.g., FU Orionis
outbursts), they mostly were active on significantly longer time scales, and
appear unsuitable to explain why CAIs formed over such a restricted time
interval of ±20 ka only.

References: [1] Amelin Y. et al. 2002. Science 29:1678–1682.
[2] Jacobsen B. et al. 2008. Earth and Planetary Science Letters 272:353–
364. [3] Tscharnuter W. M. et al. Astronomy and Astrophysics, arXiv:
0903.4580.
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ATACAMA: THE DENSEST METEORITE COLLECTION AREA
AMONG HOT DESERTS? 
J. Gattacceca1, E. M. Valenzuela2, M. D. Leclerc3, P. Rochette1, C. Suavet1,
A. J. T. Jull3, M. Uehara1, P. Munayco4, M. Bourot-Denise5, and R. B.
Scorzelli4. 1CEREGE, CNRS/Aix-Marseille University, France. E-mail:
gattacceca@ cerege.fr. 2Universidad de Chile, Santiago, Chile. 3Arizona
AMS Laboratory, The University of Arizona, Tucson, USA. E-mail: 4CBPF/
MCT, Rio de Janeiro, Brazil. 5 MNHN, Paris, France.

The Atacama desert (Chile) is one of the world's oldest and driest desert
[1]. We describe here the main features of the San Juan Dense Collection
Area (DCA), a deflation area located in the Central Depression of the
Atacama desert (Chile). This study is based on the recovery of 31 meteorite
stones collected on a surface of 2.8 km2 during two systematic search
campaigns organized by the University of Chile (Chile) and CEREGE
(France).

Petrographic observations, electron microprobe data, physical
properties, 14C terrestrial ages, and magnetic susceptibility data show that the
31 stones (ordinary chondrites except one CO3, San Juan 009) represent a
minimum of 26 unpaired meteorites. The meteorite density can therefore be
estimated to about 10 different meteorites per km2. This is a lower estimate
since some meteorites may have been left on the field due to the ubiquitous
presence of dark magmatic rocks on this surface. This meteorite density is
higher than other productive area like Roosevelt County with 5 meteorites/
km2 [2], and one or more orders of magnitude higher than other DCA like
the Nullarbor region with ~1 meteorite/km2 [3] or Dar al Gani area with
~0.2 meteorite/km2 [4].

In San Juan DCA, the meteorite density is not homogeneous within the
(limited) investigated area. The number of meteorites inside a 0.5 km2 sliding
square varies between 3 and 15. Field observations suggest very limited
transport, so that these variations are more likely to be statistical noise or
differential deflation rates within the area. Forthcoming search in the same
area will hopefully solve this question.

The mass histogram of the San Juan meteorites differs from those of
most other hot desert DCA in that we have more than twice as many stones
<40 g, but we lack stones >550 g that make up ~25% of other collections. We
attribute this to a more systematic and careful search by foot in the San Juan
area than in other DCA where there is a bias toward larger stones searched by
car. Indeed the San Juan mass distribution is similar to that of Nullarbor
region [3] that was also searched by foot in a systematic way.

The terrestrial age spectrum (based on 9 ages 14C only) shows that all
stones from the San Juan DCA but one are younger than 20 ka. However, the
meteorite flux estimated in other studies (e.g., [5, 6]) is way too low to
explain such a high density of “young” meteorites (almost 10 stones/ km2).
14C dating of the 22 other stones will hopefully solve this apparent misfit.

Despite the high meteorite density, the ubiquitous presence of dark local
rocks and the dark color of the desert varnish make meteorite search in the
San Juan DCA a tedious activity. Therefore it takes much more time to search
a given surface in Atacama than on a homogeneously bright-colored surface
like in Dhofar or Dar al Gani areas. Moreover adequate surfaces seem quite
limited. It is therefore unlikely that this area will provide large numbers of
meteorites in the future.

References: [1] Dunai et al. 2005. Geology 33:321–324. [2] Zolensky
et al. 1990. Meteoritics & Planetary Science 25:11–17. [3] Bland et al.
1996. Monthly Notices of the Royal Astronomical Society 283:551–565. [4]
Schlüter et al. 2002. Meteoritics & Planetary Science 37:1079–1093. [5]
Halliday et al. 1989. Meteoritics & Planetary Science 24:173–178. [6]
Bland et al. 1996. Geochimica et Cosmochimica Acta 11:2053–2059.
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NWA 5764: THE FIRST LL-L CHONDRITE
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Marseille University, France. E-mail: gattacceca@cerege.fr. 2MNHN,
Paris. 3 E-mail: rlenssen@planet.nl.

Although a large number of ordinary chondrites are brecciated, it is
very uncommon to find in an ordinary chondrite clasts from a different
ordinary group [1]. In the rare cases where this was observed, the volume
abundance of such foreign ordinary clasts in ordinary chondrites is about 1%
at most and these clasts are generally infracentimetric [2–4].

We describe here NWA 5764, a single 502 g stone which is an ordinary
chondrite breccia constituted by two contrasted lithologies: LL6 (Fa
31.53 ± 0.64, Fs 26.54 + 0.44) and L4 (Fa 25.58 + 0.53, Fs 22.2 + 0.31). The
LL6 lithology is itself a dark/light LL breccia and makes up the groundmass
of the meteorite. The remarkable feature is the presence of dark L clasts that
are several centimeters in size, and cover 30 % of the surface of the 20 g type
specimen.

Magnetic susceptibility, logχ = 4.20 (χ in 10−9 m3kg−1) is clearly in the
very upper range for LL6 chondrite (logχ = 3.95 ± 0.23, based on 19 falls
[5]), and above the range for LL finds if one takes into account weathering
(W1, with an expected decrease of magnetic susceptibility of ~0.1 [5]). This
is in agreement with mixing of LL material with material richer in metal (L
falls have logχ = 4.87 + 0.10 [5]).

The dark color of the L4 clasts is due to ubiquitous darkening of the
silicates by sulfides, even in chondrule mesostasis. However, the shock level
is the same in the two lithologies (S3, evidenced by the widespread
occurrence of planar fractures in olivine).

References: [1] Bischoff et al. 2006. in Meteorites and the early solar
system II:679–712. [2] Rubin et al. 1983. JGR 88:A174–754. [3] Bischoff
et al. 1993. Meteoritics & Planetary Science 28:570–578. [4] Wieler et al.
1989. Geochimica et Cosmochimica Acta 53:1449–1459 [5] Rochette et al.
2003. Meteoritics & Planetary Science 38:251–268.

Backscattered electron image of NWA 5764: the LL6 lithology (left) and the
L4 lithology (right) are separated by an ~20 µm vein filled with metal and
sulfide.
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THERMAL SIMULATION OF A MAGMA OCEAN ON ASTEROID
4 VESTA
A. Ghosh1 and R. Day2. 1Tharsis Inc., 8227 Ironclad Ct, Gaithersburg, MD
20877. E-mail: aghosh@cs.utk.edu. 2Computational Sciences and
Mathematics Div., ORNL, Oak Ridge, TN 37831.

Introduction: Recent work on chronology seem to point to older ages
for eucrites: which favor a magma ocean model for Vesta. [1] indicate a Pb-
Pb age for the eucrite Asuka 881394 of 4.566 + 0.3 Ga. Whole rock isochrons
of eucrites based on Hf-W, Al-Mg and Mn-Cr [2–4] indicate somewhat
younger ages at around 4.564 Ga (or about 3.5 Myr after CAI formation).
From the perspective of thermal modeling, the old ages of noncumulate
eucrites require fast accretion followed by silicate melt generation. If 26Al is
assumed to be the heat source, a scenario of early melting (necessary for the
formation of eucrites), requires a magma ocean to form on Vesta.

Magma Ocean Models of Vesta: There are two variations of proposed
magma ocean model: the distinguishing characteristic is the use of
equilibrium crystallization [5] or fractional crystallization models [6],
respectively, to explain the petrologic trends observed in HEDs. [5] proposed
a multistage evolution of the HED parent body that satisfies several
petrologic constraints except for the low volatile (Ca, Na) content of eucrites.
[5] envisioned an early formed magma ocean with a core and molten mantle.
Equilibrium crystallization in the magma ocean produced crystals of olivine,
opx and spinel. The crystals remained suspended until the crystal fraction
exceeded 0.8, when gravitational segregation of silicates occurred. Crystal
settling formed a layer of dunite followed by a layer of diogenite. The
residual liquids generated the Main Group Eucrites, whereas fractionation of
evolved liquids within the crust generated the Nuevo Laredo trend [5].

Methodology: [7, 8] presented the first thermal model of Asteroid 4
Vesta using 26Al as a heat source. In the present abstract, we modify the
thermal model to simulate a scenario of a magma ocean. The heat transfer
equation is solved by the finite element method for a spherical asteroid using
26Al and 60Fe as heat sources. Accretion is assumed to be incremental and a
radiation boundary condition is used to approximate heat loss from the body.
Thermal diffusivity and specific heat are recalculated for each rock type. For
clarity in modeling, the calculation is divided into five temporal domains:
Stage 1: Accretion; Stage 2: Heating of homo-genous asteroid until core
separation; Stage 3: Further heating of the mantle until magma ocean forms;
Stage 4: Cooling of the magma ocean; Stage 5: Cooling of the core, mantle
and crust. Parameterized convection is implemented using [9]. 

Results: Assuming a H-Chondrite composition and homogeneous
distribution of 26Al, initial results indicate that a magma ocean scenario on
Vesta requires an accretion time of <2 Myr. In a magma ocean scenario, the
igneous crystallization ages on noncumulate eucrites can range from about
2 Myr, for the first formed melt >5 Myr for the last residual liquid.

References: [1] Amelin Y., Wadhwa M. and Lugmair G. 2006. LPSC
XXXXVII, #1970. [2] Lugmair G. W. and Shukolyuklov A. 1998.
Geochimica et Cosmochimica Acta 62:2863–2886. [3] Bizzaro M. et al.
2005. ApJ 632:L41–L44. [4] Kleine T. et al. 2005. Geochimica et
Cosmochimica Acta 69:5805–5818. [5] Righter K. and Drake M. J. 1997.
Meteoritics & Planetary Science 32:929–944. [6] Ruzicka A. et al. 1997.
LPI 28:1215–1216. [7] Ghosh A. 1997. PhD Dissertation, University of
Tennessee. [8] Ghosh A. and McSween H. Y. 1998. Icarus 134:187–206. [9]
Cooke F. and Turcotte D. L. 1981. Tectonophysics 75:1–17. 
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PRESSURE-TEMPERATURE-TIME RECORDS OF SHOCK 
IN METEORITES 
Ph. Gillet1, T. Ferroir1, P. Beck2, and A. El Goresy3. 1LST ENS-Lyon, 69364
Lyon, France. E-mail: philippe.gillet@ens-lyon.fr. 2Laboratoire de
Planetologie, Universite Joseph Fourier, 38041 Grenoble, France.
3Bayerisches Geoinstitut, Universität Bayreuth, 95447 Bayreuth, Germany. 

Introduction: The quantification of the transient pressure and
temperature conditions that prevailed during shock events in terrestrial and
extraterrestrial materials is essential for understanding the dynamics of the
solar system formation and evolution. Shock processes can be studied at
various levels: morphological traces (craters), transformations in rocks and
minerals, comparisons between both dynamic and static experiments and
natural assemblages. 

Results: Relations linking the size of the impactor and its velocity
combined with the diameter of the impact crater show that in the asteroidal
belt typical shock durations range from the millisecond to less than 10
seconds. The Hugoniot-Rankine equations show that for a shock pressure of
80 GPa a 60 km-sized impactor will induce a shock lasting 10 seconds. In the
classical scale of shock metamorphism the stage S6 corresponds to
pressures in excess of 55 GPa and to temperatures around 2000 K. For these
conditions, simple calculations show that olivine crystals should be
partially to completely transformed into high-pressure polymorphs in less
than 2 seconds. Such massive mineral transformations in the bulk of shocked
meteorites have never been observed. We discuss the record of the (P, T, time)
shock history from the presence of high-pressure minerals in shocked
meteorites. They result either from solid-state reactions in a perfect pressure
medium (chondritic melt) or from the crystallization of a melt at high
pressures [1]. They are confined in the shear melt veins, melt pockets or close
to their walls. They provide the only precise record of the (P, T, time) history
of the shock. Several examples concerning the olivine-wasdeylite-
ringwoodite and the pyroxene-majorite-akimotoite system will be presented.
These assemblages altogether cannot form or survive a peak pressure of at
least 70–80 GPa [2]. The inferred peak shock pressure for most S6 shocked
chondrites or Martian meteorites lie between 20 and 30 GPa for temperatures
around 2000 K [3]. The inferred shock duration varies between 10 ms and a
few seconds. The peak shock pressure is by far much less than that proposed
by the classical shock pressure scale [4].

Finally the recent finding of the Li-niobate high-pressure polymorph of
FeTiO3 ilmenite in shocked gneisses in the Ries crater [5] unambiguously
demonstrates once more the correct use of static experimental results for
estimating the formational conditions of natural dynamically produced
analogues. 

Conclusions: Consistency among all the approaches used to infer the P,
T, t history of shocked rocks is needed. The classical classifications of shock
degree in rocks are incompatible with the most recent discoveries of high-
pressure mineral assemblages in meteorites and thus need to be
fundamentally revised. We suggest that the classical scale must be
recalibrated using the P,T conditions recorded in the shear melt veins.

References: [1] Chen et al. 1996. Science 271:1570–1573. [2] Wang Y.
et al. 1997. Science 275:510–513. [3] Beck P. et al. 2005. Nature 435:1071–
1074. [4] Stöffler D. et al. 1991. 55:3845–3867. [5] Dubrovinsky L. 2009.
Meteoritics & Planetary Science, this issue.
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NON-EQUILIBRIUM CRYSTALLIZATION OF AMORPHOUS
POROUS DIOPSIDE DUST ANALOGS
J. Gillot1, M. Roskosz1, C. Depecker1, P. Roussel2, and H. Leroux1.
1Laboratoire de Structure et Propriétés de l’Etat Solide UMR 8008 CNRS
Université Lille 1. E-mail: jessy.gillot@ed.univ-lille1.fr. 2Unité de Catalyse
et de Chimie du Solide UMR 8181 Université Lille 1.

Introduction: Silicate dusts in the ISM are thought to be porous
aggregates of amorphous magnesium rich silicates. As they are incorporated
into the protostellar nebula, these structural properties likely influence their
crystallization behavior during simple annealing. In this study we illustrate
the way such amorphous material crystallizes by the sequence of alkaline-
earth rich minerals that nucleate from porous and amorphous diopside
precursors. This original behavior provides new insights into the formation of
minerals studied in infrared observatories or found in natural objects.

Experiments: Amorphous and porous diopside was synthesized by a
Sol-Gel route developed in our laboratory. Samples show a fluffy
microstructure with a domain size of about 10 nm which confer to the
material a high surface/volume ratio, comparable to silicate smokes. In situ
XRD experiments were carried out on powders in a Guinier-Lenné
diffraction chamber furnace from ambient temperature to 1000 °C at 7 °C/h.
In addition powders were also annealed at 740 °C (~10 °C above Tg of
diopside glass) for 10 days. Recovered samples were analyzed by TEM and
X-ray EDS.

Results: In-situ XRD annealing of the sample reveals the successive
crystallization of merwinite (Ca3Mg[SiO4]2) at ~705 °C, akermanite
(Ca2MgSi2O7) and diopside (CaMgSi2O6) at ~800 °C, forsterite (Mg2SiO4) at
~825 °C and probably cristobalite (SiO2) at ~950 °C. Note that all these
phases coexist in the final annealed samples. When the annealing temperature
increases, the Ca-rich phases nucleate first, which leads to a significant CaO
depletion of the residual amorphous material. At higher temperature, the Mg-
rich mineral (forsterite) subsequently appears. This sequence is completed by
the formation of crystalline silica from the SiO2-rich amorphous residue.

TEM associated with X-ray EDS analysis show that amorphous porous
diopside annealed at 740 °C for 10 days forms crystalline merwinite,
akermanite, diopside and forsterite. Phase morphologies strongly depend on
the mineral formed. Akermanite and merwinite are found as fine-grained
polycrystalline aggregates (typical grain size  = 100 nm) while forsterite and
diopside are micron-sized. A Mg- and Ca-poor amorphous phase also
remains, usually intermingled with nanocrystals. These observations are fully
consistent with the XRD results. Around Tg bulk diffusion is very slow and
dominated by alkaline and alkaline-earth cation diffusion. On the other hand
surface diffusion is faster and probably still significant at such moderate
temperatures. Therefore, the high surface/volume ratio of the material
probably enhances diffusion processes and allows Ca and Mg cations to form
alkaline earth-rich phases faster than more stable but silicic phases. 

5123
SPHERULITIC AGGREGATES OF CHONDRITIC ORIGIN FROM
THE TRANSANTARCTIC MOUNTAIN MICROMETEORITE
TRAPS
M. van Ginneken1, L. Folco1, P. Rochette2, and N. Perchiazzi3. 1MNA, Siena,
Italy. E-mail: vanginneken@unisi.it. 2CEREGE, Aix-Marseille, France.
3DST, Pisa, Italy.

Three spherulitic aggregates (~400 µm) were magnetically extracted
from the fine-grained, granitic detritus of the Transantarctic Mountain (TAM)
micrometeorite traps at Miller Butte (Victoria Land) [1]. These traps have
been collecting micrometeorites since at least the last Ma as documented by
the Australasian (~0.8 Ma old) microtektites found therein [2]. The three
aggregates were sectioned and studied using a SEM-EDS and EMP in order
to determine their mineralogical and bulk chemical composition. The
aggregates mainly consist of porous assemblages of spherules and
spherule fragments similar to cosmic spherules <50 µm in diameter. The
spherule frequency by type (%) is: G-type spherules (G) 82, porphyritic
olivine-type spherules (P) 7, feathered and barred olivine-type spherules (FO
and BO) ~1, glassy spherules (V) 1, porphyritic olivine fragments (POF) 10.
Abundances (vol%) are: POF 47, G 37, PO 12, FO-BO 3 and V 1.  The range
and mean diameter of a representative sample of 1236 spherules are 0.4–
39.8 and 3.7 ± 4 µm. Mineral grains of the host detritus are also embedded
in the aggregate suggesting that spherule aggregation, at least in part,
occurred after deposition.

The non-volatile element bulk composition of the aggregate,
reconstructed on the basis of modal abundances and EPMA bulk
compositions of the spherules, is chondritic (Ca/Al = 1.09; Mg/Si = 0.91; Al/
Si = 0.079; Ca/Si = 0.085; Fe(t)/Si = 1.44; Fe(t)/Ni = 17.36) with an affinity
with OC or CR fusion crust compositions [3]. High contents of Na and Cl are
due to terrestrial weathering. EPMA olivine composition is Fa16 ± 2.5.
Olivine and magnetite contain NiO up to 1–3 wt%, as observed in chondritic
fusion crusts [3].

The bulk and mineral composition of the spherulitic aggregate from the
TAM indicates that its parent material was chondritic. The geochemical
affinity with OC or CR fusion crusts and the high Ni content of olivine
suggests that the spherulitic aggregate represents ablation debris of a large
OC or CR meteorite rather than an extraordinary high flux of cosmic
spherules. The structure and bulk composition of the spherulitic aggregate
from the TAM is similar to the particles found in the 2833 m and 2788 m deep
extraterrestrial dust-rich layers in the Dome Fuji and EPICA Dome C East
Antarctic ice sheet cores with a model age of 481 ± 6 ka [4, 5]. The bulk
composition, as well as the texture and mineralogy of the porphyritic
fragments of the spherulitic aggregates from the TAM are indistinguishable
from those of the BIT-58 H-chondritic ablation debris layer found in the
Allan Hills blue ice [6].  We are thus exploring the possibility that these three
extraterrestrial dust layers originated from a similar process and, possibly,
from a single continental scale (or larger) meteoritic event that occurred
~480 ka ago.

Acknowledgements: This work was supported by the PNRA and by
the EU-funded ORIGINS project.

References: [1] Rochette et al. 2008. PNAS 105:18206–18211. [2]
Folco et al. 2008. Geology 36:291–294. [3] Genge et al. 1999. Meteoritics &
Planetary Science 34:341–356. [4] Narcisi B. et al. 2007. GRL 34:L15502.
[5] Misawa K. et al. 2008. LPSC 39, #1690. [6] Harvey R. et al. 1998.
Geology 26:607–610.
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TERRESTRIAL CARBONATES OF METEORITES FROM CHILE,
OMAN, NORTHWEST AFRICA AND SAUDI ARABIA
M. D. Giscard, A. J. T. Jull, and L. R. Hewitt. NSF-Arizona AMS Laboratory,
University of Arizona, Tucson, AZ 85721, USA. E-mail:
leclerc@email.arizona.edu.

Introduction: We have investigated the use of δ13C to reconstitute the
paleotemperatures in hot deserts. As a first approach, the terrestrial
carbonates from meteorites found in hot deserts can be compared to soil
carbonates, without a vegetation effect. Therefore, the carbonate stable C
isotope composition is a function of the elevation and the atmosphere CO2
composition [1] only. In this study, all meteorites used were found on the
surface; therefore we consider that no confined groundwater took part in the
meteorites carbonates formation.  

Meteorites Studied: We studied 53 meteorites [2] from the Arabian
Peninsula (47 from Oman, and 6 from Saudi Arabia), 57 from the Atacama
Desert [3, 4], and 23 from NWA [5].  The meteorite finds from Oman and
Saudi Arabia [2] and the Atacama [3] are discussed in other presentations at
this meeting.  Approximately 70% of the samples are ordinary chondrites,
which have been described as ideal material for weathering studies by [6].
The second most abundant class is lunar, with 18 lunar meteorites from NWA
and 5 from Oman. No carbonaceous chondrite has been used in this study
because it is likely that their carbon could be recycled in the weathering
products, therefore inducing a bias in the carbonate C isotopic composition.    

Experimental Method: Terrestrial ages have been determined by 14C
measurements after the sample has been leached in H3PO4 at 70 °C during at
least 12 hours and then rinsed. Ages and δ13C of the carbonates are
determined by measurements on the CO2 produced during leaching inside a
vessel where we beforehand established a vacuum of 10−4 to 10−5 torr. All the
measurements have been done at the NSF Arizona-AMS Laboratory,
University of Arizona, according to the method described by [7]. Some δ13C
measurements have shown that the gas produced during leaching contained
contaminants. Such results have been discarded.  

Terrestrial Ages and Weathering: A slight correlation between
weathering grade and meteorite terrestrial age has been observed in the Oman
meteorites but the inconsistencies does not seem to be correlated to climate
changes [2].  

Meteorite Terrestrial Ages versus Carbonate Ages: Meteorites with
terrestrial age between 0 and 10 kyr have carbonates with post-bomb ages,
which means that they formed recently and/or have ongoing carbonate
formation. Between 10 kyr and 30 kyr, we observe a positive correlation
between terrestrial ages and carbonate ages. After 30 kyr, there is a more or
less defined plateau in carbonate ages. The significance of this plateau can be
discussed in terms of limitations of the 14C dating technique.

Acknowledgments: We thank H. Chennaoui-Aoudjehane, J.
Gattacceca, B. A. Hofmann, A. Irving, K. Nishiizumi, P. Rochette, E. M.
Valenzuela, and K. Welten for providing samples for this study.  This work
was supported in part by a NASA Cosmochemistry grant. 

References: [1] J. Quade et al. 2007. 71:3772.  [2] B. A. Hofmann et
al., this issue.  [3] Gattacceca J. et al., this issue. [4] Valenzuela E. M. 2008.
Abstract #5065, 71st MetSoc meeting. [5] Korotev R. L. et al. 2008. LPSC 39,
Abstract #1209. [6] Bland P. A. et al. 1998. 62:3169. [7] Jull A. J. T. et al.
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ENRICHMENT OF L-ISOVALINE BY AQUEOUS ALTERATION ON
CI AND CM METEORITE PARENT BODIES
D. P. Glavin and J. P. Dworkin. NASA Goddard Space Flight Center,
Greenbelt MD 20771. E-mail: daniel.p.glavin@nasa.gov.

Introduction: The finding of slight to significant enantiomeric
excesses for several indigenous amino acids in the Murchison and Murray
CM-type meteorites [1–3] could point toward an exogenous origin of
biological homochirality on the early Earth. UV circularly polarized light
(UV-CPL) in the presolar cloud has been proposed as one possible source of
the initial amino acid symmetry [4].  However, in order to produce the largest
15.2% L-excess previously reported for isovaline in Murchison [3], more
than 99% of the amino acid would have to be destroyed by UV-CPL [5].
Another possibility is that a small initial imbalance was amplified under
aqueous conditions in the meteorite parent body [6, 7]. To investigate the role
of aqueous alteration in amino acid asymmetry in carbonaceous meteorites,
we studied the distribution and enantiomeric composition of the 5-carbon
amino acids found in the aqueous altered CI Orgueil, CM meteorites
Murchison and LEW 90500, and less altered CM LON 94102 and CR
meteorites QUE 99177 and EET 92042 using liquid chromatography time of
flight mass spectrometry [8].   

Results and Discussion: We measured a large L-enantiomeric excess
of the á-methyl amino acid isovaline in the CM meteorite Murchison (18.5 ±
2.6%) and the CI meteorite Orgueil (15.2 ± 4.0%). The excess found in
Murchison is the largest reported for any meteorite. Interference from all
other possible five carbon amino acid isomers, analytical biases, and
terrestrial amino acid contamination were ruled out as a possible source of the
L-excess.  In contrast, we observed no L-isovaline enrichment for the most
primitive unaltered Antarctic CR meteorites EET 92042 and QUE 99177.
These results are inconsistent with UV-CPL as the primary mechanism for L-
isovaline enrichment and indicate that amplification of a small initial
imbalance occurred during an extended aqueous alteration phase on the
meteorite parent bodies.  

Conclusion: The large enantiomeric excesses in isovaline that have
previously been detected in Murchison have now been independently
confirmed by using a different analytical technique and the finding that the CI
meteorite Orgueil also contains a similar enrichment of L-isovaline provides
additional support that a wide variety of altered carbonaceous chondrites
could have contributed meteoritic amino acids to the origin of homochirality
on Earth and possibly elsewhere.  The impact of extraterrestrial input versus
local abiotic synthesis of asymmetric amino acids on the origin of
homochirality in life on Earth is unknown. However, the fact that only L-
amino acid excesses have been found in meteorites analyzed so far (no D-
excesses) may indicate that the origin of life on Earth and possibly elsewhere
in our solar system was biased toward L-amino acids from the very
beginning.

References: [1] Cronin J. R. and Pizzarello S. 1997. Science 275:951–
955. [2] Pizzarello S. and Cronin J. R. 2000. 64:329–3338. [3] Pizzarello S.
et al. 2003. 67:1598–1595. [4] Bonner W. A. and Rubenstein E. 1987.
Biosystems 20:99–111. [5] Flores J. J. et al. 1977. J. Am. Chem. Soc. 99:
3622–3625. [6] Blackmond D. G. 2004. PNAS 101:5732–5736. [7] Klussman
M. et al. 2006. Nature 441:621–623. [8] Glavin D. P. and Dworkin J. P. 2009.
PNAS 106:5487–5492.
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METEORITE EXPLORATION IN SAUDI ARABIA 2008: YABRIN
AREA AND A VISIT TO THE WABAR CRATERS
E. Gnos1, B. A. Hofmann2, M. Al-Shanti3 and M. Al-Halawani3 1Natural
History Museum Geneva. E-mail: first author. 2Natural History Museum
Bern, Switzerland. 3Saudi Geological Survey, Jeddah, Kingdom of Saudi
Arabia.

Introduction: Based on experience with meteorite search areas along
the southeastern border of the Rub Al-Khali desert in Oman, potentially
suitable areas were identified on satellite images at the NW end of the Rub
Al-Khali, centered around 23°15′N and 49°E in the area of the Yabrin oasis.
In this area, light-colored Miocene limestones as well as darker Quaternary
gravel plains occur, rimmed in the west, south and east by sand dunes. The
area of interest is about 100 by 250 km in size. During a field trip organized
by the Saudi Geological Survey in March 2008, a first reconnaissance search
for meteorites in this area was combined with a mapping of the Wabar crater
field located in sand dunes ~200 km further SE The number of previously
known meteorites from Saudi Arabia (27) is very low considering the vast
areas potentially suitable for discovering meteorites. Several meteorites were
discovered during early oil prospecting [1].

Meteorite Search: A three-day exploratory search for meteorites in the
Yabrin area using two 4WD vehicles yielded five meteorites (four ordinary
chondrites, one acapulcoite) of 19 to 13.900 g mass. The yield of 5 meteorites
on a search trajectory of 320 km is comparable to yields in Oman.

Wabar Craters (Al-Hadeedah): In the Wabar impact crater field only
craters Philby A and large parts of the 11m-crater were visible in March 2008,
whereas Philby-B was fully covered by a dune. The craters and impact ejecta
fields were mapped using GPS, demonstrating significant changes since the
1994/95 mapping [2]. Shock-lithified sand from the two larger craters
contains coesite and stishovite, while no coesite was detected in weakly
shock-compacted sand below the 11m-crater.

Four samples of dead Cornulaca Arabica stems grown on the crater
ejecta rims yielded modern 14C ages, testifying periods of rapid growth
following by dry periods. The craters may become sand covered protecting
them from further damage due to cars driving over it.

Conclusions: Sand-free areas bordering the Rub Al-Khali in Saudi-
Arabia appear to contain similar abundances of meteorites as the well-known
meteorite recovery areas in Oman. A visit to the Wabar crater field in the
dynamic sand sea of the Rub Al-Khali demonstrated the vulnerability of this
unique site.

References: [1] Holm D. A. 1952. American Journal of Science 260:
303–309. [2] Wynn J. C. 2002. Journal of Environmental & Engineering 7:
143–150.
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MICRO-SURGICAL FIB-TEM STUDY OF DIVERSE LIQUIDUS
WADSLEYITE-RINGWOODITE PAIRS FRACTIONALLY
CRYSTALLIZED FROM OLIVINE MELT ENCLAVES IN SHOCK
MELT VEINS IN L6 CHONDRITES
A. El Goresy1, M. Miyahara2, E. Ohtani2, T. Nagase2, M. Nishijima2, T.
Ferroir3, and Ph. Gillet3. 1Bayerisches Geoinstitut, Universität Bayreuth,
95447 Bayreuth, Germany. E-mail: ahmed.elgoresy@uni-bayreuth.de.
2Graduate School of Science, Tohoku University, Sendai, 980-8758, Japan.
3ENS-Lyon, 69364 Lyon, France. 

Introduction: We have recently demonstrated that the formation of
coexisting Mg-rich wadsleyite (Wds) and Fe-rich ringwoodite (Rgt) in
shocked L6 chondrites didn’t result from solid-state phase transition of
olivine, as is generally accepted [1]. Textural settings and the chemical
compositions of coexisting Wds-Rgt proven to be characteristic of fractional
crystallization from olivine melts at high-pressures and temperatures [2]. We
newly discovered that fractional crystallization of the olivine melts proceeds
differently, even in the same molten single olivine grain. Settings, textures
and compositions dramatically vary across very short distances within the
same parental olivine thus revealing a menagerie of Wds-Rgt intergrowths
and compositions of individual crystallites. Here, we report novel findings of
Wds-Rgt assemblages, textures, compositions and the first natural occurrence
of topotaxial Rgt exsolution lamellae in Wds crystallites in former olivine
chondrules and olivine fragments entrained in shock-melt veins in the Peace
River L6 chondrite. 

Results: The assemblage Wds-Rgt occurs in large olivine grains as
vein-like arrangements feigning planar intra-crystalline growth of Rgt
lamellae. However, TEM study of the FIB-slices revealed symmetric
arrangement of liquidus polycrystalline Wds- crystallites (Fa14–22) bordering
both wall sides of long fractures in parental olivines. Vein interiors consist of
spindle-shaped Rgt pegs (Fa44–49) oriented with the longest axes vertical to
the fracture walls. Idiomorphic Wds (Fa>14<21) depicts one set of topotaxial
Rgt (Fa>30<37) lamellae presumably exsolved from parental Fa-rich Wds. In
contrast, Wds-Rgt pairs in former olivines in chondrules depict a concentric
arrangement: Wds (Fa6–10) occupies the core, whereas Rgt (Fa28–39)
encompasses the Wds cores. Also here, few Wds crystallites (Fa8–9) display a
set of exsolved Rgt (Fa12–13) lamellae (<60 nm). Fa-contents of both Wds and
Rgt in the chondrule former olivines are clearly lower than those in large
olivines (Wds  =  Fa6-10 v.s.  = Fa14–21; Rgt  = Fa>29<38 v.s.  =  Fa44–49;
respectively). The compositional gap between Wds and Rgt is slightly wider
in the veins in individual olivine fragments (Fa~35) than in chondrule olivines
(Fa<32), although the melts originated from unzoned olivines with similar
compositions (Fa24–26) and both Wds and Rgt were produced in both settings
by fractional crystallization of pure olivine melts at high–pressure. 

Conclusions: Our results demonstrate the complexity of the fractional
crystallization schemes, the resulting textures and compositions even within the
same melt vein. Estimation of P-T conditions requires a detailed TEM survey
of surgically cut FIB- slices in large areas of different olivines. Compositions of
exsolved Rgt lamellae (Fa12–13) in host Wds (Fa8–9) crystallites allow
bracketing the P-T conditions to 17—20 GPa at T <2000 °C.

References: [1] Stöffler D. et al. 1991. Geochimica et Cosmochimica
Acta 55:3845–3867. [2] Miyahara M. et al. 2008. PNAS 105(25):8542–8547. 
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EXTREME 16O ENRICHMENT IN CALCIUM-ALUMINIUM-RICH
INCLUSIONS FROM THE ISHEYEVO (CH/CB) CHONDRITE
M. Gounelle1, A. N. Krot2, K. Nagashima2 and A. Kearsley3. 1LMCM,
CNRS and MNHN, UMR 7202, CP52, 57 rue Cuvier, 75 005 Paris, France.
2HIGP/SOEST, University of Hawai‘i at Manoa, 1680 East-West-Road,
Honolulu, HI 96822, USA. 3NHM, Cromwell Road, London SW7 5BD, UK.

Introduction: Calcium-aluminum-rich inclusions (CAIs) from the
metal-rich (CH/CB-like) carbonaceous chondrite Isheyevo are
mineralogically pristine and show no evidence for postcrystallization
alteration [1]. Many of them are composed of very refractory minerals, such
as hibonite (CaAl12O19), grossite (CaAl4O7), aluminum-rich pyroxene, and
perovskite (CaTiO3). We will present oxygen isotopic compositions of these
pristine CAIs, some of which may have recorded the isotopic composition of
the Sun.

Methods: Mineralogy of CAIs was determined using conventional
techniques at MNHN. The oxygen isotopic compositions were measured in
Hawai‘i using the UH CAMECA 1280 ion probe and following techniques
described in [2].

Results: On a three-isotope oxygen diagram, all measured Isheyevo
CAIs plot along ~slope-1 line. Twenty-eight out of 35 CAIs have oxygen
isotopic compositions similar to those of CAIs from the CM and CR
chondrites (∆17O ~−20‰). Five igneous CAIs are 16O-depleted to a level
observed in Isheyevo chondrules (∆17O ~−10 ‰) suggesting remelting and
isotope exchange in an 16O-poor gaseous reservoir. Two CAIs, WA9 and B1,
show the  highest enrichment in  16O (δ17O ~−68‰, δ18O ~−66‰, ∆17O
~−34‰) ever observed among refractory inclusions.

Discussion: Within the uncertainties of the measurements, CAIs WA9
and B1 are indistinguishable from the most 16O-rich solar system object
reported so far, the ferromagnesian cryptocrystalline chondrule a006 found in
the CH chondrite Acfer 214 [3]. Differences in texture and mineralogy
between CAIs B1 and WA9 and chondrule a006 suggest, however, these
objects formed from different precursor materials and in different
environments. 

In the context of the self-shielding model for the evolution of oxygen
isotopes in the solar accretion disk [4], the most 16O-rich CAIs have recorded
the initial oxygen isotopic composition of the solar system, and hence of the
Sun. If self-shielding models are correct, CAIs WA9 and B1 from Isheyevo
establish a new value for the oxygen isotopic composition of the Sun. This
value is compatible with the upper limit proposed by [5], and at odds with the
value proposed by [6], both values resulting from solar wind measurements
in lunar metal grains. Recent measurements of the solar wind oxygen isotopic
composition were made on the samples returned to Earth by the Genesis
mission [7]. Preliminary data on these bona fide solar wind samples yielded
∆17O ~−26.6 ± 6‰  [7]. Were these results confirmed, it would support the
idea that CAIs WA9 and B1 from Isheyevo sample the oxygen isotopic
composition of the Sun.

References: [1] Krot A. N. et al. 2008. Meteoritics & Planetary
Science 43:1351. [2] Krot A. N. et al. 2008. ApJ 672:713–721. [3]
Kobayashi K. et al. 2003. Geochem. J. 37:663–669. [4] E. D. Young et al.
2008. In Oxygen in the solar system, ed. by G. J. MacPherson, MSA,
Washington D. C., pp. 187–218. [5] Hashizume K. and Chaussidon M. 2005.
Nature 434:619–622. [6] Ireland T. R. et al. 2006. Nature 440:776–778. [7]
McKeegan K. D. et al. 2009. LPSC 40, Abstract #2494. 
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NONDESTRUCTIVE QUANTITATIVE ANALYSIS OF STARDUST
TRACKS FROM 3-DIMENSIONAL CONFOCAL LASER
MICROSCOPY AND XRF MAPPING
M. Greenberg1, 2, D. S. Ebel1, 3. 1Dept. of Earth and Planetary Sciences,
American Museum of Natural History, Central Park West at 79th St., New
York, NY 10024. 2 E-mail: mgreenberg@amnh.org, 3debel@amnh.org.

Introduction: The Stardust mission to comet Wild 2 has provided
numerous extraterrestrial particles and resulting “tracks” of finer particles in
melted silica aerogel [1]. We have utilized a combination of Laser Confocal
Scanning Microscopy (LCSM) and Synchrotron X-Ray Fluorescence (XRF)
to characterize a variety of whole tracks both morphologically and
chemically, all in 3-dimensions [2]. The combination of both non-destructive
methods provides comprehensive characterization of high value Stardust
samples, prior to other destructive analysis methods, collecting a maximum
of information.

Samples:  Seven keystones containing a total of ten tracks have been
imaged with LCSM: T82, T128a, T128b, T128g, T128d, T129, T140, T151,
T152, and interstellar candidate track 4. Tracks examined range in length
from 35 µm to over 4500 µm, and span all three types of tracks (A,B,C).
LCSM images were taken at the AMNH Microscopy and Imaging Facility
using a Zeiss LSM510 and were subsequently deconvolved using SVI
Huygens 4.3. Tracks were analyzed using XRF at 18keV at Argonne National
Labs’ APS facility, GSECARS beamline 13ID.

Results and Discussion: Myriad track features such as particulate
deposition, rifling along tracks and radial fractures were observed in 3D
visualization of LCSM data. After deconvolution, tracks were outlined
manually to fully quantify track geometry [2]. From outlined tracks we
calculated track diameters, volumes, skewness from a normal line, radial
eccentricity, and radial rotation, all as a function of track depth, using newly
developed code. Skewness plots coupled with radial eccentricity and rotation
plots quantify any rifling effects that may be present [3]. Further,
quantification results indicate a non-linear deposition pattern for tracks, even
in type A tracks (carrot), consistent with other 3D analyses [4].

XRF data allows calculation of total track mass and element
abundances along tracks [5]. We have acquired and combined XRF and
corresponding LCSM data, revealing the full morphological structure and
chemical makeup of whole tracks in 3D. In principle, this data can be used to
estimate the mass and volatile content of the original impactors that formed
these tracks. 

References:  [1] Burchell M. J. et al. 2006. Ann. Rev. Earth Planet. Sci.
34:385–418.  [2] Greenberg M. et al. 2009. LPSC XL, #2124. [3] Nakamura-
Messenger K. et al. 2007. LPSC XXXVIII #2191. [4] Tsuchiyama A. et al.
2008. MetSoc 2008 #5336. [5] Lanzirotti A. et al. 2008. Met. Planet Sci. 43:
187–214. 
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OXYGEN ISOTOPE VARIATION IN THE HEDS: HOW
HOMOGENEOUS IS VESTA
R. C. Greenwood1, I. A. Franchi1, E. R. D Scott2, J-A. Barrat3, and M.
Norman4. 1PSSRI, Open University, Milton Keynes, MK7 6AA. E-mail:
r.c.greenwood@open.ac.uk. 2HIGP, Univ. Hawaii, Honolulu, HI 96822,
USA. 3CNRS UMR 6538 (Domaines Océaniques), U.B.O.-I.U.E.M., Place
Nicolas Copernic, 29280 Plouzané Cedex, France. 4Research School of Earth
Sciences, ANU, Canberra, ACT 0200, Australia.

Introduction: Reflectance spectroscopy suggests that the asteroid 4
Vesta is the principal source of the HED meteorites [1]. In theory then,
oxygen isotope analysis of the HEDs should provide important constraints on
the formation and evolution of Vesta. However, a number of issues need to be
resolved before this goal can be fully achieved. 

Vesta’s Intrinsic Isotopic Variation: Almost all HED meteorites fall
in a narrow range of Ä17O values [2,3,4], the recent study of [4] giving a
mean value of -0.242 ± 0.016 (2ó), consistent with a global melting event that
homogenized Vesta [3]. One anomalous eucrite, NWA 011 [5], falls far
outside this range and is clearly from a separate body. However, five others
are closer in their Ä17O values to the mean value and their status is more
ambiguous: Pasamonte, NWA 1240, Ibitira, Asuka 881394, and PCA 91007
[4]. PCA 82502 is another probable example. If Vesta was homogenized
istopically then these anomalous eucrites are not from Vesta. In contrast,
anomalous eucrites can be viewed as evidence that Vesta is isotopically
heterogeneous [2]. 

Overlapping Groups: Mesosiderites show similar isotopic variation to
the HEDs and may also be derived from 4 Vesta [6]. It has recently been
proposed that HEDs, mesosiderites and other related groups are all derived
from a larger disrupted body [7]. While this possibility is contradicted by
some geochemical evidence [8] it is clear that the relationship between HEDs
and other groups with similar isotopic compositions is poorly understood. 

Impact Processes: HEDs generally show evidence of intense
brecciation and may contain identifiable non-HED clasts [9]. The extent to
which such extraneous material contributes to the isotopic heterogeneity of
Vesta has yet to be fully evaluated. 

Terrestrial Weathering: Over 93% of HED samples are finds.
Although various acid leaching techniques can be used, terrestrial
contamination effects cannot be completely eliminated. 

Conclusions: The discovery of eucrites with anomalous oxygen
isotopic compositions [2–4] can be interpreted in favor of multiple parent
bodies [4], a heterogeneous Vesta [2] or a combination of both. These
possibilities cannot be resolved solely on the basis of oxygen isotopes, but
require evidence from a range of geochemical and remote sensing sources. A
more thorough evaluation of the isotopic heterogeneities introduced by
impact and weathering processes is also of fundamental importance. 

References: [1] Binzel R. P. and Xu S. 1993. Science 260:186–191. [2]
Wiechert U. H. et al. 2004. EPSL 221, 373. [3] Greenwood et al. 2005. Nature
435:916–918.[4] Scott et al. 2009. Geochimica et Cosmochimica Acta,
submitted [5] Yamaguchi et al. 2002. Science 296:334–336. [6] Greenwood
R. C. et al. 2006. Science 313, 1763 [7] Irving A. J. 2009. LPSC 40, 2466 [8]
Rubin A. E. and Mittlefehldt D. W. 1992. Geochimica et Cosmochimica Acta
56:827. [9] Buchanan et al. 1993. Meteoritics 28:659–669. 
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VAPOR-CONDENSED PHASE PROCESSES IN THE EARLY SOLAR
SYSTEM
L. Grossman. Department of the Geophysical Sciences and Enrico Fermi
Institute, The University of Chicago, Chicago, IL 60637. E-mail:
yosi@uchicago.edu. 

Equilibrium thermodynamic calculations of the sequence of
condensation of phases from a cooling gas of solar composition at total
pressures thought to have prevailed in the inner part of the solar nebula
successfully predict the primary mineral assemblage (spinel, melilite,
perovskite, Ca-rich clinopyroxene, anorthite) of Types A and B refractory
inclusions in CV3 chondrites. Textures of many of these objects indicate that
they underwent melting after condensation, crystallizing into the same phase
assemblage as their precursors. The Ti3+/Ti4+ ratio of their pyroxene indicates
that this process occurred in a gas whose oxygen fugacity (fO2) was ~8.5 log
units below that of the iron-wüstite buffer, making them the only objects in
chondrites known to have formed in a system whose composition was close
to that of the sun. Relative to C1 chondrites, these inclusions are uniformly
enriched in a group of elements (e.g. Ca, REE, Zr, Ta, Ir) that are chemically
diverse except for their high condensation temperatures in a system of solar
composition. The enrichment factor, 17.5, can be interpreted to mean that
these objects represent either the first 5.7 wt% of the condensable matter to
condense during nebular cooling or the residue after vaporization of 94.3% of
a C1 chondrite precursor. The Mg and Si isotopic compositions of Types A
and B inclusions are mass-fractionated by up to 10 and 4‰/amu,
respectively. When interpreted in terms of Rayleigh fractionation during
evaporation of Mg and Si from the inclusions while they were molten, the
isotopic compositions imply that up to 60% of the Mg and up to 25% of the
Si were evaporated, and that ~80% of the enrichment in refractory (CaO +
Al2O3) relative to more volatile (MgO + SiO2) in the average inclusion is due
to initial condensation and ~20% due to subsequent evaporation. A remaining
mystery is how sufficient Na remained in the liquid to produce Na zoning in
the igneous melilite while extensive evaporation of Mg and Si was occurring.
Many refractory inclusions in CM chondrites contain a less SiO2-rich
assemblage (spinel, hibonite, grossite, perovskite, corundum) that represents
a higher-T stage of condensation than those above, and some may be pristine
condensates that escaped later melting. Many contain no melilite, despite the
presence of minerals with higher (hibonite) and lower (spinel) condensation
Ts, possibly due to a higher rate of reaction of hibonite with the gas to form
spinel than melilite. The FeO/(FeO + MgO) ratios of olivine in ordinary
chondrites and Types I and II chondrules are too high to be made in a system
of solar composition, requiring fO2s only 1 or 2 log units below iron-wüstite,
more than 105 times higher than that of a solar gas. Various ways have been
devised to generate cosmic gases sufficiently oxidizing to stabilize
significant FeO in olivine at Ts above those where Fe-Mg interdiffusion in
olivine ceases. One is by vertical settling of dust toward the nebular
midplane, enriching a region in dust relative to gas. Because dust is enriched
in O compared to C and H relative to solar composition, a higher fO2 results
upon total vaporization of the region, but the factor by which theoretical
models have so far enriched the dust is 10 times too low. Another is by
transporting icy bodies from the outer part of the nebula into the hot, inner
part where vaporization of water ice occurs. Not only does this method fail to
make the needed fO2 by a factor of 30–1000 but it also ignores simultaneous
evaporation of C-bearing ices that would make the fO2 even lower.
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PRELIMINARY NANOSIMS ANALYSIS OF CARBON ISOTOPE OF
CARBONATES IN CALCIUM-ALUMINUM-RICH INCLUSIONS
Y. Guan J. M. Paque D. S. Burnett, and J. M. Eiler. Division of Geological
and Planetary Sciences, California Institute of Technology, Pasadena, CA
91125, USA.

Introduction: Carbonate minerals observed in primitive meteorites are
products of either terrestrial weathering or aqueous alteration in the early
solar system. Most of the carbonate minerals in carbonaceous chondrites
occur primarily as isolated grains in matrix, as crosscutting veins, or as
replacement minerals in chondrules [e.g., 1, 2]. A few calcium-aluminum-
rich inclusions (CAIs) have been reported containing carbonate minerals as
well [2, 3]. The C and O isotopes of carbonates in carbonaceous chondrites,
mostly measured by stepwise extraction of bulk samples with phosphoric
acid [4–7], are largely distinctive from those of terrestrial carbonates,
whereas textural and petrographic evidence indicates that some carbonates in
primitive meteorites are terrestrial in origin [2]. This study attempts to
investigate from the aspect of C isotope the origin of rare carbonate minerals
in some CAIs. If of extraterrestrial origin, carbonates in CAIs can provide
important information and constraints on the ubiquitous aqueous alteration
process in the early solar system.

Samples and Analytical Techniques: We have selected carbonate-
bearing CAIs from Murchison (CM) and Leoville (CV) for this study. One of
the CAIs from Murchison is the extensively studied Blue Angel—an altered
hibonite inclusion containing large amount calcite (10–70 µm) [3]. The other
Murchison CAI is a 100 × 50 µm calcite fragment enclosing small grains of
spinel, melilite, fassaite and perovskite. The calcite in the type B Leoville
3537-2 CAI occurs as narrow veins (less than ~10 µm) at the center of the
inclusion. Carbon isotope was measured with the Caltech NanoSIMS 50L ion
microprobe. A rastering (3x3 µm) primary beam of ~10 pA was used to
sputter the sample and generate secondary ions. Both 12C and 13C were
simultaneously collected with EMs. Carbonate standards (calcite, dolomite,
magnesium, and siderite) were used to check possible matrix effect and
instrumental mass fractionation (IMF). Typical analytical errors under such
conditions are ~1–2‰ (1ó) for δ13C.

Results and Discussion: The results from standard measurements
indicate that there are significant matrix effects in C isotope analysis of
carbonates with a NanoSIMS. The IMF increases by ~30‰ from calcite to
dolomite, magnesium, and siderite. To date, three calcite grains from the Blue
Angel CAI were analyzed for their C isotope, yielding δ13C values from +16
to + 23‰. Three spots on a calcite vein in Leoville 3537-2, on the other hand,
show lower δ13C values from—2 to—8‰. Though these CAI carbonate data
fall within the ranges obtained from bulk measurements of CM or CV
meteorites [4], the δ13C values are not high enough to exclude a terrestrial
origin for the Leoville sample. Oxygen isotope data are needed to further
constrain the nature of the CAI carbonates. Nonetheless, the data suggest that
there is no presolar C component in CM CAI carbonates that could be
responsible for the peculiar high δ13C values observed in some bulk
carbonates.

References: [1] Benedix G. et al. 2003. Geochimica et Cosmochimica
Acta 52:1577–1588. [2] Abreu N. M. and Brearley A. 2005. Meteoritics &
Planetary Science 40:609–625. [3] Armstrong J. T. et al. 1982. Geochimica
et Cosmochimica Acta 46:575–595. [4] Grady M. M. et al. 1988. Geochimica
et Cosmochimica Acta 52:2855–2866. [5] Zito et al. 1998. Meteoritics &
Planetary Science 33:A171–A172. [6] Brearley A. J. et al. 1999. LPSC
XXX, Abstract #1301. [7] Guo W. and Eiler J. M. 2006. LPSC XXXVII,
Abstract #2288. 
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A PRESOLAR SPINEL GRAIN OF PROBABLE NOVA ORIGIN
F. Gyngard and E. Zinner. Laboratory for Space Sciences and Department of
Physics, Washington University, St. Louis, MO 63130. Email:
fmgyngar@wustl.edu.

Introduction: Presolar grains from novae are exceedingly rare. A few
SiC and graphite grains have been identified by large 13C, 15N, and 30Si
excesses [1, 2]. While some purported nova grains may have actually
condensed in a supernova [3], some are undoubtedly nova condensates [4, 5].
Except in rare cases, the material ejected in nova explosions is O-rich, and it
remains a puzzle why to date only carbonaceous phases, with one possible
exception [6], have been identified. Here we report the discovery of a
presolar spinel grain with a likely nova origin.

Experimental: The “CG” residue of Murray, prepared by physical and
chemical separation [7] and consisting of high concentrations of spinel grains
(diameter ~0.5 µm), was scanned for O-anomalous grains with an automated
measurement technique recently developed for the NanoSIMS [8]. Grain C4–
8 was not identified by the particle definition software, but was recognized as
an 17O hotspot in an ion image taken during the automated surveys. High-
resolution SEM images confirmed that it was surrounded by multiple grains.
Subsequent removal of surrounding isotopically normal material [9] and
manual measurement of 16,17,18O revealed the grain to be extremely enriched
in 17O. Following O isotopic analysis, 24,25,26Mg+ and 27Al+ were measured in
multicollection mode with an O– primary beam in a separate measurement
session.

Results: The O isotopic composition of C4–8 is characterized by a
huge enrichment in 17O and a modest depletion in 18O, with 17O/16O  = (4.40
± 0.01) × 10−2 and 18O/16O  = (1.10 ± 0.02) × 10−3.  This isotopic signature is
similar to that of Group 1 grains [10]. However, RGB and AGB stars
undergoing 1st and 2nd dredge-up, the most likely sources of these grains
[11], cannot produce 17O/16O > 4 × 10−3 [12]. C4–8 is significantly enriched
in 25,26Mg (δ25Mg  = 949 ± 9‰ and δ26Mg  = 929 ± 7‰) and, similar to the
situation for O, nucleosynthesis in the O-rich envelope of AGB stars ( 3M�)
cannot produce δ25Mg >~ 40‰ [13]. The most likely condensation
environment for a grain with extreme enrichments in both 17O and 25Mg is
found in nova ejecta. The best match for the O isotopes in C4–8 is achieved
by models for  CO novae with a 0.8 or 1.15M� white dwarf; however, the Mg
isotopic composition is much better explained by a 0.6 M� CO model [2].
The only other putative nova oxide identified so far, T54 [14], is also 17O
rich, but has not been analyzed for Mg/Al and cannot help refine the model
predictions. Recent model calculations have indicated nova nucleosynthesis
beyond Ca [5], and future isotopic measurements (e.g., Ca, Ti) of C4–8 are
planned to better constrain the origin of this unique grain.

References: [1] Amari S. et al. 2001. The Astrophysical Journal 551,
1065. [2] José J. et al. 2004. The Astrophysical Journal 612, 414. [3] Nittler
L. R. and Hoppe P. 2005. The Astrophysical Journal 631, L89. [4] Nittler L.
R. et al. 2006. Meteoritics & Planetary Science 41, A134. [5] José J. and
Hernanz M. 2007. Meteoritics & Planetary Science. 42, 1135. [6] Nittler
L.R. 2005. The Astrophysical Journal 618, 281. [7] Tang M. et al. 1988.
Geochimica et Cosmochimica Acta 52, 1221. [8] Gyngard F. et al. 2009.
LPSC 40, 1386. [9] Zinner E. and Gyngard F. 2009. LPSC 40, 1046. [10]
Zinner E. 2007. TOG vol. 1.02, pp. 1–33. [11] Nittler L.R. 1997. in
Astrophys. Impl. Lab. Study of Presolar Mat. pp. 59–82. [12] Boothroyd A.I.
and Sackmann I.-J. 1999. The Astrophysical Journal 510, 232. [13] Zinner
E. et al. 2005. Geochimica et Cosmochimica Acta 69, 4149. [14] Nittler L.R.
et al. 1997. The Astrophysical Journal 483, 475.
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U/PB AND CR ISOTOPE STUDY OF THE TAFASSASSET
METEORITE
C. Göpel1, J. L. Birck1, and G. Manhès1. 1IPGP, Lab. Géochimie et
Cosmochimie, 4, Place Jussieu, 75252 Paris Cedex 05. E-mail:
gopel@ipgp.jussieu.fr

The Tafassasset meteorite which was found the Tenere dessert, Niger, in
2000 and 2001 consists of 26 pieces with a total weight of ~110 kg. The well-
preserved meteorite has been studied by several groups [1– 4], but until today
no consensus on the meteorite’s classification was obtained. Reasons for this
difficulty are the following: texture and mineral abundances vary
considerably; different individual stones were studied by different groups and
although a few stones were paired some data, i.e., oxygen isotope
compositions are contradictory [1, 4]; petrographic observations on the same
samples are debated.

Tafassasset shows an equilibrated and recrystallized texture. It contains
~8 vol% metal, olivine represents the dominant mineral phase; other mineral
phases are low-Ca-, Ca-pyroxene and feldspar. The meteorite experienced
thermal metamorphism that led to the formation of secondary minerals, i.e.
phosphates and chromite.

Tafassasset has been classified as an equilibrated CR chondrite, an
ungrouped primitive achondrite, and having strong affinities with brachinites.
The presence of relict chondrules and oxygen isotopic compositions close to
CR chondrites have been arguments to classify it as a CR chondrite [1], while
refractory element ratios depleted in respect to CI chondrites, Al/Mg and Mn/
Mg more like primitive achondrites led [2] to suggest the classification as
primitive achondrite. Mineralogical observations led [3] to put forward the
similarities to brachinites.

In order to obtain chronological information and to gain information on
the origin and thermal history of this unusual meteorite we started an U/Pb
and Cr isotopic investigation of Tafassasset. Several fragments representing
different lithologies (fine grained metal-poor feldspar-rich fragments, metal-
rich pyroxene-rich fragments) were analyzed. All fragments studied so far,
show very low Pb, U and Th concentrations. They are characterized by
radiogenic Pb isotopic compositions with 206Pb/204Pb ratios ranging from 43
up to 215. The corresponding Pb/Pb model ages are old, they lie between
4.555 and 4.564 Ga. The Pb/Pb model age of the fragment that is
characterized by the most radiogenic Pb isotopic composition corresponds to
4.563 ± 0.001 Ga. 

A bulk rock Cr isotopic analysis displays excesses of 0.29 ± 0.08 ε and
1.37 ± 0.27 ε for 53Cr and 54Cr respectively. These values agree within error
with the Cr isotope values published for Renazzo [5]. Tafassasset thus is the
first occurrence of a non- carbonaceous meteorite showing a positive 54Cr
isotopic anomaly.

References: [1] Bourot-Denise M. et al. 2002. Abstract #1611. 33rd
LPSC. [2] Zipfel J. et al. 2002. Meteoritics & Planetary Science 37:A155. [3]
Nehru C. E. et al. 2003. Abstract #1370. 34th LPSC. [4] Gardner-Vandy K.G.
et al. 2008. Abstract #2307. 39th LPSC. [5] Trinquier A. et al. 2006. The
Astrophysical Journal 655:1179–1185.
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MARIBO—A NEW CM2 FALL IN DENMARK
H. Haack1, T. Grau2, A. Bischoff3, R. C. Greenwood4, and I. A. Franchi4
1Natural History Museum of Denmark, University of Copenhagen, Øster
Voldgade 5-7, DK-1350 Copenhagen K, Denmark. E-mail: hh@snm.ku.dk.
2European Research Center for Fireballs and Meteorites, Puschkinstraße 23,
D-16321 Bernau b. Berlin, Germany. 3Institut für Planetologie, Wilhelm-
Klemm-Str. 10, 48149 Münster, Germany. 4The Open University, Walton
Hall, Milton Keynes, MK7 6AA, UK.

On January 17, 2009 at 20:09 CET a bright fireball was widely
observed over Northern Europe heading west from northern Poland across
the Baltic Sea toward the southern Danish island of Lolland. Supersonic
booms were heard by many people on Lolland and nearby islands. Almost
600 eyewitnesses reported their observations to the Danish fireball network.
The fireball was seen from Denmark, Poland, Sweden, Germany, and
Holland, and was caught on a surveillance video camera in Sweden. The
recording shows most of the final part of the trajectory of the fireball
including two fragmentation events. An all sky camera in Holland also
photographed the fireball from a distance of 900 km. 

The sky over Lolland was clouded at the time of the fireball and there
were therefore few observations of the fireball from the island, where the
meteorite was found later. Some eyewitnesses reported seeing the fireball
dipping steeply into the Baltic Sea south of Lolland and it was thus initially
believed that any meteorite falls had ended up at the bottom of the Baltic Sea.

However, reports of the supersonic boom showed that the sound was
much higher in central Lolland and this let Thomas Grau to believe that the
meteorite had indeed fallen here.

After six days of searching in the suspected fall area, a 26 g piece of the
meteorite was found SW of Maribo by Thomas Grau on March 4th. This is
the only recovered piece so far.

The meteorite had penetrated a few cm into a grassy surface. It was
found severely fragmented with the largest fragments weighing 3 g.

Description: In thin sections of the Maribo meteorite various coarse-
grained components are embedded within an opaque fine-grained matrix.
These components include chondrules, fine-grained olivine aggregates, large
isolated lithic and mineral fragments (often olivine), and rare CAIs. The
components are typically rimmed by fine-grained dust mantles. The
abundance of chondrules is low. Metals occur (as a minor constituent) in
chondrules and matrix. Most olivines in the coarse-grained components are
Fo-rich, but some Fe-rich olivines have been found (Fa up to 58 mol%). The
oxygen isotopic composition: (mean of two replicates: δ17O = –1.27‰; δ18O
= 4.96‰; ∆17O = –3.85‰) plots at the edge of the field covered by CM
chondrites, close to the CCAM line.
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METEORITE CONSTRAINTS ON THE ACCRETION OF
PLANETESIMALS AND PROTOPLANETS IN THE INNER SOLAR
SYSTEM
N. Haghighipour1 and E. R. D. Scott2. 1Institute for Astronomy. E-mail:
nader@ifa.hawaii.edu. 2Hawaii Institute for Geophysics and Planetology,
1,2University of Hawaii-Manoa, Honolulu, USA.

Introduction: Being the remnants of the accretion and collision of ~70
planetesimals in our solar system [1–3], iron meteorites provide the best clues
to the initial stage of accretion and growth of small bodies in the inner part of
our planetary system. The parent bodies of iron meteorites were traditionally
assumed to have formed, differentiated, and subsequently been disrupted in
the main asteroid belt. Observational evidence, however, is in disagreement
with this assumption and indicates that differentiated bodies are not currently
common in that area. Also, the parent bodies of iron meteorites, which were
probably 20 to >500 km in size [2, 3], formed much earlier than the parent
bodies of ordinary and carbonaceous chondrites [4–6]. In an attempt to
overcome these difficulties, it has been suggested that the iron meteorite
parent bodies probably formed inside 2 AU and were scattered into the main
belt as a result of interactions with protoplanets and the remaining
planetesimals [7]. 

The accretion and scattering of planetesimals through interactions with
protoplanets must have occurred while the cores of the giant planets were
growing. The gravitational perturbations of these bodies affected the
scattering of planetesimals to the asteroid belt and their growth to larger
objects. To study the effect of this perturbation on the efficiency of the
delivery of the parent bodies of iron meteorites to the asteroid belt, we
numerically integrated the orbits of several hundred protoplanets and more
than one thousand planetesimals, and studied their collisions, accretion, and
scattering while cores of Jupiter and Saturn were growing. Our simulations
indicate that when the masses of the giant planets became larger than 50M�,
the perturbations of these objects were the dominant effect. At this stage, the
outer protoplanets were strongly affected by the giant bodies and become
unstable in a short time. Many of the planetesimals were also ejected from the
system. The destabilizing effect of giant planets extends to large distances
from these objects within the asteroid belt leaving the inner part of this region
less affected by these bodies. Simulations show that in this case, the inner
region of the asteroid belt (<2.5 AU) is primarily populated by planetesimals
that were back-scattered from the region between 1.5 AU and 2 AU, although
some of the innermost planetesimals also contributed. The forward scattering
of (outer) planetesimals into the asteroid belt was insignificant after 10 Myr.
We present the results of our simulations and discuss their applicability to the
early stage of planetary growth in the inner solar system.

References: [1] Burbine T. et al. 2002. In Asteroids III, 653, [2] Chabot
N. L. and Haack H. 2006. In Meteorites and the early solar system II, 747, [3]
Yang J. et al. 2005. Nature 446:888, [4] Kleine T. et al. 2005. Geochimica et
Cosmochimica Acta 69:5805,[5] Scott E. R. D., 2007, AREPS 35:577, [6]
Bizzarro M. et al. 2005. ApJ 632:L41, [7] Bottke W. F. et al. 2006. Nature
439:821.
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OXYGEN ISOTOPIC COMPOSITION OF MARE-BASALTS:
MAGMA OCEAN DIFFERENTIATION AND SOURCE
HETEROGENEITY
L. J. Hallis1, 2, R. C. Greenwood3, M. Anand1, 2, S. S. Russell1, M. F. Miller3,4

and I. A. Franchi3. l.hallis@nhm.ac.uk. 1Department of Mineralogy, The
Natural History Museum, Cromwell Rd, London, SW7 5BD, UK. 2Dept. of
Earth and Environmental Sciences, The Open University, Milton Keynes
MK7 6AA, UK. 3PSSRI, The Open University, Milton Keynes MK7 6AA,
UK. 4British Antarctic Survey, Natural Environment Research Council, High
Cross, Madingley Rd, Cambridge, CB3 0ET, UK. 

Introduction: Previous investigations of lunar basalts have
demonstrated the heterogeneous nature of mare basalt source regions [1–3].
Mare basalts are generally classified on the basis of their whole-rock TiO2,
Al2O3 and K2O concentrations, abundances and ratios of key trace elements
(e.g., Rb, Sr, Sc, Hf and REEs) can also be used for classification [1, 2]. These
studies have highlighted the dichotomy between low and high-Ti basalts,
with various models proposed to explain the geochemical characteristics and
suggest potential source regions [4, 5]. Oxygen isotope studies using laser-
assisted fluorination indicate that low-Ti mare basalts have heavier δ18O
values than high-Ti basalts [6, 7]. These differences have been interpreted as
reflecting source region heterogeneity, established during differentiation of
the lunar magma ocean [7]. Here we discuss new high-precision oxygen
isotope measurements of a chemically diverse suite of basalt samples from
the Apollo 11, 12, 14, 15, and 17 sites. The overall aim of this study is to
further investigate mare-basalt genesis, and hence the evolution of the lunar
magma ocean.

Methods: Oxygen isotope analyses were performed by infrared laser-
assisted fluorination following the procedures outlined by [8]. Each analysis
used an aliquot of ~2 mg of powder taken from a well-homogenized
powdered sample of a ~250 mg rock chip. All samples were fused in vacuum
prior to reaction.

Results and Conclusions: Preliminary data are consistent with
previous results [6,7], indicating that the high-Ti basalts have slightly lighter
δ18O values (average 5.58 ± 0.08 (1σ), n = 9) compared to low-Ti samples
(average 5.70 ± 0.12 (1σ), n = 6). In contrast Apollo 15 KREEP basalt 15386
and high-Al Apollo 14 basalt 14053 yielded higher ä18O values (5.947 ‰ ±
0.030 (1σ) and 5.814 ‰ ± 0.047 (1σ)). Comparisons of other geochemical
parameters with the oxygen isotopic composition of mare basalts are
underway to ascertain various processes involved in petrogenesis. In the first
instance, however, the differences between δ18O values for specific mare-
basalt types can most easily be reconciled with the heterogeneous nature of
the lunar mantle, yet the exact process(es) giving rise to such distinct oxygen
isotopic compositions for each sub-group remains to be fully investigated.

References: [1] Neal and Taylor. 1992. 56:2177–2211. [2] Neal et al.
1994a, b. Meteoritics 29:334–361. [3] Schnare et al. 2008. 72:2556–2572. [4]
Ryder et al. 1991. Geophysical Research Letters 18:2065–2068. [5] Spera.
1992. 56:2253–2265. [6] Wiechert et al. 2001. Science 294:345–348. [7]
Spicuzza et al. 2007. Earth and Planetary Science Letters 253:254–265. [8]
Miller et al. 1999. Rapid Communications in Mass Spectrometry 13:1211–
1217.
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METEORITE FALLS AND COSMIC IMPACTS IN AUSTRALIAN
ABORIGINAL MYTHOLOGY
D. W. Hamacher1. 1Warawara—the Department of Indigenous Studies,
Macquarie University. E-mail: dhamacher@scmp.mq.edu.au.

Introduction: The witness and cultural impact of meteorite falls and
cosmic impacts has been studied extensively in some world cultures,
including cultures of Europe, China, and the Middle East [1]. However,
ethnographic records and oral traditions of meteorite falls in Aboriginal
culture remain relatively unknown to the scientific community. Various
Aboriginal stories from across Australia describe meteorite falls with
seemingly accurate detail, frequently citing a specific location, including
Wilcannia, NSW; Meteor Island, WA; Hermannsburg, NT; McGrath Flat,
SA; and Bodena, NSW among others.  Most of these falls and impact sites are
unknown to Western science.  In addition, some confirmed impact structures
are described in Aboriginal lore as having cosmic origins, including the
Gosse’s Bluff [2] and Wolfe Creek craters [3]. This paper attempts to analyse
and synthesize the plethora of fragmented historic, archaeological, and
ethnographic data that describe meteorite falls and cosmic impacts in the
mythologies and oral traditions spanning the 300+ distinct Aboriginal groups
of Australia.  Where applicable, coordinates of the reputed falls and impacts
are cited in order for future inspections of these sights for evidence of
meteoritic material or impact cratering.

References: [1] Burke J. G. 1986. Meteorites in History, University of
California Press (Berkeley, CA),  [2] Williams W. H. 2004, “The Stories, The
Songs: Clip 2: Falling from the sky,” A film documentary found at http://
australianscreen.com.au/titles/warren-h-williams/clip2/ [3] Goldsmith J.
2000. Landscope Magazine 15(3):28–34.

5015
SEM-CL IMAGING OF PLANAR DEFORMATION FEATURES AND
TECTONIC DEFORMATION LAMELLAE IN QUARTZ
M. F. Hamers1 and M. R. Drury1. 1Faculty of Geosciences, Department of
Earth Sciences, Utrecht University, PO Box 80021, 3508 TA Utrecht, The
Netherlands. E-mail: hamers@geo.uu.nl.

Introduction: Planar deformation features (PDFs) in quartz are
diagnostic impact evidence. Using light microscopy, it is often impossible to
distinguish between PDFs and tectonic deformation lamellae. [1] showed that
PDFs can be imaged using a cathodoluminescence (CL) detector in a
scanning electron microscope (SEM) and that in SEM-CL images PDFs can
be distinguished from tectonic microfractures. However, they did not
consider tectonic deformation lamellae. In order to define characteristics that
can be used for the distinction between PDFs and tectonic lamellae, we used
the SEM-CL technique to image both types of structure. 

Samples and Methods: Amorphous PDFs were studied in fall-out
suevites from the Ries crater (Germany), annealed and decorated PDFs in
lithic breccias from the Rochechouart crater (France) and tectonic
deformation lamellae in quartzites from the Flinders Range (Australia). All
samples were polished, carbon coated thin sections. A CL-detector mounted
on an SEM was used for imaging.

Results and Discussion: Both PDFs and tectonic deformation lamellae
can be imaged very clearly and at high resolution using the SEM-CL
technique. Tectonic lamellae from the Flinders Range quartzite sample
appear as slightly irregular, planar features, ranging in grayscale from black
to white. They often occur only in part of a grain and are usually not
penetrative through the whole grain. In general, they are thicker and more
widely spaced than PDFs. Amorphous PDFs from the Ries crater are visible
in CL images as dark, very narrow, densely spaced, perfectly straight and
often penetrative planar features. Both etched and unetched PDFs are visible.
The decorated PDFs from the Rochechouart crater are also dark, but less
penetrative and not as densely spaced as the amorphous type in the Ries
samples. Very rarely straight, narrow planar features occur in the
Rochechouart samples, that are lighter than the surrounding quartz and are
only just visible. These could be annealed, but non-decorated PDFs, but
further research is required to confirm this. 

In general, tectonic lamellae can be distinguished from shock lamellae
in CL images. However, especially when lamellae are relatively narrow and
straight and when two sets are present, tectonic lamellae can resemble PDFs.
In these cases, high resolution, high magnification images still show the
tectonic lamellae to be wider, slightly irregular and (usually) non-penetrative
features. 

Conclusions: Both PDFs and tectonic deformation lamellae can be
imaged with SEM-CL very clearly and at a high resolution. For single grain
analysis additional methods are required to unequivocally make the
distinction between tectonic and shock lamellae, but for in situ quartz grains
or when many grains are available for comparison, SEM-CL imaging is
sufficient.

References: [1] Boggs S. et al. 2001. Meteoritics & Planetary Science
36:6.
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CONVECTIVE COOLING OF CARBONACEOUS CHONDRITE
PARENT BODIES DURING AQUEOUS ALTERATION
K. P. Harrison and R. E. Grimm, Southwest Research Institute, 1050 Walnut
St, Ste 300, Boulder, Colorado, USA.

Introduction: Thermal modeling has been a useful tool in constraining
the internal structure of meteorite parent bodies [1]. An important part of this
tool is hydrothermal circulation, which was likely required to produce the
aqueous alteration observed in different carbonaceous chondrite types,
including CI, CM, and CV. Flow of water through parent body pore spaces
was originally inferred from water/rock ratios (W/R) greater than plausible
porosities [2, 3]. The first model of such flow started with the melting of an
initially icy parent body due to Al-isotope heating, followed by
parameterized hydrothermal convection [3]. In this model, aqueous
alteration, which is likely to have occurred as a strongly exothermic
serpentinization reaction, was assumed to occur rapidly, and temperatures
readily exceeded likely limits for CI and CM bodies [2, 3]. A potential
solution [4], which also considers O-isotope constraints, assumes a
combination of low porosities and high flow rates. Importantly, this model
also assumed that aqueous alteration occurred at rates that could be offset by
ice melting. While it is not clear that such finely controlled serpentinization
can occur, slower rates may nonetheless be possible. Indeed, some work [5]
suggests that serpentinization is only geologically rapid at temperatures over
100 °C. Slowing of the reaction occurs because the reaction front recedes
from the pore boundary behind an altered rind, and the low permeability of
this rind may ultimately control alteration rate [5]. Slow rates of
serpentinization are important because they allow the parent body to develop
vigorous hydrothermal convection (and therefore enhanced cooling rates)
while alteration is ongoing. The body therefore only holds some fraction of
the total alteration heat at any given instant.

Modeling: To explore the effects of slower serpentinization rates, we
have run a series of parameterized convection models based on [3] to yield a
range of minimum permeabilities required to keep the parent body within CI
or CM temperature limits given different durations of constant alteration heat
release. For CIs, permeabilities range from 10−13 to 10−8 m2 for alteration
durations of 106 yr down to 100 yr. The lower temperature limit for CMs
yields minimum permeabilities 3 to 5 orders of magnitude greater than CI
values. Such high permeabilities are likely unrealistic, but the 1-D
parameterizations used in their calculation do not capture convective heat
loss with sufficient accuracy, and more detailed modeling is required. We
present recent advances in 2-D models (using a modified version of the
USGS. code HYDROTHERM) that complement our and others’ efforts [e.g.,
6] by including a fully integrated treatment of ice melting and slow alteration
heat release.

References: [1] McSween H.Y. et al. 2002. in Asteroids III, Univ. of
Arizona Press, Tucson, pp. 559–571. [2] Clayton R. N., Mayeda T. K. 1984.
Earth and Planetary Science Letters 67, 151–161. [3] Grimm R. E.,
McSween H. Y. 1989. Icarus 82, 244–280. [4] Young E. D. et al. 1999.
Science 286, 1331–1335. [5] MacDonald A. H., Fyfe W. S. 1985.
Tectonophysics 116, 123–135. [6] Palguta J., Travis B. J., Schubert G. 2007.
38th LPSC, #1370.

5350
USING SMALL IMPACT CRATERS TO DATE SURFACES ON
MARS:  SUCCESSFUL TEST AND NEW OPPORTUNITIES
W. K. Hartmann1, C. Quantin2, S. C. Werner3, O. Popova4.  1Planetary
Science Institute, Tucson  AZ, hartmann@psi.edu.  2University of France,
Lyon.  3Geological Survey of Norway, Trondheim.  4Institute for Dynamics
of Geospheres, Moscow.  

Large (km-scale) craters have been used for some years to date broad
Martian surfaces, giving results subsequently supported by Martian
meteorites—a mix of geologically young and old ages [1, 2]. More recently,
small (10–20 m) primary craters have been seen forming on Mars [3], and the
reported formation rate agrees with our crater-dating system [4, 5, 6].  This
opens the door to dating of small (km-scale) geologic formations on Mars,
but potential problems abound.

McEwen et al. developed a useful test to evaluate whether small craters
give ages consistent with data from the larger craters [7]. They argued that
fresh-looking, Zunil-style Martian ray craters are the youngest or near-
youngest craters in their size ranges. Thus, counts of small craters,
superimposed on these “Zunils,” should give ages comparable to the
expected formation intervals of the host “Zunils,” typically 1 to a few Myr.
McEwen et al., however,  found few or no small superposed craters in MOC
images, and concluded that crater chronometry systems are in error by factors
of 700 to 2000 at these scales.

At the International Space Science Institute in Bern, we studied the
three craters tested by McEwen et al. and 5 other craters, using newer HiRISE
imagery.  In every case we find that decameter-scale craters do exist and give
the expected order of magnitude ages (from a few 105 yr to a few 106 yr) for
the youngest host craters in each size bin [8], in both the Hartmann and
Neukum isochron systems [1, 2].

This successful test of crater chronometry at decameter scale
encourages use of small craters to date small-scale Martian surface features.

References: [1] Hartmann W. K. and Neukum G. 2001.  In Chronology
and Evolution of Mars, eds. R. Kallenbach, J. Geiss and W. Hartmann; also
Space Sci. Rev. 96:165–194.  [2] Hartmann W. 2005.  Icarus 174:294–320.
[3] Malin M. et al. 2006.  Science 314:1573–1557.  [4] Hartmann W. K. 2007.
Icarus 189:274–278.  [5] Kreslavsky M. A. 2007.  Abstract 3325.  7th Int.
Conf. on Mars.  [6] Ivanov B. 2009.  Abstract 2283.  40th LPSC.  [7]
McEwen A. et al. Icarus 176:351–381.  [8] Hartmann W. K. et al. 2009.
Submitted to Icarus.
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ORIGIN OF TWO AB TYPE SIC GRAINS FROM MURCHISON 
P. R. Heck1, 2, T. Stephan1, 2, P. Hoppe4, and A. M. Davis1, 2, 3. 1Chicago
Center for Cosmochemistry, 2Department of the Geophysical Sciences, and
3Enrico Fermi Institute, The University of Chicago, Chicago, IL USA. E-
mail: prheck@uchicago.edu. 4Max Planck Institute for Chemistry, Mainz,
Germany.

Introduction: Presolar SiC grains of type AB are defined by 12C/13C
ratios below about one-tenth solar and Si isotope ratios along the SiC
mainstream line [1]. They comprise ~5% of presolar SiC in meteorites. Two
different types of stellar sources have been proposed for AB type SiC grains:
J-type carbon stars [1], and born-again AGB stars [2]. Some grains with 12C/
13C < 10 but distinct Si-isotopic signature are likely to come from novae [e.g.,
3], and supernovae [4]. Here, we present data on two large AB grains and
compare them to stellar source predictions. 

Samples and Methods: A SiC mount was prepared and mapped in
C and N isotopes with NanoSIMS (see [5]). Two AB type SiC grains,
Muri VII e6-2 and k8-2, were analyzed with TOF-SIMS using established
techniques [6, 7].

Results and Discussion: NanoSIMS and TOF-SIMS show 12C/13C<15
in both grains and are consistent within 2σ; 34S/32S and 25Mg/24Mg ratios are
normal. The 14N/15N ratios of k8-2 (368) and e6-2 (358) are distinct from
supernova [4] and nova [3] model predictions, but consistent with AGB star
models. However, the low 12C/13C ratios are difficult to explain with standard
AGB star models. Normalized to Si and CI, grain e6-2 has small
overabundances in B and Sc, and relatively low abundances in Na, Mg, Al, K,
Ca, Cr, Mn, Fe, Rb, and Sr; Li, Ti, V, and Ba are within a factor of two of CI.
We did not find any excess 26Mg: the upper limit for (26Al/27Al)0 is 8 × 10–4.
δ30Si (–68 ± 19‰) and δ29Si (–55 ± 17‰) are consistent with mainstream and
X grains. Low 12C/13C (<15), and a lack of s-process element enrichments,
are the defining characteristics of J-type carbon stars, solar-metallicity low-
mass stars [8]. Thus, we conclude that e6-2 is a putative J-type carbon star
grain. Grain k8-2 has a 26Mg excess from decayed 26Al: (26Al/27Al)0 = (1.8 ±
0.6) × 10–3. In the Si three-isotope diagram, the grain (δ30Si = –163 ± 41‰;
δ29Si = –94 ± 38‰) is located between the mainstream and X grain regions.
Prominent overabundances compared to CI were found for Li (~7×), B
(~57×), Sc (~17×), Rb (~9×) and possibly Ba (<25×). Be, Al, Ti, V, and Cr
concentrations are close to CI; K is slightly higher. Low abundances were
observed for Na, Mg, Ca, Mn, and Fe. Born-again AGB stars have low 12C/
13C ratios and enrichments in s-process elements. These are post-AGB stars
that experienced a very late He-flash in which the H-envelope is ingested and
burned. Dredge-up enriches the surface in s-process elements [e.g., 9]. The
characteristics of born-again AGB stars qualitatively best explain data of
grain k8-2, although the enhancement in Sc, not an s-process element, is
puzzling.

References: [1] Hoppe P. et al. 1994. The Astrophysical Journal 430:
870–890. [2] Amari S. et al. 2001. The Astrophysical Journal 559:463–483.
[3] José J. et al. 2004. The Astrophysical Journal 612:414–428. [4] Nittler L.
R. and Hoppe P. 2005. The Astrophysical Journal 631:L89–L92. [5] Heck P.
R et al. 2006. LPSC 38:#1355. [6] Stephan T. 2001. Planetary and Space
Science 49:859–906. [7] Henkel T. et al. 2007. Meteoritics & Planetary
Science 42:1121–1134. [8] Abia C. and Isern J. 2000. The Astrophysical
Journal 536:438–449. [9] Werner K. and Herwig F. 2006. Publications of the
Astronomical Society of the Pacific, vol. 118. pp. 183–204.

5264
MEASURING R-PROCESS ELEMENTS IN INDIVIDUAL
PRESOLAR SILICON CARBIDE GRAINS 
T. Henkel, D. Rost, and I. Lyon. The University of Manchester, School of
Earth, Atmospheric and Environmental Sciences, Oxford Road, Manchester,
M13 9PL, UK. E-mail: torsten.henkel@manchester.ac.uk.

Introduction: Half of the heavy elements (A > 60) are synthesized by
rapid neutron capture (r-process) and the site and nature of the r-process
production is still under discussion. Astronomical observations show a
universal pattern for r-process elements with 56 < Z < 75 as well as deviations
from this universal pattern for Z < 56 and Z > 75 suggesting more than one r-
process site [1]. This is also supported by data from chondritic meteorites,
which require at least two different sites to explain the observed data [2].
Amongst the different ideas, core-collapse supernovae and neutron star
mergers are largely accepted [3]. 

Presolar grains are stellar condensates from single stars originating
from many different sources. Analyzing r-process abundance patterns in
these grains can help to determine how many sites have contributed to the r-
process. Additionally, the grains can be dated using the U/Th-ratio, which
seems to be very robust in contrast to Th/Eu-dating, because only actinide
elements are involved [1]. 

Experimental: Heavy elements in presolar grains are of very low
abundances (ppb to ppm levels). The number of atoms in a single grain of
1 µm diameter is around 5 × 1011 and heavy element abundances of a few
ppm or less result in less than 106 atoms being available per element for
analysis in each grain.

Therefore, to be able to determine heavy element abundances and their
ratios in presolar SiC grains two conditions have to be met: i) several
different elements must be measured simultaneously and ii) high sensitivity is
necessary to detect the low abundances of these heavy elements. To fulfill the
first requirement we decided to use a time-of-flight mass spectrometer which
detects all masses in parallel. Secondly, we also use non-resonant laser post-
ionization of secondary neutrals to give a higher useful yield than secondary
ion mass spectrometry.

At 157 nm laser wavelength the photons have an energy of 7.9 eV,
which is sufficient to ionize almost all heavy elements with A > 60 and higher
than the ionization potentials of Th and U, which should make it possible to
analyze and therefore date these grains. We have already demonstrated yields
of around 1% with laser post-ionization [4] using a Ga-primary ion gun. This
is one to two orders of magnitude better than without post-ionization.
Unfortunately, analyses of heavy elements were limited by molecular
interferences with Ga-primary ions.

Our new TOFSIMS instrument, based on the previous design [4], is
equipped with a Au gun and has already been used successfully to analyze
presolar Graphite grains [5]. By the use of Au as primary ion species
molecular interferences involving primary ions are mostly avoided.

Results: First results will be presented at the conference.
References: [1] Otsuki K. et al. 2003. New Astronomy 8:767–776. [2]

Qian Y.-Z. and Wasserburg G. J. 2000. Phys. Rep. 333, 77–108. [3] Qian Y.-
Z. 2003. Progress in Part. and Nuc. Phys. 50:153–199. [4] Henkel T. et al.
2007. Rev.  Sci.  Instrum. 78, 055107. [5] King A. et al. 2009. LPSC #2501.
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LITHOLOGICALLY-DEPENDENT BULK ISOTOPIC VARIATIONS
OF INSOLUBLE ORGANIC MATTER IN THE TAGISH LAKE
METEORITE
C. D. K. Herd1 and C. M. O’D. Alexander2. 1Department of Earth and
Atmospheric Sciences, 1–26 Earth Sciences Building, University of Alberta,
Edmonton, AB, T6G 2E3, Canada. E-mail: herd@ualberta.ca. 2Department
of Terrestrial Magnetism, Carnegie Institution of Washington, Washington,
DC 20015.

Introduction: The Tagish Lake meteorite is an ungrouped
carbonaceous chondrite that contains a high amount of organic carbon (up to
2.6 wt%), most of which is insoluble in polar solvents [1]. Lithologically, the
Tagish Lake meteorite is anything but homogeneous. Aside from the
carbonate-rich and carbonate-poor lithologies described by [2], there exist
matrix-rich and matrix-poor lithologies as described by [3]. Results of a
NanoSIMS study yielded significant nanoscale variations in H, C and N
isotopic compositions [4], consistent with previous studies [5, 6] but
displaying a difference in the range of isotopic compositions observed
depending on lithology. In addition, the complement of soluble organic
molecules is lithology-dependent [7]. These observations suggest that Tagish
Lake preserves varying degrees of parent-body alteration. We have carried
out bulk insoluble organic matter (IOM) isotopic analysis of three samples
reflecting the range of lithologies to assess the degree of IOM variation. 

Methods and Results: Samples analyzed included 11v (disaggregated
material with similarities to the carbonate-poor lithology of [2]), 11i (a
matrix-rich lithology [3]) and 5b (a matrix-poor lithology [3]). IOM separates
were prepared and analyzed according the methods outlined in [8]. Results
are provided below, which includes results from [8] for comparison.

Discussion: The largest variations among the samples exist in H/C ratio
and deuterium content, reflecting significant variations in the degree of IOM
aromaticity. The variation in H/C and äD observed in these IOM samples
spans the range from CV meteorites to CIs and CMs, approaching values
seen in CRs [8]. The lack of variation in C content argues against low-
temperature chemical oxidation [9], perhaps suggesting that Tagish Lake has
undergone hydrothermal alteration [e.g., 10] not witnessed on other
carbonaceous parent bodies. 

References: [1] Grady M. M. et al. 2002. Meteoritics & Planetary
Science 37:713–735. [2] Zolensky M. E. et al. 2002. Meteoritics &
Planetary Science 37:737–761. [3] Blinova A. et al. 2009. LPSC XL,
Abstract #2039. [4] Herd C. D. K. et al. 2009. LPSC XL, Abstract #1818. [5]
Busemann H. et al. 2006. Science 312, 727–730. [6] Nakamura-Messenger
K. et al. 2006. Science 314, 1439–1442. [7] Hilts R. W. et al. 2009. LPSC XL,
Abstract #1925. [8] Alexander C.M.O’D. et al. 2007. Geochimica et
Cosmochimica Acta 71, 4380–4403. [9] Cody G.D. and Alexander C. M.
O’D. 2005. Geochimica et Cosmochimica Acta 69, 1085–1097. [10] Yabuta
H. et al. 2007. Meteoritics & Planetary Science 42:37–48.

5420
A NEW CLASSIFICATION SCHEME FOR CHONDRULES BASED
ON VERY DETAILED STUDY OF SARATOV
R. K. Herd1, 2, L. Dixon2, C. Samson2, P. A. Hunt1. 1Natural Resources
Canada, Ottawa, Ontario K1A 0E8 E-mail: herd@nrcan.gc.ca.  2Department
of Earth Sciences, Carleton University, Ottawa, Ontario K1S 5B6.

Introduction: Chondrule mineralogy and textures in polished thin
sections and slabs of Saratov (L4) have been studied using a scanning
electron microscope (SEM) and optical microscopy. The most detailed work
so far [1] has mapped the size, sorting, packing, mineralogy and textures of
370 chondrules in a single thin section.

Background: Accepted and long-standing descriptive schemes for
chondrules obscure relevant data by placing them in a few categories that
highlight their obvious features, or their chemistry, but ignore abundant
minor petrographic features that provide invaluable data and insights into
chondrule petrology. Templates to organize detailed textural and
mineralogical observations on chondrules are lacking.

Methods:  Using back-scatter electron (BSE) images, Herd et al. [2]
created a digital photomosaic of an entire thin section of Saratov, and
described 19 chondrules with archetypical or atypical textures. This
photomosaic was overlain with a 2.5 mm2 grid system; the grid was related to
the thin section to locate and map all chondrules >100 microns [1].  Textures
and mineral phases were investigated with BSE images, energy dispersive
spectrometry (EDS) and cathodoluminescence (CL). Descriptive work on the
original 19 chondrules was used to develop a simple mineralogical-textural
classification scheme based on crystal geometries and sizes. After testing and
refinements this scheme, based on a series of easy-to-use illustrated
classification flow charts, successfully described the 370 mapped chondrules.
Igneous and metamorphic textural analogs that may provide insight into the
formation and history of groups of chondrules were noted. The size, sorting,
packing and shape of all the mapped chondrules were documented.

Some Results: The average chondrule size is 0.7 mm. Nearly 50%
were considered fragments that may have been recycled or broken down
prior to incorporation into the host chondrite. They were judged to be poorly
sorted and the chondrite weakly compacted, sharing many common features
with terrestrial breccias. Mineralogically the chondrules are composed of
unzoned olivine (Fa21–26), zoned pyroxenes (low-Ca and more Ca-rich
varieties) with minor plagioclase, Fe-Ni, phosphates, sulphides, chromite and
spinel [1, 2]. Because of its emphasis on crystal geometries and size, the new
chondrule classification scheme successfully discriminated among those that
would be grouped together under currently used schemes. The original 19
chondrules were subdivided into four textural groups interpreted to show
slow cooling, quenching, multi-stage cooling, and annealing, respectively.
These groupings need to be extended to all the other mapped chondrules to
likewise help understand their petrology and to gain an overall perspective of
these processes in the origin of Saratov and its chondrules.

References: [1] Dixon L. 2009. B.Sc. thesis Carleton University, 133
pp. [2] Herd R. K. et al. 2004.  Abstract #2070. 35th LPSC.

Table 1. 

Sample Previous[8] 11v 11i 5b

C (wt%) ~2 1.67 1.86 1.86
H/C (at.) 0.337 0.456 0.527 0.766
δ13C (‰) −14.2 −13.3 −13.1 −14.5
δ15N (‰) 73 56.1 52.1 57.5
δD (‰) 596 789 1007 1834
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FOSSILIZED SMELTING; REDUCTION TEXTURES IN
ALMAHATA SITTA UREILITE
J. S. Herrin1, M. E. Zolensky1, M. Ito1, 2, P. Jenniskens3, M. H. Shaddad4.
1NASA Johnson Space Center, Houston, USA. E-mail:
jason.s.herrin@nasa.gov. 2Lunar and Planetary Institute, Houston, USA,
3SETI Institute, Mountain View, USA. 4Physics Dept., University of
Khartoum, Sudan.

We examined four paired centimeter-sized fragments of “black
lithology” from the Almahata Sitta fall, described in greater detail by [1, 2].
They are ureilitic breccias made up of mm-scale clasts or enclaves of fine-
grained (10–40 µm) porous olivine-dominated and pyroxene-dominated
sublithologies whose boundaries are sometimes poorly defined but often
separated by carbon-phase+metal+sulfide and/or voids. Mafic silicates
exhibit significant mg# variation (84–99) with corresponding variation in Fe/
Mn indicating reduction of Fe to metal as a controlling variable [3]. Olivine-
dominated sublithologies are more homogeneous in terms of mg# than
pyroxene-dominated sublithologies. Both contain abundant metal with
variable Ni and P content. Pyroxene-dominated sublithologies consist of low-
Ca pyroxene and/or pigeonite (hereafter referred to as pyroxene), an
interstitial silica phase often associated with coarse Fe(Ni) metal and voids,
and minor Fe(Cr) sulfide. In contact with silica, pyroxene exhibits 4–6 µm
thick high-mg# rims with metal inclusions. 

Circumstantial evidence suggests that the reduction mechanism
MgFeSi2O6 + C  MgSiO3 + Fe + SiO2 + CO played a central role in
producing the observed textures, since all of the products and reactants are
preserved as discrete phases with the exception of CO gas. Arguably,
production of CO gas could be responsible for the rock’s porosity but the
amount of CO produced would have greatly exceeded present pore volume
[4] and some gas would have necessarily escaped the system. Pigeonite
smelting temperatures are at the high extreme for ureilites, 1295 ± 25 °C [5]
and do not differ appreciably with mg# or lithology. Cooling rates of 2–6 °C/
h were estimated on the basis of asymptotic modeling of Fe-Mg zoning
profiles in pyroxene margins [6]. This is consistent with previous estimates of
cooling rates for thicker reduced olivine rims characteristic of typical ureilites
[7, 8]. 

The fine-grained and cataclastic nature of these samples impedes direct
comparison with more equilibrated ureilites, but a similar final rapid cooling/
reduction event together with the presence of diamond [1], a common ureilite
accessory mineral, suggests a common parent body history. Almahata Sitta is
perplexing in that it combines fine-grained, porous texture with mantle
residue or cumulate-like composition and high initial cooling temperatures.
Shock-induced mechanical disaggregation and subsequent vesiculation of the
resultant medium by gas reaction products is a possible scenario that warrants
further investigation. 

References:  [1] Jenniskens et al. 2009. Nature 458:485–488. [2]
Zolensky et al. 2009, this issue. [3] Goodrich and Delaney. 2000. Geochimica
et Cosmochimica Acta 64:149–160. [4] Warren and Huber. 2006. Meteoritics
& Planetary Science 41:835–849. [5] Singletary and Grove. 2003.
Meteoritics & Planetary Science 38:95–108. [6] Ganguly and Tazzoli.
1994. Am Min 79:930–937. [7] Chikami et al. 1996. 27th LPSC Abs#1111. [8]
Goodrich et al. 2004. Chemie der Erde 64:283–327.
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EVOLUTION OF MELT COMPOSITIONS IN SEMARKONA TYPE
II CHONDRULES
R. H. Hewins1, 2, B. Zanda1, 2, C. Bendersky1 and H.Leroux3.  1MNHN and
CNRS UMR 7202, 61 rue Buffon, 75005 Paris, France. E-mail:
hewins@rci.rutgers.edu.  2Earth and Planet. Sci., Rutgers University,
Piscataway, NJ08854.  3LSPES, UMR CNRS 8008, Université des Sciences
et Technologies de Lille, 59655 Villeneuve d’Ascq, France.

Introduction: With chondrule condensation to melts in mind [1,2], we
extended a study of melt inclusions in Semarkona chondrules [3] to track
chondrule melt changes.

Observations: Melt inclusions are common in Types IIA, IIAB and
intermediate IIA(B) chondrules in Semarkona.  We used SEM, EMP and
STEM to analyze bulk chondrules, primary glass inclusions, melt channels,
and mesostasis, to search for evidence of fractional crystallization or open
systems. Most inclusions we studied are glass, sometimes with sulfide blebs,
shrinkage cavities and strain effects in the surrounding olivine. The melt
inclusions are generally richer in Si, Al, Ca, Na, and K than the initial liquid,
but poorer than the mesostasis, consistent with the entrapment of liquid
during the growth of the olivine. 

Calculations:  We have used PETROLOG [4] to model the fractional
crystallization of liquids of bulk chondrule compositions.  For IIAB
chondrules, melt inclusion compositions are quite well explained by
crystallization of olivine, and mesostasis compositions by crystallization of
olivine + pyroxenes.  For IIA and IIA(B) chondrules, crystallization of
olivine does not reach the low Fe and high Si contents of the inclusions.  This
could be explained by Fe-Mg exchange between olivine and inclusion after
olivine crystallization [4] and the replacement of Fe by Mg atoms may be
sufficient to boost the wt% of other constituents like SiO2.  However, some
addition of SiO from the gas [2] may also be required.  The Ca/Al ratio of the
bulk chondrules is CI, as it is for most of the early-trapped inclusions (<11%
Al2O3).  This is surprising because crystallization of olivine must lower the
Ca/Al ratio below the initial value. Late trapped inclusions and melt channels
(11–12% Al2O3) are somewhat depleted and mesostasis (12–16% Al2O3)
strongly depleted in Ca and enriched in Na.  Late crystallization of augite
lowers Ca and raises Na in the melt, but is inadequate to explain the abrupt
change of Ca/Na ratio at 11–12% Al2O3.  A replacement reaction is more
plausible, especially considering the presence of pentlandite or magnetite in
some melt inclusions.  Thus melt composition trends in Semarkona Type II
chondrules can be largely explained by fractional crystallization, but there is
evidence of some open system behavior.

References: [1] Varela M. E. et al. 2002. 66, 1663–1679. [2] Libourel
et al. 2006. Earth Planet. Sci. Lett. 251, 232–240. [3] Tronche E. 2007.
Ph.D. thesis MNHN, Paris. [4] Danyushevsky et al. 2000. Contrib.
Mineral. Petrol. 138, 68–83.

→



A90 72nd Meeting of the Meteoritical Society: Abstracts

5234
3D MICRO-TOMOGRAPHY OF CARBONACEOUS CHONDRITES
AND THEIR COMPONENTS
D. C. Hezel, R. Abel, and S. S. Russell. IARC, The Natural History Museum,
Department of Mineralogy, Cromwell Road, SW7 5BD, London, UK. E-
mail: d.hezel@nhm.ac.uk. 

Introduction: The structure of a meteorite, such as the spatial
distribution and the modal abundances of individual components are
fundamental information. So far, this information was obtained from 2D thin
sections. It is unclear to what extent this 2D information is representative of
the 3D object. The field of stereology has been developed in order to address
and quantify this problem [1, 2]. [3] calculated the errors of chondrule bulk
chemical compositions obtained from 2D sections relative. These calculated
errors can be very large and make interpretations of 2D structural data
difficult and sometimes even impossible. [4] recently demonstrated the
fallacies when too small 2D sections are used to obtain 3D structural data.
Serial sectioning can be applied to directly access the 3D structure of a
meteorite, however, this is a laborious and destructive method [5, 6]. 

A recent approach is synchrotron X-ray tomography [7–10]. This
precise technique, provides high quality data that allows the quantification of
modal abundances, size distributions and spatial relationships. However,
there are only few synchrotron facilities around the world and beam time is
limited and expensive. 

Here we use micro-CT in order to access the 3D structure of chondrites
and their components. 

Technique: The Natural History Museum (NHM) recently purchased a
state of the art industrial micro-CT scanner (Metris X-Tek HMX ST 225).
Micro-CT produces 2D representations of a slice of an object based on
material density, measured by X-ray transmissions. The resulting slice is
made up of voxels, i.e. three dimensional pixels. The size of the voxels
largely determines the resolution of a scan which is in the order of 3–5 µm.
Each voxel is assigned a CT (grey) value derived from a linear attenuation
coefficient (i.e., density) of the material being scanned. Hence, a micro-CT
scan is not a true image, unlike a radiograph, but rather a mathematical
representation of an object. As a result it is very easy to collect measurements
such as volume fraction, spatial distribution or orientation of a material
within an object. Movies can be produced to reveal the 3D structure of the
meteorite. 

Results: We used ImageJ to measure modal abundances of opaque
phases in Allende (CV; [11]) and NWA 801 (CR). Modal abundances of
opaques in 7 Allende chondrules range from 0.0 to 6.5 vol% and in 7 NWA
801 chondrules from 1.7 to 7.0 vol%. This data are important to determine the
origin of chondrule and matrix metal as well as for interpreting the Fe
isotopic composition of bulk chondrules [11]. We are currently in the process
of scanning more samples in order to obtain structural data such as metal
abundance in chondrules, component modal abundances, number of
compound chondrules, structure of individual chondrules, etc. The results
will be presented at the conference.

References:  [1] Chayes F. 1956. Petrographic Modal Analysis. John
Wiley and Sons, Inc., 113pp. [2] Underwood E. E. 1970. Quantitative
stereology, Addison-Wesley, 274 pp. [3] Hezel D. C. 2007. CAGEO 33:1162.
[4] Hezel D. C. et al. 2008. Meteoritics & Planetary Science 43:1879. [5]
Spinsby J. et al. 2008. Abstract #2128. 39th LPSC. [6] Hezel DC and
Kießwetter R Meteoritics & Planetary Science (in revisions). [7]
Tsuchiyama A et al. 2003. Abstract #1271. 34th LPSC. [8] Ebel D. S. and
Rivers M. L. 2007. Meteoritics & Planetary Science 42:1627. [9] Ebel D. S.
et al. 2008. Meteoritics & Planetary Science 43:1725. [10] Friedrich JM et
al. 2008. EPSL 275:172. [11] Hezel D. C. et al. 2009. Abstract #1772. 40th
LPSC. 
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COSMIC-RAY EXPOSURE HISTORIES OF GAS-RICH BRECCIATED
METEORITES
H. Hidaka1 and S. Yoneda2. 1Department of  Earth and Planetary Systems
Science, Hiroshima University, Higashi-Hiroshima 739-8526, Japan. E-mail:
hidaka@hiroshima-u.ac.jp. 2Department of Science and Engineering,
National Museum of Nature and Science, Tokyo 169-0073, Japan.

Introduction: Isotopic shifts in 150Sm/149Sm and 158Gd/157Gd caused
by neutron capture effects are useful indicators to characterize the interaction
of cosmic rays with planetary materials in space, because 149Sm and 157Gd
have very large thermal neutron capture cross sections. A recent neutron
capture study of the Sm and Gd isotopes of Pesyanoe also shows significant
variations of neutron fluences in six different phases of a small meteorite
fragment, starting with the early irradiation before compaction of the parent
body [1]. In this study, Sm and Gd isotopic analyses of gas-rich brecciated
meteorites other than aubrites were performed to find a possible contribution
of the irradiation from the early Sun.  

Samples and Experiments: Two samples of gas-rich meteorites,
NWA801 (CR2), and Kapoeta (howardite), and two brecciated meteorites,
Zag (H3-5) and Cook011 (L3-5), were used in this study.  Zag consists of
light-colored H6 clast and gray H3-4 matrix.  In addition to a whole rock
sample (Zag #1), 200 mg of clast (Zag #2) and matrix (Zag #3) were
individually separated from a main fragment, and used for the Sm and Gd
isotopic study.  In the case of Kapoeta, a sequential acid-leaching experiment
was carried out on the whole rock of Kapoeta, where 200 mg of the powdered
sample was leached by 5 mL of 2 M HCl (Kapoeta #2), and aqua regia
(Kapoeta #3) in succession. The residue (Kapoeta #4) was finally
decomposed by HF + HClO4 with heat. Conventional ion exchange
techniques using two column procedures were carried out to chemically
separate Sm and Gd for individual fractions [2].  

A Micro-mass VG 54-30 thermal ionization mass spectrometer
equipped with seven Faraday cup collectors was used for the isotopic
measurements of Sm and Gd.  

Results and Discussion: Isotopic shifts of Sm and Gd greater than the
analytical uncertainties (2σ of the mean) were observed in Kapoeta #2,
Kapoeta #3, Zag #1, Zag #2, NWA801 and Cook011, which correspond to the
neutron fluences ranging from 0.76 × 1015 to 9.0 × 1015 n cm-2.  Interestingly,
the neutron fluences of the chemical separates from Kapoeta (Kapoeta #2, #3
and #4) show a large variation from <0.21 × 1015 ncm-2 (detection limit) to
(9.0 ± 0.6) × 1015 ncm-2, although that from the whole rock sample (Kapoeta
#1) does not show clear evidence of neutron capture over the detection limit
(<0.72 × 1015 ncm-2).  The data suggest the existence of heterogeneous alien
materials having much larger irradiation records than the matrix component
in Kapoeta. Zag also shows heterogeneous isotopic shifts on Sm and Gd
caused by mixed irradiation records between irradiated and non-irradiated
materials.  Our Sm and Gd isotopic data from Zag #2 and #3 are consistent
with the CRE ages [3].  

References: [1] Hidaka H. et al. 2006. 70:3449–3456. [2] Hidaka H.
and Yoneda S. 2007. 71:1074–1086. [3] Whitby et al. 2000. Science 288:
1819–1821.
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GEOCHEMISTRY AND PETROLOGY OF LUNAR METEORITE
DHOFAR 1428
Y. Hidaka1, A. Yamaguchi2, and M. Ebihara1. 1Department of Chemistry,
Tokyo Metropolitan University, Tokyo 192-0397, Japan. E-mail: hidaka-
yoshihiro@ed.tmu.ac.jp. 2National Institute of Polar Research, Tachikawa
190-8518, Japan.

Introduction: Dhofar 1428 is a 213 gram lunar meteorite with little
fusion crust found in Oman in 2006, and was classified as a feldspathic
impact melt breccia [1]. Here, we report petrology and geochemistry of
Dhofar 1428. 

Results and Discussion: Polished thin section (PTS) was made from a
chip located adjacently to the fraction used for chemical analyses, and was
examined optically and with SEM and EPMA. The PTS shows a breccia
composed of lithic clasts and mineral fragments of plagioclase, pyroxene and
olivine (<2.5 mm) set in a dark glassy matrix. The lithic clasts include
polycrystalline igneous clasts, breccia clasts, and dark impact melts.  A few
clasts contain K-rich feldspar and Ca-phosphates. There is an ellipsoidal
brown glass.  Compositions of plagioclase vary (An96.6–68.2Or0.2–9.5).  Mg’
(= molar Mg/(Mg+Fe)) of mafic minerals have fairly wide ranges (low-Ca
pyroxenes: 26.6–83.6; olivine: 50.3–81.6).

We performed bulk chemical analyses using NAA and ICP-MS. Dhofar
1428 contains 28.7 wt % Al2O3, 4.30 wt % FeO and 4.67 wt % MgO, which
are within the range of Apollo FAN rocks [2]. Bulk molar Na/(Na + Ca) ratio
and bulk Mg' value (66) are also within the range of FAN. Clearly, Dhofar
1428 is mostly composed of FAN materials. Compared to FAN, Dhofar 1428
has a slightly high content of K, which is consistent with the presence of K-
rich plagioclase in our thin section. The REE abundances of Dhofar 1428 are
slightly higher than those of typical FANs. These data indicate that Dhofar
1428 contains small amounts of KREEP materials, which is consistent with
the presence of the clasts that contain Ca-phosphates and K feldspar.  Thus,
this meteorite was derived from a location in or close to the Procellarum
KREEP Terrane [3]. 

Siderophile element contents of Dhofar 1428 are 185 µg/g for Ni,
6.3 ng/g for Ir and ~2.9 ng/g for Au, which are among concentration levels
for feldspathic lunar meteorites. The Ni/Ir ratio is almost the same as that for
CI-chondrite, while the Ir/Au ratio is lower than CI values, suggesting that
the projectile was relatively enriched in Au compared with CI chondrite, like
enstatite chondrites. 

References: [1] Bunch T. E. et al. 2006. Meteoritics & Planetary
Science 69:A5254. [2] Haskin et al. 1981. 12th LPSC. pp. 41–66. [3] Jolliff
B.L. et al. 2000.  Journal of Geophysical Research 105:4197–4216. 
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SILICON MANTLE/CORE FRACTIONATION AND THE ORIGIN
OF PALLASITES
E. Hill1, K. Domanik1, G. R. Huss2, and M. J. Drake1. 1Lunar and Planetary
Laboratory, University of Arizona, Tucson 85721. 2 Hawaii Institute of
Geophysics and Planetology, University of Hawaii. E-mail:
eddy@lpl.arizona.edu. 

Experimentally determined metal/olivine partition coefficients and
diffusion rates will help answer questions relating to Earth’s elevated Mg/Si
ratio and will provide better tools for the determination of the origin of
pallasites.

It is known that the Mg/Si ratio of the Earth’s primitive upper mantle
(PUM) is elevated relative to all types of chondrites (possibly not CV
chondrites), Mars, and the solar photosphere [1]. Theories to explain these
differences fall into two distinct camps. On the one hand are those that
propose that Earth’s Mg/Si ratio is a primordial property of the planet [1]. On
the other are those that propose Si fractionation into the core during metal/
silicate equilibration in Earth’s magma ocean (e.g., [2]) or earlier on during
asteroid and planetesimal differentiation [3]. If [3] are correct, we should be
able to measure such fractionation in pallasite meteorites. The value of these
measurements is dependent on our knowledge of the formation of pallasites,
however.  

Pallasite meteorites are intimate mixtures of olivine (forsterite) and
metal. It has been proposed that they originated as samples of the core-mantle
boundaries of now disrupted asteroids or planetesimals (e.g., [4]). Their
olivines have been described as chemically homogeneous in the major
elements [4] but have chemical gradients in the minor elements (e.g., Ca, Cr,
Co, Ni). It is assumed that these chemical profiles are the result of diffusion
during slow cooling, as the phases attempted to re-equilibrate at
progressively lower temperatures.

Measured chemical profiles in pallasitic olivines have been used with a
one-dimensional, spherical, cooling model to obtain cooling rates for the
pallasites’ parent bodies [5].  The results are four orders of magnitude faster
than metallographic derived cooling rates (~10-6 °C/yr) [4] and if correct hint
at a complex history for the formation of the pallasites. In fitting the profiles
[4] found that it is impossible to obtain a result using a fixed boundary
condition and that a varying condition is necessary. Due to a lack of
experimental data, [5] were not able to constrain how the boundary condition
changes. Boundary conditions are dependent on the partition coefficient (D)
of elements between olivine and the adjacent metal. We have obtained metal/
olivine partition coefficients for Ni, Co, Cr and Si at 1550 ºC and IW -1. Ni
and Co Ds reveal a small dependence on metal composition.  Metal/olivine
DSi values (1*10–6±1*10–7 to 5*10–5± 3*10–6) are too low to account for
Earth’s Mg/Si ratio. Olivine diffusion profiles for Cr are in line with those
measured by [6] and provide validation for our method and for the values
obtained for Ni and Co. Ongoing work will determine the effect of lowering
temperatures and varying redox conditions on partitioning and diffusion of
these elements. We expect, however, that Ds and diffusion rates will decrease
with decreasing T but that DNi and DCo will increase as a function of lowering
fO2.

Reference:  [1] M. J. Drake and K. Righter. 2002. Nature 416, 39–44.
[2] J. Wade and B. Wood. 2005. EPSL 236, 78–95 [3] Malavergne et al. 2004.
Geochim. et Cosmochimica Acta 68, 4201–4211. [4] Buseck and Goldstein.
1969. Geol. Soc. Amer. Bull. 80, 2141–2158. [5] Tomiyama and Huss. 2006.
LPSC XXXVII (2132) 40, A156. [6] Ito et al. 2004. LPSC XXXV (1324).
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HYDRATION OF SYNTHETIC MG SILICATES
(CIRCUMSTELLAR DUST ANALOGS) IN A HUMID CHAMBER:
AN X-RAY DIFFRACTION STUDY
E. J. Hoffman1, and E. J. Stewart Jr.1  1Physics Department, Morgan State
University, Baltimore, MD 21251. E-mail: eugene.hoffman@morgan.edu.

Introduction:  Synthetic Mg- and Fe-silicate smokes simulate material
in the dusty circumstellar envelope of asymptotic giant branch stars [1],
presumably a raw material for planet formation.  When immersed in water,
Mg-silicate smokes react within days to produce proto-phyllosilicates
observable under the electron microscope (EM) [2–4].  Water-immersed Fe-
silicate smokes react more slowly [3, 4] although hydration in a humid
chamber produces changes detectable by Mössbauer spectroscopy [5].
Annealing of Mg- and Fe-silicate smokes shows a similar difference in
reaction rate [6].  This report presents preliminary results of changes in Mg-
silicate smoke under hydration in a humid chamber.  Additional innovations
are: precautions to eliminate oxidation as a reaction mechanism, including
preliminary sample treatment under flowing dry nitrogen; analysis by x-ray
diffractometry (XRD) of bulk samples.

Experimental: N. Johnson and J. Nuth kindly provided Mg-silicate
smoke synthesized in October, 2003, Si:O2:H2:30:30:125 [1] and stored at
room temperature.  20 mg of sample was tapped into a 0.5 mm deep XRD
sample holder and subjected to a flow of 5 cm3/min of dry N2 at 33 °C for 10–
12 days. The sample in its holder was transferred to the upper plate of a
desiccator that served as a humidification chamber with a layer of
deoxygenated deionized water at the bottom.  The chamber was maintained at
33 °C for 8 days, after which the sample, still under N2, was either set into a
sealed vessel for transport to the x-ray diffractometer or emptied into a vial
for future EM analysis.  Sample color was visually observed before and after
humidification. For XRD the sample was removed from its nitrogen
environment and scanned with Cu Kα radiation.

Results and Discussion: The humidification brought about a color
change from a rich brown to white, not unlike the progression from dark grey
to white reported by Chizmadia et al. [3]. The significance of the color
change is obscure.

The preliminary flowing nitrogen treatment had no significant effect on
the XRD pattern, which produced fairly sharp peaks.  Preliminary analysis
suggests the presence in the starting material of periclase, brucite, silicon, and
possibly forsterite, but no appreciable enstatite. This result is roughly
consistent with those of Rietmeijer et al. [2] obtained by EM-electron
diffraction.

The XRD pattern after humidification was very different, two broad
peaks with maxima at about 0.29 and 0.16 nm spacings, and a shoulder to the
0.29-nm peak at 0.22 nm.  This pattern likely signifies the disappearance of
Mg oxides leaving only nanocrystals of Mg-silicates.

References: [1] Nuth III, J. A. et al. 2000. Journal of Geophysical
Research 105:10387–10396.  [2] Rietmeijer F. J. M. et al. 2004. Meteoritics
& Planetary Science 39:723–746. [3] Chizmadia L. J. et al. 2006. Abstract
#2187. 37th LPSC. [4] Chizmadia L. J. 2007. Abstract #1005. 38th LPSC. [5]
Hoffman E J. et al. 2004. Hyperfine Interactions 153:143–145. [6] Nuth III,
J. A. et al. 2002. Meteoritics & Planetary Science 37:1579–1590.
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MAGNETISM OF SHERGOTTITES (SNC)—NEW RESULTS
V. Hoffmann1, 2, M. Funaki3, M. Torii4, E. Appel1. 1Institute for Geosciences,
University of Tübingen. 2Faculty of Geosciences, University of München,
Germany, E-mail: viktor.hoffmann@uni-tuebingen.de; 3National Institute of
Polar Research, Tokyo/Japan; 4Department of Geosphere-Biosphere System
Science, Okayama University of Science, Okayama/Japan.

Introduction: New discoveries in cold (Antarctica) and hot desert
areas have significantly increased the number of Martian meteorites (SNC) to
more than 50 (unpaired) [1, 2]. Martian meteorites are classified in four main
groups in terms of their petrology and mineralogy, namely Orthopyroxenite
(1 published member), Chassignites (dunite, 2), Nakhlites (clinopyroxenite,
7) and Shergottites (42) which are additionally subdivided in basaltic,
olivine-phyric, olivine-opx phyric, lherzolitic and one wehrlite [1]. 

Magnetism of Shergottites: Recently, geochemical studies revealed
that independently from the „old” scheme shergottites can be divided into 3
different subgroups based on their trace element and isotopic signature
(enriched, depleted, and intermediate suite) [3]. This is interpreted as
additionally reflecting the heterogeneity of the magma reservoirs [4]. The
petrology and mineralogy of the lherzolitic shergottites is quite homogeneous
(neglecting secondary processes) [5, 6]. Their magnetic signature was found
to follow specific trends, mainly depending on shock degree and terrestrial
alteration effects, the latter in turn strongly depending on size/weight (TKW)
of the individual Martian meteorites [7–9]. 

However, the magnetic signature of the members of the other
shergottite groups appears quite scattered and was not found to follow
distinct trends so far. In this study, we tried to (re-) compile published and
original data, specifically addressing and incorporating new shergottite finds,
concerning their magnetic signature in order to evaluate likely trends or
groupings (such as for lherzolites). Additionally, the effects of secondary
processes such as terrestrial alteration on the magnetic characteristics of the
SNC were studied using the NWA 2975 (basaltic), SaU 005/008 and NWA
1068 (oliv.-phyric) and DaG 476 (oliv.-opx phyric) clans representing large
sets of sample sizes and weights (TKW). The main result of our
investigations is that only sufficiently large sample sets and the respective
databases allow to get insight and to eventually control these secondary
processes in a satisfying manner. 

References: [1] Meyer C. 2009. Mars Meteorite Compendium, http://
curator. jsc.nasa.gov/antmet/mmc. [2] The Meteoritical Bulletin. 2009 (http:/
/tin.er. usgs.gov/meteor/metbull.php). [3] Symes S. J. K. et al. 72/2008,
1696–1710. [4] Herd C. D. K. Meteoritics & Planetary Science 38/2003,
1793–1805. [5] Mikouchi T. LPSC 40/2009, #2272. [6] Mikouchi T. and
Kurihara T. Polar Science 2/2008, 175–194. [7] Hoffmann V. et al. Planet
Formation and Evolution, Tübingen 2009, p. 24. [8] Hoffmann et al.
Meteoritics & Planetary Science, 43/2009, A5233. [9] Hoffmann et al. DFG-
SPP 1115, 2009. 
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OMAN METEORITE SEARCH PROJECT 2001–2009: STATUS AND
SUMMARY
B. A. Hofmann1, E. Gnos2, F. J. Zurfluh1,3, M. D. GISCARD4, A. J. T. Jull4,
P. Weber5 and S. H. Al Busaidi6. 1Natural History Museum Bern,
Switzerland. E-mail: beda.hofmann@geo.unibe.ch. 2Natural History
Museum Geneva, Switzerland, 3Institute of Geological Sciences, University
of Bern, Switzerland, 4NSF-Arizona AMS Laboratory, University of
Arizona, Tucson, USA. 5Laboratory for High Energy Physics, Physics
Institute, University of Bern, Switzerland. 6Directorate General of Minerals,
Ministry of Commerce and Industry, Muscat, Sultanate of Oman.

Introduction: Systematic meteorite search activities have been
conducted in Oman every winter since January 2001 (except 2004). The
current 3rd phase of the project aims at a correlation of meteorite finds and all
their properties with find locations and surface characteristics using GIS. All
major surfaces of the country are being investigated, with the main aim to
produce a map delineating suitable search areas. 

Find Statistics: Fieldwork invested is 2.6 man years. A total of 5237
meteorite samples (totalling ~4000 kg) were recovered, representing ~600
fall events. The estimated density of meteorites as found by car search is 0.58/
km2 (range 0.35–0.79 for different campaigns), corresponding to 1259 km2

searched (~1% of the suitable area of Oman). Limited foot searches resulted
in slightly higher yields. Three large strewn fields (lengths of 19–51 km)
were discovered. The situation in Oman is unique in providing a large
number of finds combined with known fall locations.

Meteorite Statistics: After correction for pairing the Oman population
shows some interesting peculiarities. Abundances of OC, achondrites and
iron as well as the H/L ratio are similar as for Saharan finds [1]. Especially
the size-frequency distribution for H and L chondrites shows a predominance
of H for small samples while large meteorites are dominated by L, the
contrary of what is observed in recent falls. Among 14 achondrites there are
7 HED’s and 4 ureilites.

Terrestrial Ages: 117 meteorite samples have been 14C-dated, yielding
a mean age of 20.8 kyr. In order to control for a possible sampling bias, all LL
meteorites were dated, yielding a similar mean terrestrial age of 17.7 kyr (n =
13). The age distribution shows a pronounced lack of samples younger than
10–20 kyr. The reason for this under-representation is still poorly understood,
there is no obvious correlation with known arid and moist climatic periods.
Terrestrial ages show a positive correlation with the degree of weathering.
14C ages of terrestrial carbonates in the meteorites are mainly recent to 10 kyr
old.

The least weathered meteorites were analyzed by gamma-spectroscopy,
resulting in the recognition of two meteorites with detectable 22Na (T1/2
2.6 yr), indicating a terrestrial age <20 years. In relation to the searched
surface a fall rate of 79 events per million square kilometers and year is
derived, similar to the figure given by [2].

Outlook: A GIS-based map is planned presenting major characteristics
of the meteorites including terrestrial contamination based on handheld XRF
and soil characteristics.

References: [1] Bevan A. W. R. 2006. In The history of meteoritics and
key meteorite collections: Fireballs, falls and finds, Geol. Soc. Spec. Pub.
256:325–343. [2] Halliday I. et al. 1989. Meteoritics 24:173–178.
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THE STELLAR SOURCES OF PRESOLAR GRAINS: ISOTOPIC
EVIDENCE VS. MODEL PREDICTIONS FOR THE ORIGIN OF
STARDUST IN THE ISM
P. Hoppe1, H.-P. Gail2, S. V. Zhukovska2, and M. Trieloff3. 1MPI für Chemie,
55128 Mainz, Germany E-mail: hoppe@mpch-mainz.mpg.de). 2Institut für
Theoretische Astrophysik, Univ. Heidelberg, 69120 Heidelberg, Germany.
3Institut für Geowissenschaften, Univ. Heidelberg, 69120 Heidelberg,
Germany.

Presolar Grains: Meteorites and IDPs contain small quantities of
refractory dust grains that formed in the winds of evolved stars or in the ejecta
of stellar explosions [1, 2]. Among the identified stardust minerals are
silicates, oxides, SiC, and graphite. From a comparison of isotopic
compositions with stellar model predictions their stellar sources have been
inferred as follows. (1) Silicates/oxides: More than 85% of the grains are
from 1.1–2.5 M  RGB/AGB stars of solar or slightly lower than solar
metallicity and ~10% from SNeII. (2) SiC: More than 90% of the grains are
from 1.5–3 M   AGB stars with metallicities from 1/3x to 1x solar. Only ~1%
of the grains are from SNeII. (3) Graphite: More than 2/3 of the grains appear
to come from SNeII. Significant contributions are also evident for AGB stars.
The predominant occurrence of grains from RGB/AGB stars is in line with
astronomical observations. Here, we will compare the characteristics of the
parent stars of presolar grains as inferred from their isotope data with
predictions from a model for the relative contributions of dust from RGB/
AGB stars of different masses and metallicities in the ISM at the instant of
solar system formation.

The Dust Model: Our comparison is based on models that combine
dust condensation in outflows of low- and intermediate mass stars with
synthetic models of stellar evolution on the RGB/AGB, and the evolution of
the Milky Way for the solar neighborhood [3, 4]. These calculations show
that stars on the RGB or early AGB are not expected to form dust; dust
formation is concentrated to the TP-AGB phase. Due to the limited life time
of dust in the ISM, the solar nebula should have contained dust from stars
with only a narrow range of metallicities: 0.6-1x solar for silicates and SiC,
0.3–1x solar for graphite. Predicted masses of AGB stars that contributed C-
rich dust are in the range 1.5–4 M . The predicted mass distribution of AGB
stars that provided O-rich dust is essentially bimodal, with contributions from
stars in the ranges 1.3–2.5 M  and 4–8 M .

Discussion: For graphite and SiC there is a fairly good agreement
between the dust model predictions and the implications from the isotope
data for the contribution of AGB stars from different mass and metallicity
ranges. For O-rich dust the agreement is not as good: (1) Missing 26Al in
about 30% of the presolar grains has been used to argue that these grains
formed on the RGB or early AGB, which is in conflict with the predictions of
extremely low dust production efficiencies of those stars. It might be possible
that those grains formed on the TP-AGB as well, but before the 3. DUP had
set in. (2) According to the dust model significant contributions are expected
from AGB stars with >4 M , contrary to the inferences from the isotope data
of presolar grains. Right now we don’t have a ready explanation for this
apparent mismatch and more work is clearly needed.

References: [1] Lodders K. and Amari S. 2005. Chemie der Erde 65:
93–166. [2] Hoppe P. 2008. Space Science Reviews 138:43–57. [3] Gail H.-P.
et al. 2009. The Astrophysical Journal, in press. [4] Zhukovska S. V. et al.
2008. Astronomy & Astrophysics 479:453–480.
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PSD-XRD MODAL MINERALOGY OF CM CHONDRITES
SPANNING THE COMPLETE PETROGRAPHIC RANGE
K. T. Howard1, G. K. Benedix1, P. A. Bland1, 2 and G. Cressey1. 1Impacts and
Astromaterials Research Centre (IARC), The Natural History Museum,
Mineralogy Department, London SW7 5BD United Kingdom. 2IARC, Dept.
of Earth Sci. and Eng., Imperial College, London, SW7 2AZ, United
Kingdom.  E-mail: kieren.howard@nhm.ac.uk.

Introduction: CM carbonaceous chondrites are samples of
incompletely serpentinized fragments of primitive asteroids. These
meteorites preserve a record of nebular and parent body processes.  CMs are
composed predominantly of high temperature anhydrous phases and low
temperature serpentine family phyllosilicates. Modal data allows for a greater
understanding of CM petrogenesis and for characterization of the parent
body.  The fine grain size and tendency to show brecciated textures typical of
CM chondrites complicates accurate determination of modal mineralogy by
traditional petrographic (or optical) studies.

By Position Sensitive Detector X-ray Diffraction (PSD-XRD) and a
pattern stripping technique [1] utilizing single phase mineral standards, we
determine the modal abundance of crystalline phases present in volumes
>1%. Previously we demonstrated that the most studied CM2 chondrite falls
(Mighei, Murray, Murchison, Nogoya, Cold Bokkeveld) show a very limited
range in the modal abundance of total phyllosilicate [mean  = 75% ± 3.4%
(2σ)]; essentially reflecting pervasive hydration (aqueous alteration) of
matrix across all samples [2, 3]. Here we extend our work to include the more
extensively aqueously altered CM1 chondrites (SCO 06043; MET 01070), as
well as more CM2 samples including those covering the least altered [3] end-
members in the CM2 group and a transitional type 1/2 (QUE 97990,
ALHA81002; QUE 93005; ALH 83100). The total abundance of
phyllosilicate allows us to define the extent of aqueous alteration
(progressive alteration sequence) since this forms from hydration of the
anhydrous components.

Results: The maximum volume of anhydrous silicate
(olivine+pyroxene) is 30% and interestingly CM1 samples may contain as
little as 6% olivine—nearly identical as determined for Orgueil (CI) [4].
CM1 samples may contain almost 90% phyllosilicate resolved by PSD-XRD
as a crystalline component producing high-intensity peaks at 12° and 25° (2θ
CuKα) and a fine grained component corresponding to broad hk reflections.
TEM studies [5, 6] show the crystalline phases to be Fe-rich serpentines
generally larger in grainsize (up to 2500 nm) than the intergrown more Mg-
rich serpentines that may be cylindrical or fibrous and smaller than 20 nm.
These Mg-rich serpentines correspond to the broad reflections in XRD
patterns that are typical of fine grainsize phyllosilicate present as platy
crystals consisting of only a few structural layers along [001]. Total
phyllosilicate abundances define a transition between relatively uniformly
hydrated CM1 and CM2 groups. As total phyllosilicate increases, the
proportion of fine-grained component increases with implications for
phyllosilicate evolution. The high abundance of Fe-rich serpentines in CMs
suggests Fe-rich anhydrous precursors existed in matrix. 

References: [1] Cressey G. and Schofield P. F. 1996. Powder
Diffraction 11:35–39.  [2] Howard K. T. et al. 2009.  Geochimica et
Cosmochimica Acta in press. [3] Rubin A. E et al. 2007. Geochimica et
Cosmochimica Acta 71:2361–2382. [4] Bland P. A. et al. 2004. Meteoritics &
Planetary Science 39:3–16. [5] Lauretta D. S. et al. 2000. Geochimica et
Cosmochimica Acta 64:3263–3273.  [6] Barber D. J. 1985. Clay Minerals 20:
415–454. 
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RELATIONSHIP BETWEEN SOLUBLE MONOCARBOXYLIC
ACIDS AND ALIPATIC SIDE CHAINS OF IOM IN
CARBONACEOUS CHONDRITES
Y. Huang1, Y. Wang1, M. R. Alexandre1, A. J. Brearley2, and C. M. O’D.
Alexander3. 1Department of Geological Sciences, Brown University,
RI02912 E-mail: yongsong_huang@brown.edu), 2Department of Earth and
Planetary Sciences, University of New Mexico, NM87131,  3Department of
Terrestrial Magnetism, Carnegie Institution of Washington, Washington, DC
20015.

Organic materials in carbonaceous chondrites range from soluble
organic compounds to  a complex macromolecular network of insoluble
organic matter (IOM) [1,2]. Numerous studies have been carried out on
soluble organic compounds in carbonaceous chondrites [3]. Recent
development in analytical techniques permit analysis of aliphatic side chains
in the IOM [1, 4]. Upon degradation with RuO4, monocarboxylic acids
(MCAs) are produced from aliphatic side chains whose structures and
isotopic ratios can be determined [4].   The aim of this work is to deduce the
relationship between the aliphatic side chains in the meteorite IOM and
soluble carboxylic acids by comparison of their chemical structures and
isotopic variations. We studied different types of six meteorites [Orgueil
(CI1); ALH 85013 (C2), ALH 84033 (CM1/2), Murchison (CM2), EET
87770 (CR2) and MET 00430 (CV3)], in order to establish a more
statistically robust relationship. 

Results and Discussion: 15 to 50 MCAs were identified and quantified
in both water soluble extracts and RuO4 treated IOM samples. The molecular
distributions, especially for the branched monoacids, are very similar
between water soluble fractions and RuO4 treated IOM samples in
Murchison. Such structural similarity and inheritance between IOM and
soluble acids suggest that these compounds have similar or the same origins,
i.e., a common precursor may be responsible for their formation. There is also
striking similarity in the distribution of MCAs released from RuO4 treated
samples, regardless of their petrographic classifications (e.g., CM1, CM2,
CR2 and CV3). In contrast, the soluble acids from different meteorites show
more variable distributions. There are fewer MCAs in soluble fractions than
in RuO4-treated IOM fractions in most samples, suggesting post synthetic
processes are more likely to affect the soluble compounds than the IOM.
Carbon isotope ratios of most monoacids range from 0 to –80 ‰ (vs. PDB),
which are indistinguishable from terrestrial organic compounds. However,
meteorite MCAs are highly enriched in deuterium, with δD values ranging
from a few hundred to > +2000‰ (vs. VSMOW). There is also a good
correlation between the isotope ratios from the water extractable and those
released from IOM degradation. Our isotope data once again suggest a
possible parent-daughter relationship between soluble and insoluble organic
fraction in carbonaceous meteorites.

References: [1] Remusat L et al. 2005. Geochimica et Cosmochimica
Acta 69:4377–4386. [2] Huang Y. et al. 2005. Geochimica et Cosmochimica
Acta 69:1073–1084. [3] Pizzarello S. 2006. Acc. Chem. Res. 39:231–237. [4]
Huang Y. et al. 2007. Earth and Planetary Science Letters 259:517–525.
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NOBLE GAS MEASUREMENTS IN METAL FROM PALLASITES
L. Huber1, G. F. Herzog2, D. L. Cook2, 3, I. Leya1. 1University of Bern, Space
Research and Planetary Sciences, Switzerland. 2Rutgers University,
Piscataway, NJ, USA, 3University of Oxford, Oxford, UK. E-mail:
liliane.huber@space.unibe.ch. 

Introduction: Pallasites are stony-iron meteorites that likely formed at
the core-mantle boundary of one or more differentiating parent bodies [e.g.,
1]. The noble gas concentrations of pallasites are interesting for several
reasons.  First, some samples of Brenham olivines contain solar gases [2, 3],
which raises the question how the olivines managed to retain the trapped
solar component during the differentiation process. It was suggested [2, 3]
that the solar component resides in a carrier phase interstitial to olivine and
metal. But how the carrier phase did avoid being degassed is not yet clear.
However, a better knowledge of the noble gas components of pallasites might
help answering this question. Second, studies of cosmic-ray exposure (CRE)
ages demonstrate systematic increases on going from stones to mesosiderites
to irons, perhaps reflecting increases in mechanical strength and resistance to
collisional destruction. Published CRE ages for pallasites are comparable to
those of mesosiderites but with a few exceptions [e.g., 1] have been
calculated without the use of modern production rates or shielding
corrections. Third, pallasites can help to validate model calculations for
cosmogenic production rates. Reliable model calculations exist for iron
meteorites [4] and for ordinary and carbonaceous chondrites [5]. In the latter
study the matrix effect, i.e., the non-linear dependence of the production rates
on the bulk chemical composition of the meteoroid is studied theoretically.
By using data from pallasites along with those from mesosiderites [6] we can
test the model predictions for a high-iron matrix. Here we present first results
of a comprehensive study of noble gas concentrations in the metal phase from
12 pallasites.

Samples: We analyzed noble gas concentrations in metal separates of
the pallasites Ahumada, Albin, Brenham, Eagle Station, Esquel, Finmarken,
Glorieta Mountain, Huckitta, Imilac, Krasnojarsk, South Bend, and
Springwater. The cosmogenic radionuclides were measured in adjacent
samples and are reported separately [Cook et al., this conference]. For noble
gas measurements the samples were heated in a molybdenum crucible with a
boron-nitride liner (to avoid corrosion of the crucible) and were degassed at
~1800 °C via RF-heating. The gases were cleaned on various Ti getters and
the noble gas isotope concentrations were measured in peak jumping mode
using two static noble gas mass spectrometers built at the University of Bern.
The noble gas blanks, which are crucial for the study of metal samples, are
low, i.e., less than a few percent for 3,4,He, 21,22Ne, and 36,38Ar. Preliminary
values of the 38Ar concentrations range from 0.3 × 10−8 to 9 × 10−8 cm3 STP/
g. At the conference we will present detailed results and discuss their
implications for CRE ages.

References: [1] Mittlefehldt D. W., McCoy T. J., Goodrich C. A.,
Kracher A. 1998 In: Planetary Materials. Rev. in Mineralogy, vol. 36. [2]
Mathew K.W. and Begemann F. 1997. Journal of Geophysical Research 102:
11015–11026. [3] Nagao K and Miura Y.N. 1994 Meteoritics & Planetary
Science 29, Abstract. [4] Ammon K., Masarik J., and Leya I. 2009.
Meteoritics & Planetary Science, in press, [5] Leya I. and Masarik J. 2009
Meteoritics & Planetary Science, in press [6] Albrecht et al., 2000.
Meteoritics & Planetary Science 35:975.
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LUNAR GRANULITIC BRECCIAS: DIFFERENCES BETWEEN
APOLLO AND METEORITE SAMPLES
J. A. Hudgins and J. G. Spray. Planetary and Space Science Centre,
University of New Brunswick, Fredericton, New Brunswick E3B 5A3,
Canada.

Breccias with poikiloblastic or granoblastic textures, indicative of high-
temperature metamorphism, have been found at most non-mare Apollo
sampling sites and within the lunar meteorite collection [1, 2, 3]. The so-
called granulitic breccias (Gbx) were formed when impact breccias
containing a mixture of clasts were heated to ~1000 ºC [1]. They lack
KREEP contamination but are moderately enriched in meteoritic siderophile
elements, pointing to a near-surface crustal history dominated by impact
events. Due to their ubiquitous nature, they represent a small but common
fraction of the lunar crust. Here we present differences in chemistry,
mineralogy, and age between the Apollo Gbx (represented by 60035, 77017,
78155, and 79215) and Gbx meteorites (represented by NWA 3163/4881)

Mineralogical differences include the absence of large Fe-Ni metal
grains in the meteorites, which are common in the Apollo Gbx and the
widespread presence of maskelynite, which is not common in the Apollo
Gbx, indicating the meteorites were exposed to higher shock pressures (>28
GPa). Shock effects in the Apollo Gbx suggest shock pressures of <5–22
Gpa.

In terms of bulk geochemistry, NWA 3163/4881 contains more Ca and
Al and less Mg than the Apollo Gbx [2], suggesting higher plagioclase
content. In terms of trace elements, NWA 3163/4881 contains lower
concentrations of ITES (e.g., 0.6–1.64 ppm Th for Apollo Gbx vs. 0.11 ppm
Th for NWA 3163/4881 [2,3]). NWA 3163/4881 also contains lower
concentrations of siderophile elements [2,3] (e.g., 3.6–15.8 ppb Ir for Apollo
Gbx vs. 2.3 ppb Ir for NWA 3163/4881). Differences in trace and siderophile
elements reflect distinctions in pre-metamorphic composition and impactor
contamination.

40Ar/39Ar data from this study reveal that 60035, 77017, and 78155
have peak metamorphic ages of 4.1 Ga, while 79215 has a peak metamorphic
age of 3.9 Ga [4]. Ar release from NWA 3163/4481 is complex and Ar
systematics have likely been disturbed by post-peak metamorphic events.
Currently, one sample of NWA 3163 and one of NWA 4881 are being
analyzed using 40Ar/39Ar IR step-heating and spot analysis to further evaluate
the Ar systematics of the meteorites.

We believe that the parental impact breccias of the granulitic breccias
were metamorphosed beneath thick (2–5 km), super-heated (~2000 ºC)
impact-melt sheets or ejecta blankets for <10,000 years. The melt sheets and
ejecta blankets must have been associated with large impact craters in order
to generate superheated conditions and deposits thick enough to maintain
high temperatures for thousands of years. In contrast with previous studies of
NWA 3163/4881 [2, 3], we believe that these samples were formed by
contact metamorphism as opposed to deep burial in the lunar crust. The
higher shock pressures registered by the lunar meteorites indicate that the
lofting process may be responsible for this overprint.

References: [1] Warner J. L. et al. 8th LPSC. pp. 2051–2066. [2]
Fernandes V. A. et al. 40th LPSC. Abstract#2009. [3] Korotev R. L. et al.
2008. Abstract #1209. 39th LPSC. [4] Hudgins et al. 2008. Geochimica et
Cosmochimica Acta 72:5781–5798.
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IRON AND NICKEL ISOTOPIC COMPOSITIONS OF SILICON
CARBIDE Z GRAINS
K. M. Hynes1, F. Gyngard1, E. Zinner1, and L. R. Nittler2.  1Laboratory for
Space Sciences and the Department of Physics, Washington University, St.
Louis, MO 63130, USA. E-mail: kmhynes@wustl.edu. 2Department of
Terrestrial Magnetism, Carnegie Institution of Washington, Washington, DC
20015.

Introduction:  Most presolar SiC grains (~93%) have Si isotopic ratios
that fall along the so-called mainstream correlation line of 1.37 on a Si three
isotope plot [1].  Z grains, which constitute only ~1% of the total presolar SiC
population, plot on the 30Si-rich side of this line and typically have negative
δ29Si/28Si values, suggesting that they originated in asymptotic giant branch
stars of approximately one-third solar metallicity [2].  This makes them
valuable probes of galactic chemical evolution.  Recent measurements of Fe
and Ni in SiC X grains, which are thought to originate in supernovae, showed
significant isotopic anomalies in both elements [3].  One Z grain was also
measured.  It had a large enrichment in 54Fe, unlike most of the X grains, as
well as an excess in 62Ni.  Here we report Fe and Ni isotopic measurements
on 26 Z grains from the Indarch meteorite.  

Experimental:  SiC grains from the IH6 fraction (0.25–0.65 µm
diameter) of the Indarch (EH4) enstatite chondrite were analyzed in the
Washington University NanoSIMS.  The 12,13C and 28,29,30Si isotopes were
measured with the automated technique developed by [4].  Z grains were
identified based on their Si isotopic compositions and criteria similar to those
used in previous studies [1, 5]; the IH6 separate was chosen for its
comparatively high percentage of Z grains (~8% of the presolar SiC grains)
[1].  Following identification of Z grains, SEM images were taken with the
Auger Nanoprobe to select good (well-isolated on the mount) candidate
grains for additional NanoSIMS measurements.  The 54,56,57Fe, 58,60,61,62Ni,
59Co, and 52Cr (in order to make corrections for 54Cr interferences) isotopes
of the Z grains were subsequently measured in the NanoSIMS with a
combination of magnetic peak-jumping and multidetection.

Results: Due to small grain size and low Fe-Ni elemental
concentrations of the grains, the errors are large for individual isotopic ratios;
however, roughly half of the grains are anomalous by more than 2σ in at least
one isotopic ratio and several are anomalous in multiple ratios.  Most of the
anomalous grains contain Ni isotopic excesses or deficits relative to 58Ni, but
this could be a statistical effect, as the grains are Ni-rich and thus the errors
for the Ni ratios are smaller than those for the Fe ratios.  At least one grain
(e5-1-7-5) contains an obvious Fe-Ni subgrain, with both the Fe and the Ni
signals varying together.  Within errors, the isotopic composition of the
subgrain appears to be similar to that of the rest of the grain.  The X grains
studied by [3] contained primarily Fe-rich subgrains, with little
accompanying Ni, and, in some cases, the Fe anomalies were carried by the
subgrains.  No Fe-Ni subgrains have been previously reported in Z grains.
Grain e5-1-7-5 is enriched in both 54Fe and 57Fe relative to 56Fe by several
hundred permil.  The 54Fe excesses in this grain, as well as in several other Z
grains, are particularly difficult to explain, as low-metallicity stars are
expected to have 54Fe deficits rather than excesses [3].   

References: [1] Zinner E. et al. 2007. Geochimica et Cosmochimica
Acta 71:4786–4813. [2] Hoppe P. et al. 1997. ApJ 487:L101–L104. [3]
Marhas K. K. et al. 2008. ApJ 689:622–645. [4] Gyngard F. et al. 2009.
Abstract #1386. 40th LPSC. [5] Nittler L. R. and Alexander C. M. O’D. 2003.
Geochimica et Cosmochimica Acta 67:4961–4980.
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MOAPA VALLEY: A SECOND NON-ANTARCTIC CM1
CHONDRITE FROM NEVADA, USA
A. J. Irving1, S. M. Kuehner1, D. Rumble, III2, R. L. Korotev3 and S. Clary.
1Dept. of Earth and Space Sciences, University of Washington, Seattle, WA
98195, USA, irving@ess. washington.edu; 2Geophysical Laboratory,
Carnegie Institution, Washington, DC, 20015, USA; 3Dept. of Earth and
Planet. Sciences, Washington University, St. Louis, MO 63130, USA.

Discovery: A single dark gray, flattened stone (698.8 g), exhibiting
subparallel contraction cracks and partially coated with black, vesicular
fusion crust was found in 2004 in the Moapa Valley, southeast of Logandale,
Nevada.

Petrography: Rounded to ellipsoidal objects (0.05 to 0.7 mm across),
exhibiting a preferred orientation of their long axes, are set in a very fine
grained, dark matrix containing small clusters of sulfide grains.  The larger
objects (presumably former chondrules) are composed mainly of serpentine
minerals and S-bearing phase(s) (probably tochinilite), and in thin section
range in color from pale yellow-brown to red- brown to sepia brown; some
such objects have serpentine-rich rims and/or larger, subhedral, dark brown
grains composed of serpentine/cronstedtite.  The sulfides consist of finely
intergrown pyrrhotite and pentlandite.  Very rare magnetite and calcite are
present in the matrix, and the specimen is traversed by narrow open fractures
and several thin veinlets filled with chalcedony. 

Broad electron beam analysis of different components gave the
following ranges in composition (in wt%): ellipsoidal objects SiO2 31.7–
38.4, TiO2 0.07–0.25, Al2O3 1.8–7.2, Cr2O3 0.19–0.73, FeO 15.9–26.3, MnO
0.07–0.18, MgO 22.7–28.8, CaO 0.06–0.25, Na2O 0.04–0.29, SO3 0.03–
0.87, SUM 85.7–87.4; matrix SiO2 27.1–28.4, TiO2 0.11–0.16, Al2O3 2.7,
Cr2O3 0.48–0.57, FeO 34.1–39.7, MnO 0.20–0.25, MgO 14.7–16.5, CaO
0.36–2.9, Na2O 0.21–0.42, SO3 3.9–8.5, SUM 89.9–94.1. The specimen must
be very porous on a fine scale, judging from the great difficulty in fully
degassing small fragments under vacuum.

Oxygen Isotopes: Analyses of two acid-washed whole rock fragments
by laser fluorination gave, respectively, δ18O  = 6.29, 6.08; δ17O  = 0.93, 0.68;
∆17O = −2.382, −2.519 per mil. These compositions plot on the CM chondrite
trend [1], close to compositions for anomalous CM2 chondrite NWA 3340 [2]
and another, 19 gram non-Antarctic CM1 chondrite from Northwest Africa
[3].

Bulk Composition: INAA of two ~100 mg samples gave the following
mean abundances: FeO 28.7 wt%, Na2O 0.11 wt%, Ni 1.6 wt%; in ppm, Sc
8.9, Cr 3900, La 0.38, Sm 0.24, Eu 0.06, Yb 0.28, Lu 0.041.  The REE pattern
is flat at ~1.3× CI chondrites, and is similar to those of other CM chondrites
[4]. 

References: [1] Clayton R. N. and Mayeda T. K. 1999. 63:2089–2104.
[2] Kuehner S. M. et al. 2007. Meteoritics & Planetary Science 32:A74. [3]
Weisberg M. K. et al. 2009. The Meteoritical Bulletin, No. 96. [4] Wasson J.
T. and Kallemeyn G. W. 1988. Phil. Trans. Roy. Soc. Lond. A 325:535–544.
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HIGHLY 15N-ENRICHED CHONDRITIC CLASTS IN THE
ISHEYEVO (CH/CB) METEORITE: TEM ANALYSES
H. A. Ishii1*, J. P. Bradley1, L. Bonal2, A. N. Krot2, K. Nagashima2, G. R.
Huss2, I. D. Hutcheon1 and N. Teslich1. 1Institute of Geophysics and
Planetary Physics, LLNL, Livermore, CA 94550 USA. E-mail:
hope.ishii@llnl.gov. 2HIGP/SOEST, University of Hawai‘i at Manoa,
Honolulu, HI 96822 USA.

Introduction: Isheyevo, a metal-rich CH/CB-like meteorite, shows
whole-rock δ15N enrichment up to ~+1500‰ [1]. Bonal et al. discovered rare
chondritic clasts in Isheyevo containing mafic silicates, large bulk 15N
enrichments (δ15N from +1000 to 1300‰) and µm-sized “hotspots” with
δ15N approaching +5000‰ [2,3]. The source of these high 15N enrichments,
whether due to molecular cloud, nebular and/or parent body processing, is
presently unknown. Because the clast matrix material is fine-grained, we are
carrying out FIB/TEM petrographic studies to be coordinated with
NanoSIMS mapping to identify in situ the carrier(s) of their bulk and hotspot
15N enrichments and to establish the possible origin(s) of these clasts.

Methods: Regions of lithic clasts with anhydrous silicates were
isotope-mapped (Cameca ims 1280 ion microprobe) [2]. Sample outgassing
of the polished section prevented direct NanoSIMS isotope imaging at higher
spatial resolution. Cameca ims 1280 mapped areas were imaged by high-
resolution secondary electron microscopy (JEOL JSM7401F FE-SEM) to
correlate δ15N and 28Si maps with local mineralogy and textures. Focused ion
beam thin sections were extracted (FEI Nova600 NanoLab FIB) to include
bulk and hotspot materials for transmission electron microscopy analysis
(FEI 200 kV Tecnai and 300 kV Titan TEMs). FIB sections will be mapped
by NanoSIMS.

Results and Discussion: The rare Isheyevo chondritic clasts containing
anhydrous silicates are, in fact, extensively aqueously altered. Bulk regions
contain disordered ferrihydrite and extremely fine-grained (typically 1–2
layers) smectite-group phyllosilicates finely intermixed and
pseudomorphically replacing anhydrous silicates. Magnesian olivines and
pyroxenes up to several µm in diameter dominate the remnant silicates, all of
which display corroded surfaces. Disordered ferrihydrite is present between
silicate regions, and several-µm-sized domains of poorly ordered ferrihydrite
intergrown with serpentine-group phyllosilicates are rimmed by framboidal
magnetite and goethite. 15N-hotspot regions contain larger quantities of these
Fe-rich hydrous materials and a few small silicates, 50–500 nm olivine, low-
Ca and high-Ca pyroxene. Banded features typical of shock are evident in a
pyroxene. Most interesting is the presence of a semi-continuous network of
amorphous organic material embedded in the hydrous phases in the vein
including globule-like objects a few hundred nm in diameter. These differ in
morphology from the organic globules reported in other meteorites [e.g., 4]
and may represent modifications or processing post-formation. The extreme
15N anomalies corresponding to locations of veins containing an organic
network in heavily hydrated matrix suggests that 1) the organic material and/
or ferrihydrite may be 15N carrier(s) and 2) aqueous processing played a
significant role in redistributing 15N throughout these clasts.

References: [1] Ivanova M. A. et al. 2008. Meteoritics & Planetary
Science 43:915. [2] Bonal L. et al. 2009. Abstract #2046. 40th LPSC. [3]
Bonal L. et al. 2008. Geochimica et Cosmochimica Acta, submitted. [4]
Nakamura-Messenger et al. 2006. Science 314:1439.
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RARE EARTH ELEMENT MEASUREMENTS OF MELILITE AND
FASSAITE IN ALLENDE CAI BY NANOSIMS
M. Ito1, 2 and S. Messenger2. 1Lunar and Planetary Institute, 3600 Bay Area
Blvd, Houston TX 77058, 2ARES, NASA Johnson Space Center, 2101
NASA parkway, Houston TX 77058 E-mail:ito@lpi.usra.edu,
scott.r.messenger@nasa.gov.

Introduction: The rare earth elements (REEs) are concentrated in CAIs
by ~20 times the chondritic average [e.g., 1]. The REEs in CAIs are important
to understand processes of CAI formation including the role of volatilization,
condensation, and fractional crystallization [1, 2]. REE measurements are a
well-established application of ion microprobes [e.g., 3]. However the spatial
resolution of REE measurements by ion microprobe (~20µm) is not adequate
to resolve heterogeneous distributions of REEs among/within minerals. We
have developed methods for measuring REE with the NanoSIMS 50L at
smaller spatial scales. Here we present our initial measurements of REEs in
melilite and fassaite in an Allende Type-A CAI with the JSC NanoSIMS 50L.

Experimental: We synthesized diopside glass standards doped with
selected trace and REEs (100 and 500 ppm) optimized for simultaneous
measurement of 7 masses by NanoSIMS. These standards were used to
accurately determine relative sensitivity factors and oxide-to-element ratios,
as well as finding target REE peaks.  A focused O- ion beam was rastered
over 5 × 5 to 10 × 10 µm regions. Secondary [REE+] ions were measured in
multidetection mode with 7 electron multipliers at a mass resolving power of
~3000. An energy offset of -60V was applied to reduce interferences from
complex molecular ions in the mass range of REEs following previously
established techniques [3]. The integration time for each measurement was
typically ~2 hours. Data were corrected for EM dead time, and REE
abundances were corrected for contributions from unresolved REEO+ peaks. 

Results and Discussion: We found that the key parameters for accurate
REE abundance measurements differ between the NanoSIMS and
conventional SIMS, in particular the oxide-to-element ratios, the relative
sensitivity factors, the energy distributions, and requisite energy offset. Our
REE abundance measurements of the 100 ppm REE diopside glass standards
yielded good reproducibility and accuracy, 0.5–2.5% and 5–25%,
respectively.

We determined abundances and spatial distributions of REEs in core
and rim within single crystals of fassaite, and adjacent melilite with 5–10 µm
spatial resolution. The REE abundances in fassaite core and rim are 20–100
times CI abundance but show a large negative Eu anomaly, exhibiting a well-
defined Group III pattern. This is consistent with previous work [4]. On the
other hand, adjacent melilite shows modified Group II pattern with no strong
depletions of Eu and Yb, and no Tm positive anomaly. REE abundances (2–
10× CI) were lower than that of fassaite. These patterns suggest that fassaite
crystallized first followed by a crystallization of melilite from the residual
melt. 

In future work, we will carry out a correlated study of O and Mg
isotopes and REEs of the CAI in order to better understand the nature and
time scales of its formation process and subsequent metamorphic history. 

References: [1] Grossman L. 1980. Ann. Rev. Earth. Planet. Sci. 8:
559–608. [2] Boynton W. V. 1984. In Reviews in Mineralogy, vol. 21, ed.
Ribbe P. H. pp. 1–24. [3] Crozaz G. and Zinner E.K. 1985. Earth Planet. Sci.
Lett. 72:41–52. [4] Yurimoto H. et al. 1998. Science 282:1874–1877.
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AL-MG ISOCHRON STUDY COMBINED WITH OXYGEN
ISOTOPE ANALYSIS OF THE ALLENDE TYPE B CAI, GOLFBALL 
S. Itoh1, S. B. Simon2, L. Grossman2, and H. Yurimoto1. 1Dept. Natural
History Sciences, Hokkaido University, Sapporo, Hokkaido Japan. E-mail:
sitoh@ep.sci.hokudai.ac.jp. 2Dept. Geophysical Sciences, University of
Chicago, Chicago, IL USA.

Introduction: Oxygen isotopic compositions are heterogeneously
distributed within and between minerals in coarse-grained CAIs, suggesting
crystallization from different generations of melt [1]. These minerals often
plot on a straight line [2] or multiple lines [3] on an Al-Mg isochron diagram.
A large Allende type B inclusion, Golfball, has a typical bulk composition [4]
and a unique structure: a fassaite-rich mantle enclosing a melilite-rich core.
From petrographic study [5], this CAI has experienced at least two melting
events. Here, we report preliminary results of oxygen and Al-Mg isotopic
measurements of spinel and melilite in Golfball to determine ages of the
multiple melting events and the O-isotopic composition of each melt.

Results and Discussion: Oxygen and Al-Mg isotopic analyses were
performed with a Cameca ims-1270 SIMS instrument at Hokkaido
University. These analytical procedures are described in detail elsewhere [6,
7]. Spinel and melilite in this CAI have oxygen isotopic compositions that
plot on the CCAM line. δ18O =  −50 to −40‰ for spinel, and the oxygen
isotopic composition of melilite is distinct in each petrographic occurrence
[5]: δ18O = −20 to −10‰ for gehlenitic core melilite, δ18O = −5 to 0‰ for
blocky melilite in the core, and δ18O = ~0‰ for melilite in the rim. The
different oxygen isotopic values may correspond to the composition of the
host melt during each crystallization event. 

Two isochrons are defined by the Al-Mg data. The gehlenitic core
melilite and rim melilite yield initial 26Al/27Al ratios of 4.9 ± 0.8 and 1.9 ± 1.2
× 10–5, respectively. The age difference between the two isochrons is
calculated to be about 1 My. The spinel plots on the gehlenitic melilite
isochron, whereas the blocky melilite is on the rim melilite isochron. 

From chronological and previous petrographic [5] studies, we propose
the following crystallization history of Golfball. In Step 1, spinel and other
minerals crystallized from an 16O-rich CAI melt or vapor. In step 2, after a
relatively brief interval not resolved by our data, either gehlenitic melilite
(but not spinel) of step 1 underwent isotopic exchange with a relatively 16O-
poor vapor (δ18O = ~−15‰) or this melilite crystallized from a melt that had
done so. In step 3, ~1 My later, the CAI of step 2 was incompletely melted;
and blocky melilite crystallized from the resulting melt which had become
relatively 16O-poor (δ18O = ~0–10‰) by isotopic exchange with a vapor
during melting. In step 4, after a relatively brief interval not resolved by our
data, the CAI of step 3 was melted except for spinel and melilite with Åk<40,
and then new melilite crystallized from a melt that had become more 16O-
poor (δ18O  = ~0‰) by isotopic exchange with a vapor. The melilites of Steps
3 and 4 could have crystallized in the same step if homogenization of oxygen
isotopes in the melt was incomplete during crystallization. 

References: [1] Yurimoto H. et al. 2008. Rev. Mineral. Geochem. 68:
141–186. [2] MacPherson G. J. et al. 1995. Meteoritics 30:365–386. [3] Itoh
S. et al. 2007. Meteoritics & Planetary Science 42:A75. [4] Simon S. B. and
Grossman L. 2004. 68:4237–4248. [5] Simon S. B. et al. 2005. Meteoritics &
Planetary Science 40:461–475. [6] Itoh S. et al. 2008. App. Surf. Sci. 255:
1476–1478. [7] Itoh S. et  al. 2007. Meteoritics & Planetary Science 42:
1241–1247.

5244
MIXTURE OF SEVERAL TYPES OF FE,NI METAL GRAINS IN
THE ISHEYEVO METEORITE
M. A. Ivanova and N. N. Kononkova. Vernadsky Institute of Geochemistry,
Kosygin St. 19, Moscow 119991, Russia. E-mail: meteorite2000@mail.ru.

Introduction: Isheyevo is a metal-rich carbonaceous chondrite with
metal-rich and metal-poor lithologies that are most similar to the CBb and
CH chondrites, respectively [1]. All consist of similar components – Fe,Ni
metal, chondrules, refractory inclusions, amoeboid olivine aggregates and
heavily hydrated lithic clasts. We continued our investigation of these
components of Isheyevo and found that Fe,Ni metal grains are more variable
in compositions than we had described earlier. Here we report results on
chemical compositions of different types of Fe,Ni metal grains and discuss
how they accreted in the Isheyevo parent asteroid.

Result and Discussion: Isheyevo contains several types of Fe,Ni metal
grains: 1) chemically homogeneous grains (unzoned), containing 4.2–
14.3 wt% Ni, 0.2–0.5 wt% Co, and 0.03–0.6 wt%; Ni and Co are positively
correlated with solar Co/Ni ratio; sometimes these grains contain blebs of
forsterite; 2) homogeneous grains enriched in Ni (>30 wt%) and Co
(1.9 wt%); 3) unzoned Ni-poor or slightly decomposed grains containing
inclusions of Cr-rich (2.5–13 wt%) troilite; 4) about 20–30% chemically
zoned Fe,Ni metal grains with Ni and Co decreasing and Cr increasing
towards the edges of the grains with solar Co/Ni ratio. Most zoned grains
show evidence for decomposition into very fine-grained Ni-rich and Ni-poor
phases; 5) <5%, unzoned Fe,Ni grains enriched in Si (up to 8 wt%), Cr (up to
1.29 wt%), and P (up to 0.8 wt%) with Co/Ni ration 0.07, higher than solar.
Among grains of type 5, we discovered one round Fe,Ni grain, like a
chondrule, with different type of zoning—Si (6.9–11.6 wt%) and P (0.73–
0.94 wt%) decrease, and Cr (0.09–0.46) increases towards the edges of the
grains with a negative correlation between Si and Cr, and a positive
correlation between Si and P. Ni (6.4 wt%) and Co (0.44 wt%) are not
various, and Co/Ni ratio is 0.07. This grain contains inclusions of Cr-rich
(6.8 wt%) troilite. 

This set of Fe,Ni metal grains is more typical for CH chondrites than for
CBb chondrites [2, 3]. Zoned grains enriched in Si and P were described at
first. High-Cr and high-Si particles have been observed in ALH 85085 [3].
Si-bearing metal may have condensed along with other metal but may have
resulted from local fluctuations of gas pressure [3] or redox conditions during
condensation. On the other hand Ni-rich and Si-rich grains could form in
different environments in the nebula, as discussed in [4]. 

Conclusions. Isheyevo contains several types of Fe,Ni metal grains.
Among them we observed two different types of zoning. Zoned and unzoned
grains had different thermal histories prior to being incorporated into
Isheyevo’s parent asteroid and represent a mechanical mixture of material.
The mixture probably formed at various redox conditions or in different
environments in the nebula.

References: [1] Ivanova M. A. et al. 2008. Meteoritics & Planetary
Science 43:915–941. [2] Weisberg M. K. et al. 2001. Meteoritics & Planetary
Science 36:401–418. [3] Weisberg M. K. et al. 1988. Earth and Planetary
Science Letters 91:19–32. [4] Goldstein J. I. et al. 2007. Meteoritics &
Planetary Science 42:913–933.
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TRACE ELEMENT ANALYSES OF VIGARANO CHONDRULES
E. Jacquet1, 2, M. Gounelle2, O. Alard3. 1ENS Paris, 45 rue d’Ulm, 75005
Paris, France. 2LMCM, CNRS and MNHN, CP52, 57 rue Cuvier, 75005
Paris, France. 3Geosciences Montpellier, UMR5243, Université de
Montpellier II, Montpellier, France. E-mail: emmanuel.jacquet@ens.fr.

Introduction: The trace element geochemistry of chondrule precursors
might hold clues to their genesis (see e.g., [1]). Most noteworthy among them
are olivine-rich aggregates in CV chondrites described by [2], who
interpreted their 120º triple junction-rich (granoblastic) textures as diagnostic
of an origin in early differentiated planetesimals. Subsequent melting and
reaction with nebular gas of these precursors might have lead to porphyritic
textures of chondrules, as was checked experimentally by [3]. We report here
trace element analyses for olivine-rich type I chondrules, in a section of
Vigarano (CVred3.3).

Methods: Chondrules were documented using scanning electron
microscopy and electron microprobe. Trace elements ICPMS analyses were
performed at Montpellier II. Spot size was 20 to 50 µm for silicates. 

Results: 
Petrography. Triple junctions have been found in virtually all olivine-

rich chondrules. Some textures suggest close packing rather than a mantle
origin. Olivine Fo content mostly exceeds 95 mol%, with Fo  = 99 mol%
being commonplace. Pyroxene outer layers are similarly Mg-rich. Junction-
disrupting melt may occur in the periphery or at the center. Some objects,
entirely surrounded by pyroxene, do not have rounded outlines; however, one
chondrule, containing an outer wall full of triple junctions, does,
contradicting a relict nature of the latter.

Geochemistry: Rare Earth Elements (REEs) contents in olivine are
comprised between 0.002 and 0.4 × CI. Their normalized patterns are
variable; for instance (La/Yb)N varies from 0.049 up to 1.690. Within a
chondrule the variation between olivine grains spans the full range of LREE/
HREE fractionation observed between chondrules. Eu behavior relative to
the other MREE is also extremely variable from chondrule to chondrule.
Indeed, olivine in several chondrules shows pronounced negative Eu
anomalies while others do not. So far there is no obvious relationship with Eu
behavior in the coexisting phases.  Most olivines show a Sr positive anomaly.
Preliminary observations on 5 chondrules suggest that Kd(ol-px) is extremely
variable for the HREEs, but show a limited range of variation (within errors)
for the most incompatible trace elements such as LREEs, Sr, Nb and Th.

References: [1] Ruzicka A., Floss C., Hutson M. 2008, Geochimica et
Cosmochimica Acta 72:5530–5557. [2] Libourel G., Krot A. N. 2007, Earth
and Planetary Science Letters 254:1–8. [3] Whattam S. A., Hewins R. H.
2008. LPSC XXXIX, 1748.
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MONAZITE DATING OF LUNAR METEORITE NWA 4734
Albert Jambon1 and Jean-Luc Devidal2 1—University Pierre et Marie Curie-
Paris 6, 4 place Jussieu 75252 Paris cedex 05, France2—LMV, Université
Blaise Pascal, 5 rue Kessler 63038 Clermont-Ferrand cedex, France.

Introduction. According to their textural and geochemical similarity it
was suggested previously that the lunar meteorite NWA 4734 could be launch
paired with Antarctic Mare basalts (LAP 02205/224/226/436-03632-04841)
themselves possibly paired with NWA 032/470 lunar meteorites despite their
different textures (1–5). A possible clue about the pairing issue is evidently
their age.

Method : After localization on a polished section of NWA 4734, four
grains of monazite 2—4 µm were analyzed at 15 kV and 50 nA by electron
microprobe with special attention to Th, U, and Pb; their measurements allow
to calculate an age (6). 

Results: U and Th are not constant among the grains, they vary from 0
to 0.16 and from 0.12 to 2.89 % respectively The Pb-Th correlation is in
agreement with a negligible initial Pb content. Age deduced from empa is
3190 Ma (±190 2σ).

Discussion : An obvious question is the significance of this age. It can
be either a shock age or a crystallization age. Indeed, NWA 4734 like LAP
series samples exhibit significant shock features (partial maskelynitization of
plagioclase, melt pockets . . . ). The closure temperature of monazite for the
U/Pb system is given at 950 °C (7). According to Montel et al. (1996) the
closure for Th/Pb should even be higher and the effect of metamictization of
old monazites appears negligible for crystals of less than 50 micrometers.

NWA 032/470 is an impact melt with few phenocrysts and an abundant
matrix finely crystallized with a quench texture. Its age of 2900 Ma (Ar/Ar,
Fagan et al. 2002) is the youngest among Mare basalts and should reflect a
crystallization event after a shock. Thus, it could be easily regarded as a
shock age. SHRIMP U-Pb dating on apatites from LAP 02205 (2) yielded an
age of 3000 Ma (±150 2σ). Rb/Sr and Sm/Nd ages are 3000 and 3200 Ma
respectively (9 –10). As already mentioned, the youngest ages could be due
to partial resetting upon impact.

References: [1] Jambon et al. 2009. [2] Anand et al. 2005. Geochimica
et Cosmochimica Acta 70:246–264. [3] Day et al. 2006. Geochimica et
Cosmochimica Acta 70:1581–1600. [4] Joy et al. 2006. Meteoritics &
Planetary Science 41:1003–1025. [5] Zeigler et al. 2005. Meteoritics &
Planetary Science 40:1073–1101. [6] Montel et al. 1996. Chemical Geology
131:37–53. [7] Cherniak et al. 2004. Geochimica et Cosmochimica Acta 68:
829–840. [8] Fagan et al. 2002. Meteoritics & Planetary Science 37:371–
394. [9] Nyquist et al. 2005. LPSC 35, Abstract 1374. [10] Rankenburg K.
et al. 2007. Geochimica et Cosmochimica Acta 71:2120–2135.
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THE LATE QUATERNARY FALL AT AL HAGGOUNIA
(MOROCCO): THE 14C EVIDENCE
H. Chennaoui-Aoudjehane1, A. Jambon2, E. Rjimati3, A. J. T. Jull4 and M. D.
Leclerc-Giscard4.  1Université Hassan II Aïn Chock, Faculté des Sciences,
BP 5366 Maârif Casablanca Morocco (e-mail: h.chennaoui@fsac.ac.ma),
2Université Pierre et Marie Curie-Paris6 Laboratoire MAGIE, Case 110, 4
place Jussieu, 75252 Paris France, 3Ministère de l’Energie et des Mines,
Rabat Morocco. 4NSF Arizona AMS Laboratory, University of Arizona,
1118 East Fourth St., Tucson, AZ 85721 USA.  

Introduction: Al Haggounia 001 meteorite possibly corresponds to the
largest known fall of its type. It appears severely weathered with a porosity of
several per cent, most of the sulphides being dissolved or converted to iron
oxide. The abundant material appears quite variable and has been classified
from EL3 to aubrite, sometimes by the same scientists. In a recent report [1]
we described field evidences indicating that the fall of Al Haggounia should
most likely be dated from the late quaternary: 

1. Stones lying on top of, or in the soil above either Quaternary lacustrine
sediments (dalle à Helix) or cretaceous limestones clearly indicates
that they are not included in any of the underlying strata. They are
found at their very place of fall.

2. The position of the stones on a topography dating from the quaternary
indicates that the fall postdates the topography.

3. The extension of the occurrence over nearly 40 km corresponds to a
typical strewnfield.

4. Water is necessary for weathering but according to the vegetation cov-
erage, precipitation is presently ~60 mm/year on the average. It is
known that during recent cold climatic episodes precipitation was
heavier and that it was the rule before 12 000 a. B.P.

Despite this evidence, a number of informal reports mention Al
Haggounia as a fossil meteorite. An obvious way to differentiate between a
recent fall and fossil material resides in measuring the terrestrial residence
age using 14C [2]. 14C is produced by spallation reactions during exposure in
space. Because of its short half-life, steady state concentration is rapidly
achieved. At the surface of the Earth, 14C production is very low and
measuring the amount of residual 14C permits to obtain the terrestrial
residence age, up to about 30–40 ka.

Results and Discussion: The 14C age of Al Haggounia meteorite fully
confirms our previous inferences and results in a 14C age of 23 ± 2 ka. The
field evidence also indicates that weathering sensitive meteorites can survive
the subdesertic climate for more than 10 ka. This study underscores the
dramatic loss of information resulting from our ignorance of the place of find
of most NWA meteorites.

References: [1] H. Chennaoui Aoudjehane, A. Jambon, E. Rjimati
2007.  Meteoritics & Planetary Science 42:A30. [2]. A. J. T. Jull et al. 1998.
Geological Society of London Special Publication 140. p. 75.
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JIDDAT AL HARASIS 422: THE FIRST UREILITIC IMPACT MELT
BRECCIA 
E. Janots1, E. Gnos2, B. A. Hofmann3, R.C. Greenwood4, I.A. Franchi4, and
A. Bischoff5 1Institut für Mineralogie, WWU Münster, Corrensstr. 24,
Germany. E-mail: emiliejanots@uni-muenster.de 2Natural History Museum
Geneva, Switzerland, 3Natural History Museum Bern, Switzerland, 4PSSRI,
The Open University, Milton Keynes, MK7 6AA, United Kingdom, 5Institut
für Planetologie, WWU Münster, Wilhelm-Klemm-Str. 10, Germany.

Introduction: The ureilite Jiddat al Harasis (JaH) 422 [1], found in the
Sultanate of Oman, is a single, rounded, reddish-brown breccia with a mass
of 61.5 g. Fusion crust is not preserved, instead wind-polished surfaces are
found with protruding dunite clasts. The ureilite breccia consists of 0.5–
14 mm sized, rounded dunite clasts (~35.1 vol%) set in a fine-grained,
crystalline matrix (~56.5%). The remaining 8.4 % are vesicles comparable
with those in the recent ureilite fall in Sudan [2]. Both lithologies are finely
recrystallized (grain size <50–70 µm).

Mineral and Rock Compositions: The matrix contains olivine (Fo83-

90), orthopyroxene (En84–92Wo0–5), augite (En56–71Wo20–31), graphite,
diamond, oxidation products of metal and sulfides, chromite and interstitial,
felsic melt relics. Despite evidence from the mineral assemblage for impact
melting, whole-rock and trace element compositions are characteristic of
type I (olivine-pigeonite) ureilites [3]. Dunite clasts show homogeneous
cores (Fo78–80) and a ~250 µm thick diffusional profile marked by outward
Mg# increase towards the composition of matrix olivines. Oxygen isotope
analyses of both the matrix and dunite clasts plot well within the ureilite field.

Ureilite Cooling after Impact: In dunite clasts, modelling indicates
that a minimum of 3 years is needed to develop  the observed diffusion
profile. This is compatible with the crystal size of the dunite clasts and very
different form the cooling of monomict ureilites [4].

Conclusions: JaH 422 is the first ureilitic impact melt breccia. Oxygen
isotope data strongly suggests that dunite clasts and ureilite matrix are part of
the primary ureilite parent body (UPB). The matrix is interpreted as having
formed by impact melting of a type I ureilite followed by fractional
crystallization. The vesicles probably formed during the oxidation of the
carbonaceous material by smelting reactions. Dunite clasts confirm the
existence of an olivine-rich lithology in the UPB. Recrystallization structures
and compositional zoning of the dunite clasts indicate slow cooling on the
UPB. The relatively slow cooling experienced by JaH 422 post impact
suggests that it remained within the remnant UPB rather than in a secondary
rubble pile ureilite body. 

References: [1] The Meteoritical Bulletin 95. Meteoritics & Planetary
Science 44. [2] Jenniskens P. et al. 2009. Nature 458:485–488. [3] Downes H.
et al. 2008. Geochimica et Cosmochimica Acta 72:4825–4844. [4] Mori H.
and Takeda H. 1983. Meteoritics  67:1291–1308.
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THE LARGEST PARENT BODY OF THEM ALL
M. Javoy. mja@ipgp.jussieu.fr.

A recent paper states that “establishing connections between meteorites
and their parent asteroids “is an important goal of planetary science.” (Icarus,
200-2 698-701, 2008). Let us take that for granted. Ways to achieve that goal
are multiple: optical, spectroscopic, computational. One may try to imagine
how the situation would change if we could add precise chemical,
mineralogical, and isotopic tools to fulfill that goal.

From the time of its discovery, oxygen isotope identity between the
Earth’s mantle and the enstatite chondrite group has been dismissed as a tool
for finding bulk earth chemical composition, because ECs are, depending on
the author: too  rich in Si (too poor in Mg, RLE, in RLE versus Mg), too rich
in volatiles, too rich in Fe, too reduced, all that together.

With a continuously growing isotopic evidence of consanguinity
between the Earth and the E chondrite group, some opponents, while still
firmly opposed to the idea of an E chondrite Earth, have made, at least orally,
a concession that left me bewildering: the Earth can definitely not be made of
enstatite chondrite material, but enstatite chondrites can come from the Earth!
Better than nothing. Let us take it positively.

With that perspective in mind we have tried, and succeeded, to model
the composition of all found (and to be found) Enstatite chondrites, as
mixtures in variable proportions of silicate, sulfide and metal phases, whose
average composition and compositional range can be found from the wealth
of chemical studies of the literature. If Bulk Earth composition is one of these
compositions, it must be

1. Much more representative of their average composition than the
meager left overs now residing in the (itself very small) mass of the
asteroid belt.

2. Compatible with simple facts such as the size of the core, the
mechanism of its differentiation, and its light element content.

The result is that the most probable initial average E chondrite
composition lies in the EH field, close to Abee’s bulk composition, or, to take
a more recent example and a more precise evaluation a mixture of 75% Abee
with 25% Itqiy.

5105
PLANET, ASTEROID, PLANETOID: DEFINITIONS
Jeremy S. Delaney. Rutgers University, Dept Earth and Planetary Sciences,
Piscataway NJ 08854, USA, jsd@rci.rutgers.edu.

What is a Planet? A planet is any body in space that has undergone
whole-body differentiation but has not ignited under nuclear processes. The
only size requirement is the implicit constraint that gravity be able to
overcome material strength (a constraint that in itself does NOT limit size).
This geological definition provides the context for all endogenous processes
that occur in a planet without arbitrary constraints and permits the distinction
of bodies that are planets from those that are not.

In contrast, the current astronomical definition (IAU, 2006) provides
little insight to internal properties of a planet but describes instead its location
using generally arbitrary criteria. It is an exogenous definition that overlaps
the geological only at the upper size limit (the onset of nuclear fusion)

The currently prime example of a body that falls outside the purview of
the astronomical definition but demonstrates the inclusiveness of the
geological definition is 4 Vesta.  Vesta appears to be a wholly differentiated
body that shows the products of that process—basalts—on its surface and for
which there is a growing body of evidence that it contains a core and mantle
directly comparable with the structure exhibited by the Earth. The extent of
any remaining atmosphere on Vesta (the extreme outer limit of whole body
differentiation) will become clearer when the Dawn mission arrives at that
body. The exclusion of Vesta from the domain of the astronomical planets
relies on the arbitrary lower size limit invoked by the astronomical definition.
Vesta appears in every other respect to be planetoid.

Corollary: Asteroids and Planetoids: Within our local stellar system,
the total number of planets becomes indeterminate as the number of minor
bodies that experienced whole body differentiation is unknown.  There are
objects for which the state of differentiation is unknown.  Objects that have
not differentiated expose surfaces that have the spectral-compositional
signatures comparable with that of the host star, i.e., they are star-like or
“asteroid.” In contrast, differentiated bodies  expose surfaces with a spectral/
compositional signature of whole body differentiation, i.e., they are planet-
like or “planetoid.”

Historically the minor bodies of the solar system were first called
“planetoids.” The term “asteroid” was used later to describe these bodies and,
given the technological limits of the time became the commonly used
descriptor. Both terms are valid descriptors of different types of bodies. As
spectral information becomes available for minor bodies they may be
classified as either “asteroidal” (primordial, undifferentiated surfaces) or
“planetoidal” (showing evidence of differentiation on their surfaces).
Whether such a minor body should be termed a planet instead of planetoid or
an asteroid will then be a subject for further study.
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A METAMORPHOSED OLIVINE-RICH AGGREGATE IN THE CV3
CARBONACEOUS CHONDRITE Y-86009 
K. Jogo1 and T. Nakamura1. 1Department of Earth and Planetary Sciences,
Kyushu University, Fukuoka, Japan. E-mail: kaori@geo.kyushu-u.ac.jp.

A metamorphosed olivine-rich aggregate was found in the least
metamorphosed CV3 Y-86009. Although such aggregates were observed in
CV3 Mokoia and Vigarano, and CO (CM) Acfer 094 [1–3], their precursors
and formation mechanism have not been fully understood. Here, we report
mineralogical observations of an olivine-rich aggregate in the Y-86009.

The olivine-rich aggregate is embedded in matrix. It consists of coarse
grained (~10–50 µm in size), olivine (Fa33–35), Al-diopside (Fs10Wo51–52),
plagioclase (An54-60Ab39-46), and a large Ni-troilite (~200 µm in size). Some
triple junctions of this aggregate indicate prolonged annealing of pre-existing
materials. Electron probe analysis shows that bulk chemical composition is
almost consistent with solar abundances, suggesting that its precursors are
not highly differentiated achondrites. In addition, heterogeneous oxygen
isotope compositions of olivine grains [4] imply that it had not
metamorphosed enough to equilibrate oxygen isotope ratios. Therefore,
precursors of the aggregate would be primitive materials. While, olivines
show no Fe-Mg zoning within each grain although they are in direct contact
with matrix olivines (Fa48–52). Thus, the olivine-rich aggregate had not heated
after agglomeration to the Y-86009.

The large troilite fills margin of olivine, diopside and plagioclase
grains. If we assume that troilite was melted during growth of these silicate
grains, the annealing temperature would be >~1000 °C [5]. No melting
texture of olivine, diopside and plagioclase grains suggests that the
temperature was <~1300 °C [6]. Therefore, the olivine-rich aggregate was
annealed at about 1000–1300 °C. Within the olvine grains (up to 50 um in
size), Fe-Mg zoning is not observed. This suggests that Fe-Mg diffusion
completely occurred during annealing, if precursor olivine grains had
different Fa#. However, different oxygen isotopic composition of each
olivine grain [4] implies that oxygen diffusion had not completed. Based on
Fe-Mg and oxygen diffusion coefficients on olivine grains [7, 8], calculated
annealing duration is from 104 hours to 105 years at 1000 °C and from 100
hours to 100 years at 1300 °C, which are consistent with [9]. These
conditions could be occurred in both of nebular and asteroid. However,
formation age of olivine-rich aggregate may constrain its origin. Al-Mg
dating of plagioclase in this aggregate is now in progress.

References: [1] Cohen R. E. et al. 1983. Geochimica et Cosmochimica
Acta 47:1739–1757. [2] Libourel G. and Krot A. N. 2007. Earth and
Planetary Science Letters 254:1–8. [3] Sokol A. K. et al. 2007. Meteoritics &
Planetary Science 42:1291–1308. [4] Jogo et al. 2009. abstract #5242. 38th
LPSC. [5] Fei Y. et al. 1997 Science 275:1621–1623 [6] Bowen N. L. 1915.
American Journal of Science 40:161–185 [7] Chakraborty S. 1997. Journal
of Geophysical Research 102:12317–12331. [8] Gérand O. and Jaoul O.
1989. Journal of Geophysical Research 94:4119–4128. [9] Whattam S. A. et
al. 2008. Earth and Planetary Science Letters 269:200–211.
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STRUCTURE AND CHEMISTRY OF PRE-CURSOR TROILITE IN
PALLASITES
D. Johnson1, M. M. Grady1, 3. 1PSSRI Open University, Milton Keynes,
MK7 6AA, UK. E-mail: D.Johnson@open.ac.uk. 3Dept. Mineralogy, The
Natural History Museum, London, SW7 5BD, UK.

Introduction: Pallasites are widely considered to be poor in sulfide, as
such little is known about troilite evolution and processing. Very few
examples exist indicating the multiple stages of troilite evolution. Discussed
here are two such samples of FeS structures one is a nickel enriched FeS
grain in the main group pallasite Hambleton. The other is a series of micron
FeS particles within olivine crystals lying along partially annealed fractures
in NWA 4482.

 Discussion:  Hambleton is a main group pallasite rich in FeS, previous
study [1] has illustrated this sulfide as interconnecting veins and sheets
contained within these are typically broken fragments of olivine and
chromite. Many of these Troilite veins display a nickel enriched exsolution
texture on a scale of hundreds of microns. We have now also identified a
nickel enriched FeS grain within a later FeS vein, the grain displays a nickel
enriched exsolution texture on a scale orders of magnitude smaller than that
observed in vein structures. It is possible that the nickel enrichment within
the veins is the result of melting of small fragments of nickel rich precursor
FeS materials. This may implies that the grain evolved from a chemically
distinct nickel rich melt either within the same parent body or separately and
subsequently mixed. NWA 4482 is a highly weathered main group pallasite
consisting of many fragments of a magnetic metal oxide-olivine meteorite.
Only a small quantity of troilite was identified within the sample analysed it
was embedded exclusively as particles within olivine crystals. The
commonest of these particles are submicron size spheres distributed in
equally spaced arrays that appear to lie along annealed fractures. Similar
structures have been noted by others in olivine crystals within the Omolon
pallasite [2] and were interpreted as indicator of post deformational annealing
[3] or due to terrestrial atmospheric entry and impact mechanisms. Arrays of
tubular structures were also noted by others [4] in the main group pallasite
Fukang they were attributed to exsolution of incompatible elements. 

Conclusion: The observation of pre-cursor FeS structures may yield
evidence to early formation processes in the pallasite parent bodies in relation
to distribution of sulfide. The structures identified in these two samples are
supportive of Hambleton forming via introduction of a significant sulfide
volume under pressure into a metal-olivine mixture with metal approaching
solidus temperature, deforming olivine, chromite and pre-cursor FeS during
the processes. The arrays of sulfide present in NWA 4482 are most probably
due to exsolution during formation. Further studies of both these structures
could yield new insights into the formation process.

References: [1] Johnson D. et al. 2008. Meteoritics and Planetary
Science 43:A67, [2] Sharygin V. V. et al. 2006. LPSC XXVII, 1235, [3]
Buseck P. R. 1977. Geochimica et Cosmochimica Acta 41:711, [4] Stevens
M., Buseck P. R. 2008. LPSC XXXIX, 2157.
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PLAGIOCLASE IN TYPE 4–6 ORDINARY CHONDRITES: AN
INDICATOR OF METAMORPHIC PROCESSES
R. H. Jones and H. A. Kovach. Department of Earth and Planetary Sciences,
University of New Mexico, Albuquerque, NM 87131. E-mail:
rjones@unm.edu. 

Introduction: Plagioclase is understood to be a secondary mineral in
metamorphosed ordinary chondrites (OC), resulting from crystallization of
chondrule mesostasis that is present in unequilibrated chondrites [e.g., 1].
However, the development of plagioclase in type 4–6 OC has not been
studied in great detail. Although coarsening of plagioclase grains is used as
an indicator of petrologic type [2], this classification parameter has not been
described quantitatively. Plagioclase is generally considered to be
homogeneous in composition [1]. We considered the possibility that if
plagioclase crystallizes from chondrule mesostasis, which shows a wide
range of composition in petrologic type 3 [e.g., 1], we should be able to
observe a progressive equilibration of plagioclase compositions with
increasing metamorphic grade. This might have the potential to be a
quantitative indicator of the degree of metamorphism that a chondrite has
experienced.

Results: We identified relict chondrules containing plagioclase in
several type 4–6 H and LL chondrites, and obtained EPMA analyses of
plagioclase. Although plagioclase grains were harder to find in type 4
chondrites, we found grains >70 µm across in all chondrites, including H4
and LL4. 

H chondrites. Plagioclase compositions in all the H chondrites studied
(Avanhandava H4, Oro Grande H5, Richardton H5, Estacado H6,
Nazareth(e) H6) are similar in composition, showing little variation with
petrologic type and compositions similar to those summarized by [1], average
An12Ab82Or6. 

LL chondrites. Plagioclase compositions vary significantly among three
chondrites studied. In Bjurböle (LL4), plagioclase in individual chondrules
shows a narrow range of compositions, but in individual chondrules mean
compositions range from An5 to An85. In Tuxtuac (LL5), the spread of An
contents is less, with means in each chondrule ranging from An6 to An16. In
several chondrules we observe exsolution of K-feldspar, e.g., a K-feldspar
composition of An3Ab18Or79 associated with albite of composition
An9Ab89Or2. In St. Séverin (LL6), all plagioclase is albitic with an average
composition An10Ab84Or6.  

Discussion: Plagioclase grain size parameters for type 4, 5 and 6 OCs
[2] are not useful classification criteria. For the H chondrites, it appears that
compositional equilibration of chondrule mesostases occurred before
plagioclase grains grew. In contrast, in the LL chondrites, plagioclase appears
to have crystallized before mesostases equilibrated. Although it appears that
plagioclase shows progressive equilibration from petrologic type 4 to 5 to 6,
this is not realistic under conditions proposed for metamorphism [e.g., 3]
because diffusion of framework cations in plagioclase is very slow [4].
Instead, it appears that chondrule mesostasis had undergone varying degrees
of equilibration at the time when plagioclase crystallized. Alkali feldspar
exsolution in the type 5 LL chondrite but not the type 6 indicates slower
cooling in the type 5, which is inconsistent with a simple “onion shell” model
for the thermal history of the LL parent body. 

References: [1] Brearley A. J. and Jones R. H. 1998. Planetary
materials, ed. J. J. Papike, RIM vol. 36. [2] Van Schmus W. R. and Wood J.
A. 1967 31, 747–765. [3] Bouvier A. et al. 2007 71, 1583–1604. [4] Grove T.
L. et al. 1983. Am. Mineral. 68, 41–59.
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A SIMPLE MECHANISM FOR FRACTIONATING OXYGEN
ISOTOPES IN THE SOLAR NEBULA
Joseph A. Nuth III. Solar System Exploration Division, Code 691, NASA’s
Goddard Space Flight Center, Greenbelt MD 20771 E-mail:Joseph.A.
Nuth@NASA.gov.

Lightning in the solar nebula is caused by the tribo-electric charging of
dust grains carried by massive turbulent flows and driven by the accretion
energy in the disk (1): it has long been one agent assumed responsible for the
formation of chondrules (2). The degree to which charge separation can occur
is dependent upon a number of factors, including the concentration of
radioactive sources and the total level of ionization in the nebula, and these
factors determine the maximum energy likely to be released by a single bolt.
While chondrule formation requires a massive discharge, even a small
lightning bolt can vaporize grains in the ionized discharge channel.
Experimental studies have shown that silica, iron silicate and iron oxide
grains formed from a high voltage discharge in hydrogen rich gas containing
some oxygen produces solids that are enriched in 17O and 18O relative to the
composition of the starting gas (3).  Vaporization of silicates produces SiO,
metal and free oxygen atoms in each discharge and these species will
immediately begin to recondense from the hot plasma.  Freshly condensed
grains are incrementally enriched in heavy oxygen while the gas is enriched
in 16O. Repeated evaporation and condensation of silicates (4) in
continuously occurring lightning discharges will monotonically increase the
fractionation of oxygen isotopes between the 17O and 18O rich dust and the
16O rich gas.

The first mass independently fractionated refractory oxide particles
were produced in the lab (3) following the condensation of a flowing gas
mixture containing variable amounts of hydrogen, silane, pentacarbonyl iron
and oxygen that passed through a high voltage discharge powered by a Tesla
coil.  While the exact chemical pathway (3) is still uncertain, the most
probable reaction mechanisms involve oxidation of the growing refractory
clusters by O3, OH or O atoms. This model has some interesting
consequences for chemical processes in the early solar nebula.

Chemical fractionation of recondensed dust evaporated via lightning
discharges should be strongly time dependent.  At earlier times, the accretion
rate is maximal, thus driving strong turbulence, energetic grain-grain
collisions, tribo-electric charging and charge separation, leading to frequent,
powerful lightning discharges (1). As the accretion rate diminishes,
turbulence decreases and lightning discharges will become both less
powerful and less frequent, thus decreasing the rate of dust-gas fractionation.
The most rapid increase in the formation of 16O poor dust will occur early in
nebular history. Generation of fractionated dust should be distributed
throughout the inner disk.  Once condensed, grain dispersal (5, 6) would
average out any significant isotopic anomalies within the inner disk.

References: [1] S. J. Desch and J. N. Cuzzi, Icarus 143:87–105 2000.
[2] R. H. Hewins In Meteorites and the early solar system, J. F. Kerridge and
M. S. Matthews, eds. pp. 660–679. U. Ariz. Press, 1988. [3] Y. Kimura, J. A.
Nuth, S. Chakraborty and M. Thiemens, Meteoritics & Planetary Science
42:1429–1439. [4] R. N. Clayton, T. K. Mayeda, and C. A. Molini-Velsko in
Protostars and Planets II  (U. Ariz. Press, 1985) pp. 755–787.[5] A.P. Boss
ApJ 616:1265–1277 2004.; A.P. Boss Meteoritics & Planetary Science 41,
1695–1703 2006. [6] F. J. Ciesla. Science 318, 613 2007.; F. J. Ciesla. LPSC
XL abs.#1099 2009.
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PRODUCTION RATES OF 14C AND 10BE IN VACA MUERTA
(MESOSIDERITE), CARANCAS AND SOME RECENT FALLS
A. J. T. Jull1, M. D. Giscard1, L. R. McHargue1, K. J. Kim2 and, R. C. Reedy3.
1NSF-Arizona AMS Laboratory, University of Arizona, Tucson, AZ 85721,
USA. 2KIGAM, Daejeon, 305-350, Korea. 3Planetary Science Institute,
Tucson, AZ 85719, USA.  E-mail: jull@email.arizona.edu.

Introduction:  It is important to better understand the production rates
of 14C and other cosmogenic radionuclides, so that we better estimate 14C
terrestrial ages and 10Be exposure ages.

Meteorites Studied: We analyzed the composition and the amount of
14C and 10Be of 7 samples taken at different depth within the piece number 10
of the mesosiderite Vaca Muerta recovered by Wasson et al. [1]. This is a
reinvestigation of some earlier work reported in 1993 [2]. Furthermore, we
have also measured the amount of 14C in 6 falls: Carancas, Knyahinya,
Nuevo Mercurio, Saratov, Tamdakht (all ordinary chondrites) and the
diogenite Tatahouine. Tamdakht and Carancas are recent falls, with less than
half a kg of material recovered for Carancas [3], although this seems
discrepant from the reports of the crater at this location, implying an impactor
of 1.5 to 15 tons [4].

Saturated Activities:  14C measurements on falls range from 43.3 ± 1.3
dpm/kg and 56.9 ± 1.5 dpm/kg, and show good agreements with the
measurements done on Bruderheim and other recent falls.  The results are
within ±15% error in saturated activity calculated previously by Jull et al.
[5, 6], which arises from the uncertainty in sample position within the
meteoroid.  

Vaca Muerta:  Elemental concentrations of oxides in Vaca Muerta
have been analyzed by ICP-OES at the X-Ray Assay Laboratory of Don
Mills, Ontario. 14C and 10Be measurements were performed at the NSF-
Arizona AMS Laboratory, University of Arizona [5].The amount of 14C in
the Vaca Muerta samples range between 43.9 ± 1.3 dpm/kg and 20.7 ±
1.7 dpm/kg in the bulk samples. One sample from the surface of the
meteorite, which silicate and iron phase have been separated by crushing and
separation by a hand-magnet, gave a value of 7.6 ± 0.7 dpm/kg for the iron
phase and 32.8 ± 1.5 dpm/kg for the silicates. We estimate that Vaca Muerta’s
terrestrial age is <2000 years. 14C coupled with 10Be results will allow us to
study the production rate as a function of depth and refine our estimate of the
age.

Carancas: Carancas has a higher 14C value of 56.9 ± 1.5 dpm/kg,
which is higher than expected for an H chondrite.  We measured a value for
10Be of 17.3 ± 0.2 dpm/kg, resulting in  14C/10Be  = 3.3 ± 0.1.   These data are
not inconsistent with an object with a radius of ~50–75 cm, and in agreement
with the mass estimate of [4].  

Acknowledgments: We thank H. Chennaoui-Aoudjehane, D. Hill, J. T.
Wasson for provision some of the samples.

References:  [1]. Wasson J. T. 1988. Meteoritics 27:125. [2] Jull A.
J. T. et al. 1993. Meteoritics 28:421. [3] Weisberg M. K. et al. 2009.
Meteoritics and Planetary Science 44:429.  [4] Pichon A. Le. et al.  2008.
Meteoritics and Planetary Science 43:1797. [5] Jull A. J. T. et al. 1989.
Geochimica et Cosmochimica Acta 53:2095. [6] Jull A. J. T. et al. 1993.
Meteoritics 28:188.  [7] Jull A. J. T. et al. 2004.  LPSC 35:1191.
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FRACTIONATION OF MG ISOTOPES BETWEEN THE SUN’S
PHOTOSPHERE AND THE SOLAR WIND
A. J. G. Jurewicz, 1 R. Hervig 1, D. S. Burnett2, R. Wiens3, M. Wadhwa 1, and
K. Rieck1. 1Arizona State University, Tempe AZ. 2Caltech, Pasadena CA.
3LANL, Los Alamos NM. E-mail: Amy.Jurewicz@asu.edu.

Introduction: The Genesis mission goal is to precisely determine the
elemental and isotopic composition of the solar photosphere through
measurements of solar wind; the photospheric composition being a proxy for
the early solar nebula. So, how elements and isotopes are fractionated (or not)
when accelerated out of the photosphere is fundamental to interpreting
Genesis data.

 Other studies indicate that light elements and isotopes of noble gases
fractionate when accelerated out of the photosphere [eg.,1, 2]. Lithophile
elements have low First Ionization Potentials (FIP < = 9) and First Ionization
Times (FIT). So, if FIP and/or FIT dominate formation of solar wind, there
may be minimal fractionation of these cosmochemically-interesting elements
and their isotopes. Conversely, if other mechanisms predominate this
apparent lack of fractionation may reflect insufficient resolution of spacecraft
data. 

Coulomb drag is an alternate mechanism to FIP or FIT which predicts
measurable fractionation in Mg isotopes from the photosphere. There is some
evidence for this fractionation at the 1-sigma level, in data from in situ solar-
wind instruments [3]. 

Solar Mg isotopic abundances are well constrained from
cosmochemical studies and the high expected fluence of Mg in Genesis array
materials (~2E12/cm2) makes Mg isotopes in Genesis-flown samples
feasible. This abstract presents preliminary results on Mg fractionation
during formation of solar wind.

Experimental: 24Mg and 26Mg were implanted (~10:1) into flight-
spare Genesis diamond-like carbon (dlc) and silicon (si). The isotopic ratio
was validated using MC-ICPMS; remaining implant material was used to
determine the instrumental fractionation for individual SIMS measurements.
Preliminary measurements on two flight samples, 60065 (dlc) and 60289 (si)
show that all three isotopes of Mg are easily measured using 60% DTOS [4]
on a (250 µm)2 rastered area. 60065 gave clean profiles, the MgH
interference was insignificant, and the SIMS calibration well constrained.
Because heavy and light isotopes have different depth distributions, isotopic
ratios were calculated using the integrated counts for each profile. For 60289,
profiles of  all Mg isotopes could be measured, deconvolved from surface
contamination, and seemed heavy. However, we need to validate that the
24MgH interference was resolved, and to understand a persistent Mg
background signal (both standard and unknown) perhaps related to using
DTOS with an O2 flood (avoid issues with transient sputtering). Accordingly,
60289 is being reanalyzed, and the conclusions here are based on preliminary
60065, dlc-data.

Results: Preliminary data from 60065 are non-chondritic outside of
analytical error, suggesting that Mg isotopes are fractionated from the solar.
Moreover, the direction and magnitude of the deviation are consistent with
predictions of Coulomb drag and with in situ spacecraft evidence for isotopic
fractionation. Detailed results will be given at the conference. 

References:  [1] Bochsler P. 2007. Astronomy and Astrophysics Review
14:1–40. [2] Heber V. S. et al. 2008?. Meteoritics & Planetary Science
2503.pdf. [3] Kallenbach R. et al. 2007. Space Science Review 130:173–182.
[4] c.f., Cameca: Dynamic Transfer Optical System.
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THE PFO-CFO HYPOTHESIS OF PLANET FORMATION
E. A. Kadyshevich. Obukhov Inst. Atmospheric Physics, Moscow, Russia. E-
mail: kadyshevich@mail.ru.

Since the late 1980s, an opinion exists that the solar system arose as a
result of interaction between a supernova and a presolar gas-dust cloud. Some
researchers believe that the isotopic anomalies in the fine-grained matrix of
some primitive meteorites indicate that these meteorites are of presolar
origin. However, it is quite possible that the anomalies are caused by
peculiarities of the history of some portion of the nebular material inside the
supernova. The point is that we know almost nothing about the matter state
along the supernova radius, character and rates of the nuclear reactions within
the supernova, etc.; we also don’t know whether the supernova explosion was
one-step or multi-step. Besides, the formation of a planetary system as a
result of interaction between a supernova and a presolar cloud is unlikely
because the probability of the occurrence of two independent phenomena in
any one region of Universe is low. Apparently, the hypothesis of planet
formation should include the simplest conceivable evolution pattern that
would be rather highly-probable to be multiply repeated in the Universe.  

We take that the solar system had only one parent and that this parent
was Supernova. We subdivide the solar system bodies into the physically
formed objects (PFO) located in its cold region (from the outside to the today
Main Asteroid Belt) and chemically formed objects (CFO) located in its hot
region. 

The Supernova explosion led to formation of the solar nebula that
consisted of atoms, radicals, protons, neutrons, etc. The nebula quickly
expanded. The heavier were the atoms, the slower they moved away from the
center of the nebula. The lightest He and H2 molecules and also not so
numerous Li, Be, and B atoms moved away from the hot explosion center
more quickly than the other ones and reached the cold relict-temperature
Universe region before heavier atoms did. Condensation of H2/He began. H2/
He drops grew, merged together, formed agglomerates that absorbed other
light atoms and molecules, such as Li, Be, B, LiH, and BeH, which formed
the agglomerate core. The agglomerates increased in size and in their gravity
forces, and fell to the center of the explosion, obeying the angular momentum
conservation law. These processes gave start for the PFO formation and
overall nebula compression. The nebula collapsed as a whole because its
objects were bound by gravity forces. The last revealed itself to the utmost in
the central hot nebula region, where the plus heat generation, initiated by the
pressing, inflamed the young sun. 

The compression of the middle nebula region and its heating by the
Young Sun exponentially intensified highly-exothermal chemical reactions
between medium-heavy metal and metalloid atoms over the middle region of
the nebula. These reactions stimulated localizations of the substances and
reaction heat and initiated compressible vortexes, within which hot cores
originated, and triggered the process of CFO formation. The reaction heat
melted the cores. In the vicinities of the giant vortexes, zones of low pressure
and gravitational attraction arose and stimulated flows of vaporous and
gaseous substances and asteroid-like agglomerates from the cold and
intermediate regions of the space. Only rather massive PFO objects were not
swallowed up by these giant vortexes. The flows precipitated over the hot
CFO core surfaces and cooled them. The sandwiches obtained as a result of
this precipitation became steadily the young terrestrial planets and their
satellites. 
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RAMAN SPECTROSCOPY STUDIES OF DIAMOND AND
GRAPHITE PHASES IN JAH 054 UREILITE
A. Karczemska1, T. Jakubowski2, M. Kozanecki3. 1 Technical University of
£ódü, Institute of Turbomachinery, WolczaÒska 219/223, £ódü, Poland
(anna.karczemska@p.lodz.pl). 2Technical University of £ódü, Institute of
Materials Science and Engineering, Stefanowskiego 1/15, £ódü, Poland. 3

Department of Molecular Physics, Technical University of £ódü, Poland.

Introduction: Ureilites belong to primitive achondrites. They are
coarse-grained rocks composed mainly of olivine, pyroxene (pigeonite), and
carbon (up to 6%). Carbon occurs in vein-like areas, between olivine and
pyroxene minerals. Polymorphs of carbon are mostly represented by
amorphous carbon, graphite, diamond, lonsdaleite [1]. Sizes of diamonds are
1–10 µm. Diamond and graphite often coexist together. In this paper we try to
find any correlations between diamond and graphite in the JaH 054 ureilite.
This could help in understanding the origin of diamonds in ureilites.

Samples and Experiments: We use polished slice of the JaH 054
ureilite. Specimen was re-polished using non-diamond powder. Micro-
Raman spectra were done on confocal micro spectrometer T-64000 (Jobin-
Yvon) equipped with the BX-40 microscope Olympus.  The 514.5 nm Ar line
was used for sample excitation.

Results:  We obtained 43 different diamond peaks, from 1321 cm −1 to
1334 cm −1, with wide spread of FWHM (full width at half maximum)
parameters, from 0,75 cm −1  to 13,37 cm −1 [2]. Various Raman shifts show
the significant diamonds differences occurring inside the sample. The Raman
peak positions in some cases are shifted towards smaller wave numbers, this
could indicate about the presence of lonsdaleite. In Raman spectra of perfect
monocrystalline graphite there is only the G band in the first order region at
1580 cm−1. The 1350 cm −1 band (D1) is commonly called “the defect band”
and appears in poorly organized CM or microcrystalline graphite [3]. The
other bands in the second-order region which appear in the poorly organized
CM are: 1150 cm −1 (strongly debated), 1500 cm −1, 1620 cm −1 (D2) [4]. In
our sample we have G, D1 and D2 bands corresponding to CM, with different
peak intensities and FWHMs. Our statistical studies show some degree of
correlation between diamond and other CM Raman peaks. 

References:  [1] Clayton R. N. Mayeda T. K. 1988. 52 1313. [2]
Karczemska A. Jakubowski T. Kozanecki M. Szurgot M. Gucsik A. Mitura S.
2009 Abstract #3025 Micro-Raman Spectroscopy and Luminescence Studies
Conference. [3] Beyssac O. Goffe B. Petiet J. P. Froigneux E. Moreau M.
Rouzaud J. N. 2003 Spectrochimica Acta Part A, 59:2267. [4] Perraki M.
Proyer A. Mposkos E. Kaindl R. Hoinkes G. 2006 Earth and Planetary
Science Letters 241:672.
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ELEMENTAL DISTRIBUTION IN THE LUNAR SUBSURFACE BY
THE SELENE GRS OBSERVATION
Y. Karouji1, N. Hasebe1, N. Yamashita1, S. Kobayashi2, M. Hareyama1, 2, E.
Shibamura3, M.-N. Kobayashi4, O. Okudaira1, T. Arai4, M. Ebihara5, T.
Sugihara6, H. Takeda7, C. d’Uston8, O. Gasnault8, B. Diez8, O. Forni8, R.C.
Reedy9, K.J. Kim10. K. Hayatsu1, H. Nagaoka1, K. Tsukada1, Y. Takeda1, J.
Machida1. 1Waseda University, Japan, (karouji@aoni.waseda.jp), 2JAXA,
Japan, 3Saitama Prefectural University, Japan, 4Chiba Institute of
Technology, Japan, 5Tokyo Metropolitan University, Japan, 6JAMSTEC,
Japan, 7University of Tokyo, Japan, 8CESR, France, 9 PSI, USA, 10KIGAM,
Korea.

Introduction: Elemental distribution on the lunar surface is one of the
most important information to understand the formation history of the lunar
crust. Gamma-Ray Spectrometer (GRS) onboard SELENE (KAGUYA) is an
instrument to observe gamma rays emitted from the lunar subsurface in the
upper layer of about 40 g/cm2 with a germanium detector [1]. With a high
energy resolution, SELENE GRS has succeeded in identifying many of
elements constituting the lunar subsurface, such as O, Mg, Al, Si, Ca, Ti, Fe,
K, Th, and U.

Observation: The SELENE satellites were launched on September 14,
2007 [2]. The main orbiter has been in the circular polar orbit around the
Moon at 100 km altitude for more than one year [3]. The observed energy
spectra of gamma rays from the global lunar subsurface with energies from
0.2 to 12 MeV were accumulated for the two periods from December 14,
2007, to February 17, 2008, (Period 1) and from July 7 to December 8, 2008
(Period 2) [4]. The GRS data used in this work were obtained from “Period 2”
with an effective measurement time of approximately 78 days.

Distribution of the Major Elements on the Moon: The gamma-ray
intensities emitted from major elements are dependent on both of surface
elemental composition and surface neutron fluxes. Furthermore, the
background gamma rays emitted from satellite body is included in SELENE
GRS data. Here, we broadly estimated the local variation of the gamma-ray
intensities emitted from Mg, Si, Ca, and Fe, without correction of neutron
variation and background of satellite origin. Among these elements, the
remarkable local differences are seen in gamma-ray intensities. The gamma-
ray intensities of Mg and Fe are the highest in the northwestern nearside
region. The result is consistent with the distribution of the basaltic maria in
this area. In addition, the gamma-ray intensities of Mg and Fe in the southern
farside where the South Pole-Aitken basin is located are higher than those in
the northern farside which correspond to the feldspathic highland. In contrast,
gamma-ray intensities of Si and Ca are higher in the northern farside, are
lower in the southern farside, and are lowest in northwestern nearside region.

References: [1] Hasebe N. et al., 2008. Earth, Planets Space, 60:299–
312. [2] Sasaki S. et al., 2003 Adv. Space Res. 31:2335–2340. [3] Yamashita
N. et al. 2009. J. Phys. Soc. Jpn. 78, Suppl. A:153–156. [4] Kobayashi M.
et al. 2009. Abstract #1735. 40th LPSC. 
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OLIVINE FROM PALLASITES: STRUCTURAL AND NUCLEAR
TRACK DETECTOR CHARACTERISTICS
L. L. Kashkarov1, N. G. Polukhina2, A. B. Alexandrov2, A. V. Bagulya2, M.
S. Vladimirov2, L. A. Goncharova2, A. I. Ivliev1, G. V. Kalinina1, N. S.
Konovalova2, N. M. Okat’eva2, A. S. Roussetski2, N. I. Starkov2. 1Vernadsky
Institute of Geochemistry and Analytical Chemistry, RAS, Moscow 119991
Russia. E-mail: leokash@mail.ru. 2Lebedev Physical Institute, RAS,
Moscow 119991 Russia. E-mail: poluhina@sci.lebedev.ru.

Introduction: Uses of meteoritic olivine as one of the most effective
solid track detectors is based on wide natural occurrence and structural
properties of this silicate. Results of the structural and track experimental
investigations of olivine crystals from the Marjalahti pallasite performed as a
part of the OLIMPIYA project [1] are presented in this paper. 

X-ray Structural Analysis: Ten olivine crystals from the Marjalahti
pallasite were irradiated by accelerated 132Xe nuclei and exposed to X-ray
structural analysis. The procedure was carried out to investigate the effect of
the crystallographic axes orientation on the efficiency of track channel
etching. The measurements were performed on diffractometer HZG-4 by the
focusing diffractometry method [2]. Analysis showed: (i) six olivine grains
are 100% single crystals; (ii) three grains have a highly regular texture; and
(iii) one grain had roughly oriented microcrystallites. For these crystals the
diameter Din and track length L distributions of tracks were investigated. The
experimental results indicate L quantities are independent on the crystalline
texture. The mean L value is 80.6 ± 0.3 µm; and the corresponding track-
length etch rate is Vtr  = 11.5 µm /h. 

Thermoluminescence (TL) Analysis: The main reason the TL method
was used is the investigation of cosmic ray exposure and shock-thermal
history of Brenham, Eagle Station, Ilimaes, Marjalahti and Omolon
pallasites. High-sensitive equipment [3] was used for the measurement of
natural and artificially induced TL. There was determined the significant
difference in the typical glow-curve shapes between the Omolon and other
pallasites: the first one demonstrates the presence of high-density dotty
dislocations in the individual olivine grains. Absolute difference was
observed in TL glow-curves registered in artificially shocked olivine
samples. Comparison of the obtained data indicates: (i) the high variability of
TL-parameters chiefly connected with the microstructure characterizing
olivine crystals from different pallasites, and (ii) very low level of possible
shock influence recorded in all analyzed olivine crystal samples.

Conclusions: (i) The X-ray structural and track analyses shows that the
track etching rate is practically independent from the track orientation to the
crystallographic symmetry axes in the analyzed olivine crystals. It is shown
that the track etching efficiency remains constant for any crystal types: single
olivine monocrystals, olivine crystals with highly oriented regular texture
and for olivines of polycrystalline structure. (ii) The measured peak values
Lmax  = 80 ± 5 µm and Lmax  = 85± 5 µm obtained in olivine grains irradiated
by the accelerated Xe and U nuclei with Emax  = 11.4 MeV/nucleon [4] are in
a good agreement with the ranges for these nuclei got by the SRIM and
GEANT4 simulation programmes [5].

This work was supported by RFBR grant ¹ 06-02-16835.
References: [1] Ginzburg V. L. et al. 2005. Dokl. Phys 50:283–288. [2]

V. K. Egorov et al. 2008. Int. Seminar “Structure and multiplicity of the
mineral world”. Siktivkar, Komi RAS Ural Div.:139–143. [3] Ivliev A. I. et
al. 1995. Geokhimiya 9:1367–1377. [4] A. Alexandrov et al. 2008. Radiation
Measurements 43:S120–S124. [5] Ziegler J. F. 2006. The Stopping and
Range of Ions in Matter. SRIM version 2006: http://www.srim.org. 
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KINETICS OF ORGANIC MATTER DEGRADATION IN THE
MURCHISON METEORITE FOR THE EVALUATION OF
CHONDRITE PARENT BODY THERMAL EVOLUTION
Y. Kebukawa1*, S. Nakashima 1 and M. E. Zolensky2.  1Department of Earth
and Space Science, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka
560-0043, Japan.  2Astromaterials Research and Exploration Science, KT,
NASA Johnson Space Center, Houston, TX 77058, USA.  *E-mail:
yoko.soleil@ess.sci.osaka-u.ac.jp.

Introduction: Carbonaceous chondritic meteorites contain abundant
carbon up to a few wt%, which exists predominantly in the form of insoluble
organic matter (IOM) [1]. Structural changes of IOM have been used to
evaluate parent body thermal processes. Recently, Cody et al. [2]
demonstrated that the development of graphene sheets observed using carbon
X-ray absorption near edge structure (XANES) spectroscopy appeared to
correlate well with other estimated degrees of the thermal metamorphism of
the chondrite parent bodies.  The kinetic expression derived by Cody et al. [2]
is most effective for the petrologic type 3 chondrites. Therefore kinetic
studies for relatively lower temperatures are needed to evaluate the type 1 and
2 chondrites.

Experimental: In situ heating experiments of bulk and IOM of the
Murchison (CM2) meteorite were conducted under Fourier transform
infrared (FTIR) micro-spectroscopy combined with a heating stage. Bulk and
IOM of Murchison grains are heated at 240–300 °C isothermally in the
heating stage under Ar gas flow for several hours. Infrared spectra are
collected in-situ during heating.

Results and Discussions: Decreases of aliphatic CH peak area with
time at each temperature are well fitted with Ginstling-Brounshtein’s three
dimensional diffusion model, and the rate constants for decreases of aliphatic
CH were determined.  Activation energies and frequency factors are
estimated from these rate constants at different temperatures using the
Arrhenius equation.  Activation energy values of aliphatic CH band area
decrease are larger for IOM than bulk.  Hence, the mineral assemblage of the
Murchison meteorite might have catalytic effects for the organic matter
degradation. Using obtained kinetic expressions, the time scale for
metamorphism can be estimated for a given temperature with aliphatic CH
band area, or the temperature of metamorphism can be estimated for a given
time scale. Aliphatic CH decrease profiles in a parent body are estimated
using a time-temperature history model of Young [3].  The simulation results
suggest that aliphatic CH survives within 2 km depth (maximum temperature
of about 40 °C) from the surface of a parent body with a radius of 9 km.

These in-situ heating experiments provide us a new insight into the
thermal history of organic matter in carbonaceous chondrites.  The kinetic
data will constrain temperature and time scales of low temperature or short
heating processes for the petrologic type 1 and 2 chondrites.

References: [1] Botta O. and Bada J. L. 2002. Surveys in Geophysics
23:411–467. [2] Cody G. D. et al.  2008.  Earth and Planetary Science Letters
272:446–455. [3] Young E. D. 2001. Philosophical Transactions of the Royal
Society A 359:2095–2110.

5066
SPATIAL DISTRIBUTION OF ORGANIC MATTER IN THE BELLS
METEORITE USING NEAR-FIELD INFRARED MICRO-
SPECTROSCOPY
Y. Kebukawa1*, S. Nakashima 1, K. Aizawa2, T. Inoue2, K. Nakamura-
Messenger3 and M. E. Zolensky3. 1Department of Earth and Space Science,
Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan.
2Jasco Co., Ltd, 2967-5 Ishikawa, Hachioji, Tokyo 192-8537, Japan.
3Astromaterials Research and Exploration Science, KT, NASA Johnson
Space Center, Houston, TX 77058, USA. *E-mail:
yoko.soleil@ess.sci.osaka-u.ac.jp.

Introduction: Fourier transform infrared (FTIR) micro-spectroscopy is
useful for characterizing both organic and mineral structures.  However, its
spatial resolution is limited to ~10 µm at maximum [1].  Near-field infrared
(NFIR) micro-spectroscopy has recently been developed to permit infrared
spectral mapping beyond the optical diffraction limit with a spatial resolution
of several hundred nanometers [2].  This method is expected to measure
nondestructively the distribution of specific organic polar functional groups
including C-O, C=O, aliphatic CH3, and CH2, together with those for
minerals.

Here we apply this new high-resolution NFIR micro-spectroscopy to
the analysis of organic matter in the Bells meteorite (an unusual CM2
chondrite), which is one of the most primitive chondrites by their isotopic
compositions [3], in order to elucidate spatial distribution and microscopic
characterization of organic matter.

Results and Discussions: NFIR spectral mapping of the Bells 300 nm
thick ultramicrotome sections on Al plates for several µm2 areas showed
~1 µm aliphatic CH rich areas which were considered to represent the organic
rich areas.  Heterogeneous distributions of organic functional groups as well
as those of inorganic phase such as silicates (SiO) were observed with less
than 1 µm spatial resolution.  One of the aliphatic CH rich portions (~1 µm)
in other slices of Bells may contain CO bonds.  

NFIR measurement on Al plate method also enables us to obtain
organic and inorganic features of chondrite samples which are too small and
thin to obtain spectra by conventional FTIR.  Hence, NFIR is expected to be
a powerful tool for small astronomical samples such as interplanetary dust
particles (IDPs) and mission returned samples.  The NFIR imaging method
can provide submicron spatial distribution of organic functional groups and
their association with minerals.

References: [1] Nakashima S. et al. 1989. Geochemical Journal 23:57–
64. [2] Kuya N. et al. 2004. In Physicochemistry of Water in Geological
Systems, edited by Nakashima S. et al. Tokyo, Japan: Universal Academy
Press. pp. 179–187. [3] Alexander C. M. O’D. et al. 2007. Geochimica et
Cosmochimica Acta 71:4380–4403. 
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AMORPHOUS SILICATES IN PRIMTIVE METEORITIC
MATERIALS: ACFER 094 AND IDPS
L. P. Keller1, K. Nakamura-Messenger1, 2, and S. Messenger1, 1Robert M.
Walker Laboratory for Space Science, ARES, NASA Johnson Space Center,
Houston TX 77058 USA, 2ESCG/Jacobs Technology, Houston, TX, 77058.
E-mail: Lindsay.P.Keller@nasa.gov.

Introduction: The abundance of presolar grains is one measure of the
primitive nature of meteoritic materials. Presolar silicates are abundant in
meteorites whose matrices are dominated by amorphous silicates such as the
unique carbonaceous chondrite Acfer 094 [1, 2]. Presolar silicates are even
more abundant in chondritic-porous interplanetary dust particles (CP-IDPs)
[3]. Amorphous silicates in the form of GEMS (glass with embedded metal
and sulfides) grains are a major component of CP IDPs. We are studying
amorphous silicates in Acfer 094 matrix in order to determine whether they
are related to the GEMS grains in CP-IDPs [4]. 

Methods and Samples: Fragments of Acfer 094 matrix were
embedded in epoxy and thin sections (~70 nm thick) were prepared by
ultramicrotomy. We obtained quantitative chemical maps of the thin sections
using energy-dispersive X-ray spectrum imaging with the JSC JEOL 2500
scanning-transmission electron microscope. Additional matrix fragments
were crushed on diamond plates and infrared (IR) transmission spectra were
obtained from 2.5–25 µm using a Nicolet Continuum IR microscope with
HgCdTe detectors. 

Results and Discussion: The Acfer 094 matrix material we analyzed is
broadly consistent with previous studies [5]. The matrix consists of fine-
grained (<1 µm) crystalline silicates and sulfides set in an amorphous silicate
matrix. The crystalline silicates include enstatite, forsterite, and diopside,
while the sulfides are pyrrhotite with rare pentlandite. Some of the pyroxenes
and olivines are Mn or Cr enriched. Rare polycrystalline aggregates occur in
the matrix and resemble equilibrated aggregates in CP-IDPs [6]. The
amorphous material occurs as 0.2–0.5 µm nodules with minor inclusions of
nanophase Fe-sulfides and rare FeNi metal grains. The average composition
of these nodules (in at.%, O/Si = 4.9, Mg/Si = 0.49, Fe/Si = 0.93, S/Si = 0.21)
is richer in O and Fe, and poorer in S compared to average GEMS grains (O/
Si = 3.3, Mg/Si = 0.67, Fe/Si = 0.56, S/Si = 0.30). The matrix material does
not show the order-of-magnitude variation in Mg/Si as do GEMS grains.
Unlike most GEMS grains, all of the Acfer 094 matrix nodules contain
excess oxygen above that required for stoichiometry, which is consistent with
substantial hydration of their silicate matrix. IR spectra of Acfer 094 matrix
also show a strong 3 µm water absorption feature that is consistent with gel-
like hydrated silicates. High-resolution images however, show a paucity of
crystalline phyllosilicates. There are strong chemical and mineralogical
similarities between the amorphous silicates in Acfer 094 and experimentally
hydrated GEMS grains [7]. 

Conclusions: The precursors to the amorphous silicates in Acfer 094
were likely GEMS grains that experienced parent body processing that
oxidized much of the Fe metal and hydrated the silicate matrix. This
processing may have affected the presolar silicate abundance in Acfer 094.

References: [1] Nguyen A. N. et al. 2007. ApJ. 656, 1223. [2] Bland P.
et al. 2007. Meteoritics & Planetary Science 42, 1417. [3] Messenger S. et
al. 2009. This issue. [4] Keller L. P. and Messenger S. 2004. LPSC XXXV,
1985. [5] Greshake A. 1997. Geochimica et Cosmochimica Acta 61, 437. [6]
Keller and Messenger 2009. LPSC XL, 2121. [7] Nakamura-Messenger K. et
al. 2007. 70th Meteoritical Society Mtg., 5278.
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DUST GROWTH IN THE SOLAR NEBULA: MULTIPLE LOW
VELOCITY COLLISIONS OF HOT PARTICLES
T. Kelling1 and G. Wurm1. 1Institut für Planetologie, Wilhelm-Klemm-Str.
10, D-48149 Münster, Germany. E-mail: thorben.kelling@uni-muenster.de.

Introduction: Collisions between dust particles are a major process in
the solar nebula. It is expected that sticking between dust particles leads to the
formation of ever larger dust aggregates, eventually km-size planetesimals
[1, 2]. However, once dust aggregates are mm-size and compact, no sticking
in collisions between them has ever been observed. Velocities down to
0.15 m/s were studied, but only rebound was reported [3]. Also, collisions so
far have been carried out at room temperature while the inner parts of the
solar nebula provide elevated temperatures which likely change the sticking
properties. Here, we report of first steps to study low velocity collisions at
high temperatures in laboratory experiments. An experiment was set up to
investigate free 2D low velocity (v < 0.1 m/s) collisions of hot (up to 800 K)
dust aggregates under low pressures of some mbar. 

Dust Aggregate Balance: A concave heatable plate (bowl or trap)
heats the bottom of dust aggregates up to 800 K (so far) while their surface
cools through thermal radiation. Due to the low thermal conductivity of the
aggregates, thermal creep leads to a pressure increase below the aggregates.
This overpressure is able to compensate gravity and hence the aggregates are
lifted to a certain height (about hundred µm). They can freely move in the 2D
bowl after lift-off [4].

Motions are partly random in translation and rotation, leading to
frequent collisions (several collisions per second) if more aggregates are in
the trap. The trap is stable and robust and collisions can be observed at least
as long as several minutes. The lifted particles are between some hundred µm
up to cms in size and have velocities in general below 0.1 m/s, depending on
the temperature, pressure and dust properties. Collision velocities are on the
same order. The trap is not very selective in size, shape and sort of dust.
Collisions and levitations of various different dust powders were observed
(SiO2, graphite, basalt . . .).

Results: Several types of collisions occur. Sticking seems to be the
dominant outcome of collisions between small aggregates (some ten µm)
leading to larger aggregates. The larger aggregates then show all types of
collisions. Bouncing is observed as well as fragmentation, growth and
transfer of mass. Growth can be observed up to velocities of about 0.1 m/s.
Also spontaneous fragmentations of larger particles by tidal forces are
observed as well as photophoretic ejections of smaller parts of aggregates.

The new trap allows a detailed analysis of collisions, e.g., quantifying
sticking probabilities to better understand the first phase of planet formation
in protoplanetary disks. We report on the current status.

References: [1] Blum J. and Wurm G. 2008. Annual Review of
Astronomy and Astrophysics 46, 21–56. [2] Weidenschilling S.J., Cuzzi J.
1993, in Levy, E.H. and Lunine, J. I., eds. Protostars and Planets III, 1031.
[3] Blum J. and Muench M. 1993. Icarus 106, 151–167. [4] Kelling T. and
Wurm G. 2009. Physical Review Letters (submitted).
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LAMELLAR SPINEL-PYROXENE SYMPLECTITES IN LUNAR
OLIVINE: EVIDENCE FOR H2O TRACES IN LUNAR MAGMAS? 
N. R. Khisina1, R. Wirth2, M. A. Nazarov1 and D. D. Badjukov1 1Vernadsky
Institute, Moscow, Russia. E-mail: khisina@geokhi.ru, 2GeoForschung
Zentrum Potsdam, Germany.

Introduction: Individual olivine grains from the Luna-24 regolith
contain Cr- and Ca-rich lamellae of 0.5–1 µm thick oriented parallel to the
(100) of the host olivine. These lamellae were investigated with EMPA, SEM
and TEM. 

Results: The lamellae consist of diopside—chromite intergrowths.
Alternating platelets of diopside and chromite ∼40 nm and ∼130 nm thick,
respectively, are oriented normal to the (100) olivine/lamellae boundary, with
(100)Ol // (111)Sp //(100)Cpx; [001]Ol // [011]Sp // [010]Cpx. The bulk mineral
composition of the lamellae is close to FeCr2O4 + 2CaMgSi2O6.

Discussion: Lamellar symplectites are rare to occur. They were
described in olivine from some terrestrial rocks [1, 2] and a Martian meteorite
[3]. No detailed investigation of Cr,Ca-rich lamellar symplectites in lunar
olivines has ever been done. The study shows that (i) the symplectitic
lamellae in olivine have been formed by a solid-state reaction; (ii) subsolidus
Cr2+ → Cr3+  oxidation and 2Mg  = Cr + Ca cation exchange reaction were
related to the symplectite formation; (iii) chromite and diopside are probably
the breakdown products of some pre-existing phase of
Ca2FeMg2Fe(Cr3+)2Si4O16 composition inferred from the bulk chemistry of
the symplectites. A model of a deprotonation-oxidation process associated
with a {Fe, 2H–}→ {Fe, 2Cr3+} point defect transformation is suggested to
explain the origin of the pre-existing phase of the symplectites. The model
seems to be a convincing explanation for the occurrence of lamellar spinel +
pyroxene symplectites in terrestrial olivines, because the latter contain
commonly n⋅101 – n⋅102 ppm of H2O. Both {Fe, 2H–} point defects and (100)-
oriented lamellar precipitates of hydrous olivine
[MgFeH2SiO4]*n[(Mg,Fe)2SiO4] were found in terrestrial mantle olivine [4].
A similar mechanism has been suggested to explain the origin of oxide
precipitates in olivine from a terrestrial garnet peridotite [5]. How can this
model be applied to lunar rocks, because the rocks are believed to be almost
free of water? Recently, some arguments suggesting an H2O presence in the
lunar mantle has come from a SIMS study of lunar volcanic glasses [6, 7]. 

Conclusion: The formation of the chromite-diopside symplectites in
lunar olivines could be due to deprotonation-oxidation processes. If this
model is correct, then the occurrence of the symplectites should be
considered as additional evidence for an H2O presence in some lunar rocks.

References: [1]. Moseley D. 1984. Amer. Mineral. 69:139–153; [2].
Markl G., Marks M., Wirth R. 2001. Amer. Mineral. 86:36–46; [3]. Mikouchi
T., Yamada I., Miyamoto M. 2000. Meteoritics & Planetary Science 35, 937
– 942; [4]. Khisina N.R., Wirth R. 2002. Phys. Chem. Minerals 29, 98–111;
[5]. Hwang S.-L., Yui T.-F., Chu H.-T., Shen P., Iizuka Y., Yang H.-Y., Yang
J., Xu Z. 2008. Amer. Mineral. 93:1051–1060; [6]. Chaussidon M. 2008.
Nature 454, 170–172. [7]. Saal A. E., Hauri E. H., Cascio M. L., van Orman
J. A., Rutherford M. C., Cooper R. F. 2008. Nature 454, 192–195.

5222
WUSTITE IN THE DOM 03238 MAGNETITE-RICH CO3.1
CHONDRITE: FORMATION DURING ATMOSPHERIC PASSAGE
H. Y. Kim1, B.-G. Choi1, and A. E. Rubin2. 1 Earth Science Education, Seoul
National University, Seoul, 151-748, KOREA. E-mail: gadd1013@snu.ac.kr.
2IGPP, University of California, Los Angeles, CA 90095-1567, USA.

Wüstite, a phase that is metastable at room temperature and stable
above 570 °C at 1 bar [e.g., 1], is a common mineral in I-type cosmic
spherules [2–4], and is often found in the fusion crusts of iron meteorites and
mesosiderites [5, 6]. Even though magnesiowüstite is present in some
chondrites [e.g., 7], no pure wüstite has been reported in the interior of
meteorites, except for a few grains that were found in DOM 03238, a
magnetite-rich CO3.1 chondrite, during an O-isotope study [8]. We have now
examined the entire area of the DOM 03238 thin section to determine if
wüstite occurrences are preferentially near the fusion crust (which nearly
completely surrounds the section).

With proper contrast and brightness in back-scattered electron (BSE)
images, wüstite appears somewhat brighter than magnetite, but slightly
darker than troilite. We used BSE images and X-ray maps to select possible
candidates as wüstite grains. EDX spectra for all candidates were measured
to confirm that they had only Fe and O peaks with the proper ratio. 

Wüstite grains occur within 700 µm of the fusion crust; a wüstite-rich
layer almost completely surrounds the thin section. More than 200 wüstite-
bearing assemblages were found in this layer; no wüstite was found within
the fusion crust or in the interior of the section >700 µm from the fusion crust.
(However, we cannot rule out the possibility that very small grains of wüstite
occur in the fusion crust.) 

There are three types of wüstite-bearing opaque assemblages: (1)
wüstite + magnetite ± troilite, (2) wüstite + magnetite + metallic-Fe-Ni ±
troilite, (3) wüstite ± troilite. 

Wüstite probably formed within a few seconds during atmospheric
passage by reduction of magnetite or by reaction between magnetite and
metallic Fe-Ni below the solidus temperature.

The occurrence of wüstite in DOM 03238 implies that portions of the
interior of this meteorite (up to 700 µm from the melt surface) were heated to
>570 °C. Kimura et al. [9] studied a shock melt vein near the fusion crust of
an H6 chondrite and concluded that interior regions of that meteorite (up to
300 µm from the fusion crust) were heated to 1400oC. These two results
constrain the thermal gradient experienced by a chondrite during atmospheric
passage.

References: [1] Lindsley D. H. 1976. In Oxide Minerals (Rumble D.
ed.):L61-L88. [2] Brownlee D. 1985. Annual Review of Earth and Planetary
Science 13:147–173. [3] Engrand C. et al. 2005. Geochimica et
Cosmochimica Acta 69:5365–5385. [4] Rochette, P. et al. 2008. Proceedings
National Academy Science USA 105:18206–18211. [5] El Goresy A. and
Fechtig H. 1967. Smithsonian Contributions to Astrophysics 11:391–397. [6]
Buchwald V. F. 1977. Philosophical Transactions of the Royal Society of
London A286:453–491. [7] Zinner et al. 1991. Earth and Planetary Science
Letters 102:252–264. [8] Choi, B.-G. et al. 2008. Meteoritics & Planetary
Science 43:A32. [9] Kimura et al. 2003. Earth and Planetary Science Letters
217:141–150.
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KUSHIROITE, CAAL2SIO6, A NEW MINERAL IN
CARBONACEOUS CHONDRITES: ITS FORMATION
CONDITIONS AND GENETIC SIGNIFICANCE IN CA-AL-RICH
REFRACTORY INCLUSIONS
M. Kimura1, A. El Goresy2, T. Mikouchi3, A. Suzuki4, M. Miyahara4, and E.
Ohtani4. 1Ibaraki University, Japan, E-Mail: makotoki@mx.ibaraki.ac.jp,
2Bayerisches Geoinstitut, Universität Bayreuth, Germany, 3University of
Tokyo, Japan, 4Tohoku University, Japan.

Introduction: Ca-Tschermak (hereafter CaTs), CaAl2SiO6, component
has been one of the most important hypothetical members of pyroxene, and
CaTs-rich pyroxene was abundantly reported from refractory inclusions in
carbonaceous chondrites [e.g., 1]. However, the nature of such pyroxene has
not been characterized in detail because of their tiny grain size. For the first
time, we succeeded to identify the exact nature of highly CaTs-rich pyroxene
[2, 3], and named it kushiroite, which was approved by the Commission on
New Minerals, Nomenclature and Classification of the International
Mineralogical Association (IMA2008-059) on January, 2009. Here we
discuss the formation condition and significance of kushiroite in refractory
inclusions.

Petrography of Kushiroite-Bearing Inclusions: Kushiroite was first
identified, occurring with grossite, in an inclusion (#186) of ALH 85085
(CH) [1–3]. Later possible kushiroite has been reported from inclusions in
CH and other carbonaceous chondrites [e.g., 4–6]. These inclusions are
mostly spherical in shape. Kushiroite is always encountered in the outer
peripheral parts of inclusions, surrounding grossite, hibonite and other
minerals. The bulk composition of such inclusion is highly refractory:
18.6 wt% SiO2, 55.6% Al2O3, 23.0% CaO for #186 in ALH 85085 [1].

Discussion: Although CaTs is stable under high-pressure conditions
[7], no obvious evidence for impact in CAI #186 indicates that the metastable
crystallization of this pyroxene took place from refractory melt in the solar
nebula. The bulk composition of #186 CAI plots just on the liquidus surface
of hibonite, not grossite or others. This strongly indicates that this inclusion
never experienced crystallization process under equilibrium conditions. We
suggest that grossite and kushiroite in #186 did not simultaneously or
continuously crystallized from the same melt droplet, but formed separately.
Textural observation and bulk chemistry indicate that precursor of kushiroite
plastered grossite and other minerals which had been pre-existed
condensates.

Coexisting grossite-bearing CAIs in the type specimen ALH 85085
show 26Mg excesses with inferred initial 26Al−27Al ratios between 2.1 ×
10–6 to 3.9 × 10–5 [1], thus evidencing that condensation, melting and
crystallization took place in the solar nebula when 26Al was still extant.

References: [1] Kimura M. et al. 1993. Geochimica et Cosmochimica
Acta 57:2329–2359. [2] Kimura M. et al. 2008. Meteoritics & Planetary
Science 43:A75. [3] Kimura M. et al. 2009. American Mineralogist
(submitted). [4] Simon S. B. et al. 1998 Meteoritics & Planetary Science 33:
411–424. [5] Krot A. N. et al. 1999. Abstract #2018. 30th LPSC. [6] Petaev
M. I. et al. 2001. Abstract #1445. 32nd LPSC. [7] Hays J. F. 1966. American
Mineralogist 51, 1524–1529.
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SIX MODELS FOR THE FORMATION OF THE EARTH'S
ATMOSPHERE 
M. Maurette. CSNSM, Bat.104, 91405, Orsay–Campus, France.   E–mail:
maurette@ csnsm.in2p3.fr. 

Introduction:  The chemical composition of planetary atmospheres
can be defined by the mass mixing ratios, R(A), of their constituent species,
A, relatively to N2. Moreover, in the case of a pure meteoroid atmosphere
released by meteoroids upon atmospheric entry, these ratios would scale as
the corresponding concentration ratios measured in Antarctic
micrometeorites [1]. Previously, we only considered Ne, N, C (trapped in
carbonates) and H2O. We recently added S locked in the upper mantle to this
list, because the predicted meteoroid burdens of S, Ir, Os and Ru strikingly
well fit the corresponding values observed in the upper mantle [2], i.e., within
a factor 1.05× (Ru) to 1.25× (S). Like in classical basalt magma volcanism, C
and S were first likely oxidized into CO2 and SO2, by a high temperature in–
situ oxidation that would be related to the oxygen fugacity of their
assemblage of minerals. 

Comparison of 6 Models of Atmosphere:  Table I lists the mixing
ratios of Ne, H2O, CO2, and SO2. The successive lines from top to bottom
refer to: #Earth, observed composition; Model #1, volcanic atmosphere
defined by Rubey [2]; Model #2, atmosphere released by geysers and
fumaroles that are heavily contaminated by surface water [4]; Model #3,
outgassing of Hawaiian volcanoes, which would both sample the most
pristine gases from the degassed upper mantle [4], and give a model for the
Tharsis bulge volcanism on Mars; Model #4, atmosphere expected from a
cometary impact [5]; Model #5, “steam” atmosphere from a CI–type asteroid
impact [6]; Model #6, “pure” meteoroid atmosphere (up–dated ratios from
Table 3.1, in Ref. 1).

Verdict:  From the 6 models of atmosphere considered, yet, only the
meteoroid atmosphere (#6) reasonably fits the measured composition of the
Earth's atmosphere (2nd line). The very low Ne mixing ratio that invalidates
model #5 right away, was derived in Ref. 1 (section 3.3.2). 

References:  [1] Maurette M. 2006. In Comets and the Origin and
Evolution of Life, edited by Thomas P. J. et al. pp. 69–111. [2] Maurette M.
Forthcoming. Hydrous-carbonaceous meteoroids in the Hadean Aeon. ASP
Conf. Series. [3] Rubey W. W. 1955. In Crust of the Earth. New-York: Geol.
Soc. America, pp. 630–650. [4] Hartmann W. K. 1999. Moon and Planets.
Belmont: Wadsworth. 428p. [5] Delsemme A. 2006. In Comets and the
Origin and Evolution of Life, edited by Thomas P. J. et al. pp. 29–68. [6]
Fegley B. and Schaefer L. 2008. Meteoritics & Planetary Science 43:A42.

Table I: Mass mixing ratios (relatively to N2).
Type R(Ne) R(H2O) R(CO2) R(SO2)

#Earth 1.6 × 10−5 350 83 75–150
#1 (Rubey) ? 380 21 1.1
#2 (Fumaroles) ? 2000 6.6 1.2
#3 (Hawaii) ? 10 4 4.4
#4 (Comet) ? 17 2.6 0.06
#5 (“Steam”) 10−8 55 54 0.3
#6 (Meteoroid) 3 × 10−5 140 130 140
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A TOF-SIMS STUDY OF PRISTINE PRESOLAR GRAPHITE
A. King, T. Henkel, S. Chapman, D. Rost, and I. Lyon. School of Earth,
Atmospheric and Environmental Sciences, The University of Manchester,
Oxford Rd, Manchester, M13 9PL, U.K. E-mail: ashley.j.king@
student.manchester.ac.uk.

Introduction: All presolar graphite grains analyzed to date were
extracted from their host meteorite using acid dissolution techniques [1–3].
However, recent studies have suggested that the use of harsh acids may
significantly alter the outer surface of presolar SiC grains extracted in this
way [4], and similarly may also affect graphite grains. We have previously
described a technique for “gently separating” presolar SiC (i.e. without the
use of acids) from meteorites [5], and have now adapted this procedure in
order to isolate presolar graphite.

Separation: Approximately 116 mg of CAI- and chondrule-free
Murchison matrix material was crushed using a stainless steel mortar and
pestle. This was further broken down into grain sizes of <20 µm with 138
freeze-thaw cycles while suspending the sample in ultra-pure water. Using a
fixed angle rotor centrifuge the grains were first separated into four grain-size
fractions. A series of organic, heavy liquids was used to separate each size
fraction according to density, selecting for presolar graphite between 1.6–
2.26 gcm−3.

Analysis: A small aliquot of one separation (7–20 µm, 2.15–
2.26 gcm−3) was distributed over a cleaned, ultra-pure gold foil and an
electron microscope used to locate candidate graphite grains. The sample was
then transferred to a Time-of-Flight Secondary Ion Mass Spectrometer (TOF-
SIMS) for sub-micron spatial resolution and high mass resolution (m/dm
~3000) analyses. 

Results: To date two out of a total of six candidate grains analyzed have
been found to contain isotopically heavy C, with 12C/13C ratios of 77.5 ± 2.2
and 75.7 ± 2.9 (1σ) respectively. The morphology of these grains is irregular
and they most likely formed in an AGB stellar environment. A trace element
depth-profile for one grain shows no significant variation in trace element
abundances within the grain.

Discussion: A gentle separation procedure, originally developed for the
isolation of presolar SiC, has successfully been adapted for the extraction of
presolar graphite. Previous studies have shown that presolar graphite grains
from acid separations are predominantly spherical [1–3]. Further work is
therefore required in order to clarify whether the irregular shapes of the
grains reported here are potential artifacts of the separation procedure, or
instead reflect the grains’ original morphology. TOFSIMS will be used to
analyze candidate graphite grains located in a range of size and density
separations.

References: [1] Hoppe P. et al. 1995. Geochimica et Cosmochimica
Acta  59:4029–4056. [2] Zinner E. et al. 1995. Meteoritics & Planetary
Science 30:209–226. [3] Jadhav M. et al. 2006. New Astronomy Reviews 50:
591–595. [4] Henkel T. et al. 2007. Meteoritics & Planetary Science 42:
1121–1134. [5] Tizard J. et al. 2005. Meteoritics & Planetary Science 40:
335–342.
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INTERNAL STRATIGRAPHY OF THE CHICXULUB EJECTA
BLANKET IN BELIZE, CENTRAL AMERICA
D. T. King, Jr.1 and L. W. Petruny1. 1Geology Office, Auburn University,
Auburn, Alabama 36849 USA.

Introduction: Proximal ejecta from the Chicxulub impact structure
located on the northern margin of the Yucatán Peninsula, Mexico, crop out at
several key sites in northern and central Belize, which range between 350–
450 km from Chicxulub [1]. These ejecta rest disconformably upon latest
Maastrichtian dolostones of the Barton Creek formation and upon paleosols
developed atop the Barton Creek. The ejecta blanket consists of a basal fine-
grained impactoclastic unit (1–2 m), which contains carbonate accretionary
lapilli. In northern Belize, this unit is succeeded upward by a matrix-rich
impactoclastic carbonate breccia (12–15 m). In central Belize, this carbonate
breccia is absent and instead the ejecta facies overlying the basal fine-grained
unit is composed of grain-supported impactoclastic conglomerates (2–5 m),
which are composed of smooth and rounded carbonate pebbles. In Belize, a
modern soil overlies the impactoclastic breccias and conglomerates, but in
adjacent areas of Mexico, lower Paleogene micritic limestones of the El Cayo
Group disconformably overlie the impactoclastic breccia facies [1].

Basal Fine-Grained Unit: The basal fine-grained unit is a clay and
finely comminuted carbonate deposit with embedded accretionary lapilli.
These lapilli range in size from a few millimeters to 2.5 cm. The basal fine-
grained unit appears to be a single bed, which contains no obvious internal
structure other than slickensides (where the bed is particularly rich in clay
minerals). The upper contact with the overlying coarse facies is sharp [1, 2].

Impactoclastic Breccia Facies: In northern Belize, the impactoclastic
carbonate breccia facies is a matrix-supported deposit, which displays thick,
irregular sedimentation units that are internally graded. The matrix contains
altered glass fragments and rare shocked grains [1]. Organization of clasts
within these sedimentation units suggests internal turbulence and subsequent
laminar flow [2]. Clasts in this breccia mainly ranged in size from 1–30 cm,
but clasts up to 5 m and coated boulders up to 2 m were observed in this facies
[2]. 

Impactoclastic Conglomerate Facies: In central Belize, the
impactoclastic carbonate breccia facies is a clast-supported deposit, which
displays imbrication (i.e., evidence of post-impact reworking). Clasts in this
breccia mainly ranged in size from 1–15 cm. These clasts are remarkable in
that they are all very smooth, some highly polished, and many contain impact
pits. These impact pits are small crater-shaped depressions, ranging from a
few millimeters to 2 cm in diameter [2].

Origins: The Belize impactoclastic deposits are interpreted as the
remains of an immense carbonate ejecta blanket. The basal fine-grained
impactoclastic unit appears to be a vapor plume deposit, whereas the
overlying impactoclastic breccias show evidence of ballistic sedimentation
and lateral flow processes. The conglomeratic deposits show evidence
interpreted as high-energy interactions among constituent clasts and
subsequent, post-impact reworking of fallen ejecta within the terrestrial
realm.  

References: [1] Pope K. O. et al. 2005. Large meteorite impacts. pp.
171–1190. [2] King Jr. D. T. and Petruny L. W. 2003. Impact markers in the
stratigraphic record. pp. 203–228. 
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DRILLING INTO THE EL’GYGYTGYN IMPACT CRATER,
ARCTIC RUSSIA: THE 2009 ICDP PROJECT
Christian Koeberl1, Julie Brigham-Grette2, Martin Melles3, and Pavel
Minyuk4. 1Department of Lithospheric Research, University of Vienna,
Althanstrasse 14, A-1090 Vienna, Austria E-mail:christian.koeberl@
univie.ac.at) 2Department of Geosciences, University of Massachusetts,
Amherst, MA 01003-9297, USA; 3Institute of Geology and Mineralogy,
University of Cologne, Germany; 4Northeast Interdisciplinary Scientific
Research Institute, Magadan, Russia.

Introduction: The 3.6 Ma, 18-kilometer-diameter El’gygytgyn impact
crater is located in central Chukotka, northeastern Russia. The flat floor of the
crater is in part occupied by Lake El’gygytgyn, 12 km in diameter, and
surrounding terraces. The average profile of the rim is asymmetric with a
steep inner wall and a gentle outer flank. The rim height is about 180 m above
the lake level and 140 m above the surrounding area. It was confirmed as an
impact crater by Gurov et al. [1].

Geology: The El’gygytgyn crater was formed in the volcanic strata of
Late Cretaceous age. The main rock types of the crater basement are
ignimbrite, tuff and lava of rhyolites, rarely tuff and lava of andesites and
dacite lava. The thickness of the strata that are exposed in the crater walls is
more than 650 m. Thus, the El’gygytgyn is the only known terrestrial impact
structure where it is possible to investigate shock metamorphism in siliceous
volcanic rocks [2].

Drilling Project: A drilling project currently underway at Lake
El’gygytgyn hopes to accomplish two scientific goals. First and foremost, we
plan to collect—from the largest and oldest, unglaciated lake basin in the
Arctic—sediments that represent the longest, most time-continuous record of
late Cenozoic Arctic climate evolution. The second goal is to collect
meteorite impacted rocks from a metavolcanic bedrock sequence that will
allow to study the shock response of volcanic rocks, as well as to provide a
comparison with impact process on other planets.

Construction of the ice road and drilling platform began in mid January
2009, after a camp was set up, and a permafrost core was drilled in 2008.
Conditions are difficult due to the remote location of the crater and the
complex logistics, which require snow train overland and helicopter
transport. Drilling takes place from the frozen crater lake. Recovery of the
first lake sediment cores commenced on March 18, 2009. Lake sediments,
representing 3.6 million years of climate record, were recovered until a depth
of 315 m below lake floor, when the transition to the impact breccia was
drilled on April 14, 2009. Recovery of impact breccia continues into
monomictly brecciated bedrock of the central uplift. 

Acknowledgements: Drilling supported by ICDP, NSF, the German
Ministry of Research and Education, the Austrian Ministry of Science and
Research, Russian Foundation for Basic Research, and the Russian Academy
of Sciences. 

[1] Gurov E. P., Valter A. A., Gurova E. P., and Serebrennikov A. I.
1978. Doklady Academii Nauk USSR 240:1407–1410. In Russian. [2] Gurov
E. P. and Koeberl C. 2004. Meteoritics and Planetary Science 39:1495–1508.
[3] Brigham-Grette J., Melles M., Minyuk P., Koeberl C., Science Party
2009. PAGES, 12009.:19–21.
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SUB-MICROMETRIC STUDY OF CU- AND HG-BEARING
OPAQUE ASSEMBLAGES IN UNSHOCKED PRIMITIVE H
CHONDRITES: ORIGIN AND FIRST OCCURRENCE OF NATIVE
HG IN A METEORITE
C. Caillet-Komorowski1, O. Boudouma2, A. El Goresy3, M. Miyahara4, and
M. E. Özel5. 1LMCM Muséum National d’Histoire Naturelle—UMR CNRS
7202, Paris 75005, France. E-mail: ccaillet@mnhn.fr. 2UPMC-ISTEP, Paris,
3Bayerishes Geoinstitut, Universität Bayreuth, Germany, 4Institute of
Mineralogy, Petrology and Economic Geology, Graduate School of Science,
Tohoku University, Sendai, Japan, 5Cag University, Department of
Mathematics and Computer Sciences, Tarsus-Mersin, Turkey.

Introduction: We initiated a comparative study of opaque mineral
assemblages that contain native Cu to clarify its origin. [1] Demonstrated that
the Cu concentration in FeNi metal in Ordinary Chondrites (OC) is too low
(0.1 to 0.29 wt%) to exsolve from FeNi. It was demonstrated that there is
higher abundance of metallic Cu in H than in L or LL chondrites [2, 3, 4] and
that H chondrites show a lower degree of shock-induced features. However,
[4] claimed a positive correlation between the intensity of shock and the
abundance of native Cu in FeNi metal. Here, we report high abundance of
Cu-bearing assemblages in the new unshocked Didim (H3/5) chondrite fell in
Turkey in 2007 [5]. 

Results: In Didim, native Cu is associated with Ni-poor kamacite (as
low as 2.3 wt% Ni), troilite, taenite and idiomorphic tetrataenite. In Tieschitz
(H 3.6), we encounter the same native Cu assemblage as in Didim. Cu is
present in opaque assemblages in chondrule-like objects. A delicate texture
of tiny HgS and Cu-sulfide surrounds native Cu adjacent to troilite.
Nanometer-sized HgS and metallic Hg spherules are intergrown within
sulfides and native Cu in a spongy texture next to cinnabar. We also
encounter rhythmic layering of HgS alternating with CuS in cube-shaped
grains. 

Conclusion: [6, 7] observed Co-rich and Ni-poor kamacite and
convincingly concluded that any shock melting of metal phases would have
produced a homogeneous FeNiCo alloy. A low T-P breakdown of a
metastable Co-Cu-bearing pentlandite was favored to explain this
assemblage. No Co was detected in the kamacite in Didim or in Tieschitz. No
exsolution of Cu from FeNi is possible, because its content is below
saturation. There are no finely spaced twin lamellae //(10–21) or triple
junctions in troilite, the latter would evidence recrystallization. No eutectic
metal-troilite textures, shock veins or minerals indicating high P, or spherules
showing fusion. In Didim, we found idiomorphic troilite without twin
lamellae. Troilite fragments in metal next to Cu are single grains depicting no
deformation thus refuting the claim of shock being responsible for
“exsolution” of native Cu. The unusual assemblages of Hg-, Cu-, Fe-sulfides
and Hg in Tieschitz likely indicate equilibration during slow cooling down to
low temperatures (<273 °C). This assemblage did not form by exsolution
from metal or by a dynamic event. We therefore conclude that metallic Cu in
FeNi is unrelated to shock events.

References: [1] Clarke R.S. and Jarosewich E. 1978. Meteoritics 13:
418–420. [2] Ramdohr P. 1963. J. Geophy. Res. 68:2011–2036. [3] Ramdohr
P. 1973. The Opaque Minerals in Stony Meteorites. Elsevier, pp. 244. [4]
Rubin A. E. 1994. Meteoritics & Planetary Science 29:93–98. [5] Caillet-
Komorowski C. 2008. Meteoritics & Planetary Science 43:1570–1571. [6]
El Goresy A. 2006. Meteoritics & Planetary Science 41:A204. [7]
Chennaoui Aoudjehane H. et al. 2007. Meteoritics & Planetary Science 42:
A29.
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40AR-39AR DATING OF SOLAR GAS-RICH LUNAR METEORITE
DHOFAR 1436
E. V. Korochantseva1,2, M. Trieloff1 J. Hopp1, A. I. Buykin1,2 A. V.
Korochantsev2.. 1Institut für Geowissenschaften, Univ. Heidelberg, 69120
Heidelberg, Germany E-mail: trieloff@min.uni-heidelberg.de. 2Vernadsky
Institute of Russian Academy of Sciences, Moscow, Russia.

40Ar-39Ar dating is one of the most important tools to decipher lunar
chronology, and can also yield information about isotopic composition of
trapped argon in solar gas rich breccias. Occasionally 40Ar-39Ar dating is
applied to lunar meteorites [1, 2] to complement lunar history derived from
the Apollo samples [3, 4], but it was not yet applied to solar gas rich lunar
meteorites.

We analysed two lithologies—dark matrix material and a brown clast of
the lunar feldspathic impact melt breccia Dhofar 1436 [5] by high resolution
stepheating (29 and 33 extractions), in an ongoing initiative to study
chronology and trapped argon components in desert meteorites [6, 7]. Dhofar
1436 turned out to be a gas-rich lunar meteorite: Besides a typical
atmospheric argon release <750 °C, the brown clast and dark sample release
significant amounts of trapped argon at > 1100 °C (3.9 and 4.7 × 10−6 cc/g)
with 40Ar/36Ar ratios of 2.43 ± 0.04 and 2.58 ± 0.06, identified by high
temperature isochrons comprising 13 and 21 extractions, respectively.
Corresponding isochron ages are 4.49 ± 0.11 and 3.48 ± 0.19 Ga. However,
high temperature extractions are extremely sensitive for correction of trapped
argon: Correcting the brown clast sample with the same trapped argon
composition as the dark matrix sample, the resulting age is indistinguishably
3.55 ± 0.31 Ga. Hence, the well-defined isochron maybe an artifact by
interference from atmospheric argon. Trapped “orphan” argon with 40Ar/36Ar
ratios of up to 15 is a well known feature of lunar soils and considered as
antiquity measure [8]. Our values correspond to an antiquity of about 1.5 Ga.
The origin of orphan argon is debated, most studies view it as a mixture of
implanted solar and lunar radiogenic argon degassing from the moon.
Alternatively, we consider a mixture of solar and excess 40Ar, probably
remobilized during major degassing (impact) events. This is in line with our
observations on asteroidal meteorites [7], where we detected isochrons
identifying trapped argon of clearly non-solar and non-atmospheric
composition (though carrier phases remained unclear when compared to
terrestrial samples [e.g., 9, 10]). Finally, the 36Ar/38Ar ratio associated with
orphan argon im Dhofar 1436 is only marginally higher than atmospheric
argon composition of 5.32, but much lower than the solar argon value of 5.77
and similar to trapped Q argon [11].

References: [1] Cohen B. A. et al. 2005. Meteoritics & Planetary
Science 40:755–777 [2] Fernandes V. A. et al. 2003. Meteoritics & Planetary
Science 38:555–564 [3] Turner G. 1977. Physics and Chemistry of the Earth
10:145 [4] Jessberger E. K. et al. 1974). Proc. 5th LPSC, 1419–1449. [5]
Connolly H. C. et al. 2008. Meteoritics & Planetary Science 43:571–632 [6]
Korochantseva E. K. et al. 2005. Meteoritics & Planetary Science 40:1433–
1454. [7] Korochantseva E.V. et al. 2007. Meteoritics & Planetary Science
42:113–130. [8] Eugster O. et al. 2001. Meteoritics & Planetary Science 36:
1097–1115. [9] Trieloff M. et al. 2005. Geochimica et Cosmochimica Acta
69:1253–1264. [10] Hopp J. and Trieloff M. 2005. Earth and Planetary
Science Letters 240:573–588. [11] Busemann H. et al. 2000 Meteoritics &
Planetary Science 35:949–973.
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TRACE ELEMENTS IN METEORITIC TROILITE 
A. Kracher1 and F. Brandstätter2. 1Ames Laboratory, Iowa State University,
Ames, IA 50011-3020, USA. akracher@iastate.edu. 2Naturhistorisches
Museum, Burgring 7, A-1010 Vienna, Austria.

Introduction: Troilite has not received much attention in evaluating the
history of meteorite parent bodies. But on thermodynamic grounds one would
expect some chalcophilic elements, e.g., Cr and Cu, to show temperature-
dependent partitioning behavior that could be potentially useful in tracking
parent body differentiation. Here we report on a feasibility study of analyzing
relevant elements in troilite from eight H chondrites and six iron meteorites
of groups IAB, IIE, IIIAB, and IIICD.

Analytical: We have developed electron microprobe techniques that
allow determination of trace elements in troilite with detection limits of 10–
40ppm, depending on the element, by a combination of off-peak backgrounds
and background standards. Elements analyzed were Ti, Cr, Mn, Cu, Zn, and
Se.

Results: Chondrites: Troilite from H chondrites has generally low trace
element contents, with Ti, Mn, and Zn usually below detection limit.
Analyses of Se confirm the ~140ppm expected from the chondritic S/Se ratio
[1]. Chromium concentrations in 7 of the 8 samples are 20–40 ppm, except
for anomalous high values due to inclusions. The exception is Forest Vale
(H4), which shows a range of 310–420 ppm Cr. Copper varies from <20 ppm
to 870 ± 230ppm in different chondrites, uncorrelated with petrologic type.
Irons: Unlike chondritic troilite there are no Cr-poor regions in troilite from
irons, except for Watson (IIE) with ~150 ppm Cr. All IAB samples show
erratic Cr values (range 2000–9400 ppm), suggesting ubiquitous Cr-rich
inclusions. Cape York (IIIAB) troilite contains 970 ± 30 ppm Cr, roughly
consistent with 1300 ppm found previously [2]. The Se/S ratio is chondritic in
IAB troilite and Watson (IIE), but troilite from Georgetown (iron) (IIICD-
anom) and, as noted before [3], Cape York (IIIAB) is depleted in Se. Like
chondrites, Cu does not show a consistent pattern in troilite from irons (range
120–960 ppm).

Conclusions: The number of meteorites included in this exploratory
study is too small to allow firm conclusions about the history of individual
meteorite groups, but some general patterns emerge. The behavior of Cr is
drastically different between chondrites and irons, indicating strong
dependence on temperature and redox state. A similar though perhaps weaker
dependence is expected for Mn and Zn, but their concentrations are too low
to detect variations by electron microprobe analysis. The Se depletion in
some iron meteorites and the erratic behavior of Cu remain enigmatic and
deserve further study.

Reference:  [1] Dreibus G. et al. 1995. Meteoritics 30:439–445. [2]
Kracher A. et al. 1977. Geochem. J. 11:207–217. [3] Kracher A. et al. 1988.
In: Microbeam Analysis—1988. pp. 491–494.
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CAN METHANOGENS GROW IN A PERCHLORATE
ENVIRONMENT ON MARS?  
T. A. Kral1, 2, T. Goodhart1, K. L. Howe2 and P. Gavin2. 1Department of
Biological Sciences, University of Arkansas, Fayetteville, AR 72701,
2Arkansas Center for Space and Planetary Sciences, University of Arkansas,
Fayetteville, AR 72701. E-mail: tkral@uark.edu. 

Introduction: We have been studying methanogens as a model for life
on Mars for a number of years now. Methanogens are microorganisms in the
domain Archaea that use carbon dioxide as a carbon source, molecular
hydrogen as an energy source, produce methane as a byproduct of
metabolism, and have been shown to grow on a Mars soil simulant, JSC
Mars-1 (1). The relatively recent discovery of methane in the Martian
atmosphere has added relevance to these types of studies (2). In 2008, the
Mars Phoenix Lander discovered perchlorate at its landing site in
concentrations of approximately 1.0 wt% (3). Because of perchlorate’s
powerful oxidizing property, many believed that the chances for extant life on
the planet had decreased. 

Methods: The research reported here was designed to determine if
methanogens could grow in the presence of three different perchlorate salts.
The methanogens tested were Methanothermobacter wolfeii,
Methanosarcina barkeri, Methanobacterium formicicum and Methanococcus
maripaludis. Standard growth media were prepared containing 0, 0.1, 0.5,
and 1.0 wt% magnesium perchlorate, sodium perchlorate, or potassium
perchlorate. Organisms were inoculated into their respective media followed
by incubation at each organism’s optimal growth temperature. Methane
production, commonly used to measure methanogen growth, was measured
by gas chromatography of headspace samples. 

Results and Discussion: Methane concentrations varied with species
and perchlorate salt tested. However, all four methanogens produced
substantial levels of methane, even in the presence of 1.0 wt% perchlorate
salt. In all cases, there were no differences in methane concentrations at 0 and
0.1 wt% perchlorate salt. In most cases, 1.0 wt% perchlorate salt resulted in
lesser amounts of methane, at least initially. There are at least two possible
explanations for this. The higher perchlorate concentrations may be
inhibiting methane production by the methanogens, but with time some of the
methanogens are adapting. A second explanation would be that
methanogenesis is not being inhibited, but the methane produced is oxidized
by the perchlorate. In preliminary experiments where methane was added to
tubes containing perchlorate salt solutions, there was no decrease in methane
concentration with time.  This would seem to rule out the second explanation.
Whatever the explanation, the results reported here indicate that the
perchlorates discovered by the Phoenix Lander would not rule out the
possible presence of methanogens on Mars. 

References: [1] Kral T. A. et al. 2004. Origins of Life and Evolution of
the Biosphere 34, 615–626. [2] Mumma M. J. et al. 2009 Science 323, 1041–
1045. [3] Hecht M. H. et al. 2009 Science (submitted). 
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THERMAL CONDUCTIVITY MEASUREMENTS OF
PLANETESIMAL DUST ANALOGS
M. Krause1, J. Blum1, M. Trieloff2, and Y. V. Skorov1. 1Institut für Geophysik
und extraterrestrische Physik, TU Braunschweig, Germany. 2Institut für
Geowissenschaften, Universität Heidelberg, Germany.

In the context of laboratory experiments [1] to understand the formation
of planetesimals from protoplanetary dust and the structure and physical
properties of porous preplanetesimals, we study the influence of high
temperature processes on porous dust aggregates. For example, due to
internal heating by radioactive decay of short-lived nuclides like 26Al,
planetesimals or collisionally disrupted fragments of them can undergo
structural, physical and chemical modifications, depending on size and
formation time [2]. By measurements of the thermal conductivity of porous
planetesimal dust analogs, we can determine formation times and sizes for
which radioactive heating leads to melting or sintering and thus to an
alteration from an initially dusty to a more compact body. As the thermal
conductivity strongly depends on the porosity and the size of the contact area
between neighboring particles, we expect in case of internal heating for
initially porous planetesimals quite ineffective transport and loss of heat. In
turn, increasing temperature supports sintering. As the sintering process leads
to a solidification of the material by the formation of inter-particle solid
connections and thereby to an increased heat conductivity, this process can
eventually counteract further solidification of the body in its early
evolutionary phases. 

To investigate the efficiency of the heat transport inside protoplanetary
bodies, we measure the heat conductivity of various planetesimal analog
materials for different porosities and sintering stages. As conventional
methods for measuring the thermal conductivity [3, 4] need direct contact
with the material and thus would distort the results in case of using porous
dust samples, we developed an non-invasive measuring method. We locally
heat the sample by a laser beam and record the spatial and temporal
temperature distribution around the heated spot by an IR camera. The
appropriate value for the heat conductivity of the material is then determined
by numerical simulations, modeling the experimental setup for various
thermal conductivity values as input parameter. Since we expect very low
heat conductivities for porous cosmochemically relevant materials of  0.004
W/(m·K), found by infrared spectrometry of Comet 9P/Tempel 1 [5], the
experimental measurements are performed under high-vacuum conditions.
Here, we will present the results for the measurements of the thermal
conductivity of SiO2 dust samples, consisting of µm-sized spherical
monomers, for different porosities and sintering grades.

References: [1] Blum J. and Wurm G. 2008. Annual Review of
Astronomy and Astrophysics 46:21–56. [2] Trieloff M. et al. 2003. Nature
422:502–506. [3] Presley M. A., Christensen P. R. 1997. Journal of
Geophysical Research 102:6535–6549 [4] [3] Presley M. A., Christensen
P. R. 1997. Journal of Geophysical Research 102:6551–6566. [5] Groussin
O. et al. 2007. Icarus 187:16–25.
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INFLUENCE OF FEO ON THE PARTITIONING OF NA BETWEEN
OLIVINE AND SILICATE MELT—IMPLICATIONS FOR THE
BEHAVIOR OF ALKALIS DURING CHONDRULE FORMATION
A. Kropf1, 2 and A. Pack2. 1CNRS–CRPG, Nancy, France. 2Georg-August-
Universität Göttingen, Geowissenschaftliches Zentrum, Germany. E-mail:
akropf@crpg.cnrs-nancy.fr.

Introduction: It has been proposed that chondrules behaved as
chemically closed system with respect to Na [1–5]. This implies that Na did
not evaporate from the chondrule melt after onset of olivine crystallization.
High temperatures, low pressure and low fO2 during chondrule formation,
however, should lead to rapid loss (minutes) of Na [e.g., 6]. This is not
observed. Understanding the relation between Na in chondrule olivine and
silicate melt requires knowledge of the olivine/melt partitioning coefficient
DNa.  [5] determined DNa to 0.0031 ± 0.0007.  [1], however, suggest much
higher DNa for their Semarkona chondrules. In order to explain differences in
DNa in terms of varying FeO contents, we have conducted experiments in
FeO-free systems and have re-evaluated data from Semarkona chondrules.

Methods: Various FeO-free starting materials (CMAS-Na) with 0–
6.7 wt% Na2O were enclosed in platinum capsules, shortly molten at 1600 °C
and heated for 3–4 days to 1300 °C, 1350 °C, and 1450 °C, respectively.
Samples where quenched at the end of the experiments. After major element
analyses, Na in olivine was analyzed by means of high current EMPA
technique [5]. The detection limit for Na2O in olivine is at 15 µg/g. 

Results and Discussion:  For FeO-free systems, we determined a
partition coefficient of Na between olivine and melt of DNa  = 0.00139 ±
0.00039 (1σ). No temperature dependence within the experimental
temperature range was found. The value is lower than the DNa that was
determined by [5]. The difference may arise from different FeO contents with
7—13 wt% FeO in the experiments by [5]. Our datum and the experimental
results from [5] suggest that DNa(ol,melt) is a function of Xfa with DNa  =
0.00139 + 0.000186*FeOol [wt.%]. The partitioning of Ca is similarly a
function of FeO in olivine [7]. Plots of apparent DNa and corresponding FeO
[1–5] from Semarkona type-I chondrule olivine (core/bulk, rim/meso) and
type-II chondrule olivine (only core/bulk) can be well-explained in terms of
DNa as function of FeO in olivine. Apparent DNa data from type-II chondrule
olivine rims (FeO-rich) and corresponding mesostasis do not agree well with
the proposed linear relation between DNa and FeO. Instead apparent DNa
values are systematically lower as expected from DNa  = f(FeO). The lower
DNa may result from formation of the rims at low T (<1000 °C, possibly large
degree of undercooling) during the last stage of olivine crystallization.
Although DNa is not function of T within 1300 °C and 1525 °C (this study,
[5]), it is likely to decrease with strongly decreasing T. Experiments and data
from Semarkona chondrules suggest that chondrules behaved as chemically
closed system with respect to Na. Evaporation of Na may have been
prevented by high chondrule density [1], high ambient pressure [8], high ƒO2
or very short chondrule melting [9] or a combination of two or more of these
factors.

References:  [1] Alexander C. M. O. et al. 2008. Science 320:1617–
1619. [2] Kropf A. and Pack A. 2007. Geochimica et Cosmochimica Acta
71(15):A526. [3] Kropf A. and Pack A. 2008. LPSC XXXIX:A2222. [4]
Kropf A. and Pack A. 2009. LPSC XXXX:A2464. [5] Borisov A. et al. 2008.
Geochimica et Cosmochimica Acta 72:5558–5573. [6] Yu Y. et al. 2003.
Geochimica et Cosmochimica Acta 76(4):773–786. [7] Libourel G. 1999.
CMP:136(1–2):63–80. [8] Galy et al. 2000. Science 290:1751. [9] Wasson
1993. Meteoritics 28:14–28. 
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MEAN OXYGEN-ISOTOPE COMPOSITION OF THE PROTOSOLAR
MOLECULAR CLOUD SILICATE DUST 
A. N. Krot1, K. Nagashima1, F. J. Ciesla2, E. R. D. Scott1, A. M. Davis2.
1Univ. Hawai‘i at Mãnoa, USA. 2Univ. Chicago, USA. 

Oxygen-isotope composition of the solar wind returned by GENESIS
indicates that the Sun is 16O-rich (∆17OSMOW  =  −26 ± 6‰) [1], supporting
one of predictions of the CO self-shielding models [2−4]. The self-shielding
models [3, 4] assume that both the solids and gas were similarly 16O-rich
(∆17O ~−25‰), and solids subsequently evolved towards the terrestrial value
as a result of CO self-shielding, formation of 17,18O-enriched H2O-ice
followed by dust/gas fractionation, evaporation of H2O-ice inside the snow
line, and thermal processing of silicates in the H2

17,18O-enriched gas resulting
in their oxygen-isotope exchange. The existence of 16O-rich gas in the early
solar nebula is supported by oxygen-isotope compositions of the oldest solar
system (SS) solids, CAIs, which are either condensates from a gas of solar
composition or remelted condensates [5,6]: most CAIs in primitive
chondrites are uniformly 16O-rich (∆17O  =  −24 ± 2‰) [7,8]. However, (i) the
initial mean oxygen-isotope composition of silicates is not known, and (ii)
there is no simple correlation between oxygen-isotope compositions of the
inner SS solids (CAIs, chondrules, asteroids) and their formation ages [9]. 

Oxygen-isotope compositions of FUN and F CAIs [10−14, this study]
indicate that their precursors had variable ∆17O values (−24‰ to ~0‰),
implying that the 16O-rich and 16O-poor reservoirs coexisted at the time of
CAI formation. We suggest that these observations can be explained if the
initial solids in the SS were 16O-depleted relative to the solar nebula gas. This
no longer requires the additional stages of dust—16O-depleted gas early
exchange that the self-shielding models invoke. This interpretation can
explain the coexistence of 16O-rich and 16O-poor reservoirs at the time of CAI
formation as well as 16O-depleted composition of chondrules, asteroids, and
terrestrial planets [15]. Since chondrules formed in regions with high dust/gas
ratio (>100 × solar) [16], their O-isotope compositions were largely
controlled by the 16O-depleted solids. Although the presence of crystalline
silicates in chondritic porous (cometary) IDPs are indicative of radial
transport of dust in the protoplanetary disk, this radial mixing was only
efficient at the earliest stages of the SS evolution and the amount of dust
thermally processed in the inner disk is expected to decrease with time and
with increase of radial distance from the Sun [17]. In contrast, all cometary
IDPs measured so far are 16O-depleted and contain very rare 16O-rich grains
[18,19]. We infer that initial solids in the SS were 16O-depleted relative to the
solar nebula gas and that CO self-shielding had only small effect on the
evolution of dust in the SS. We predict the least thermally processed,
amorphous dust in the SS (e.g., dust from KBOs) will have compositions near
the TF line; 16O-rich solids will be very rare, crystalline, and related to CAIs.
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Clayton. 2002. Nature 415:860. [3] Yurimoto and Kuramoto. 2004. Science
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EVIDENCE FOR POST-IMPACT PLUME ORIGIN OF
PORPHYRITIC CHONDRULES IN ISHEYEVO (CH/CB) AND CH
CARBONACEOUS CHONDRITES 
A. N. Krot1, 2, K. Nagashima1, and M. Bizzarro2. 1HIGP/SOEST, University
of Hawai‘i at Mãnoa, USA. 2Center for Stars and Planets, Natural History
Museum of Denmark, Denmark.

It is suggested metal-rich carbonaceous chondrites (CCs), CB, CH and
Isheyevo, contain various proportions of chondritic components (CAIs,
chondrules, metal) formed (i) by melting, evaporation, and condensation
processes in an impact plume resulted from a planetary-scale collision, and
(ii) by thermal processing of dust aggregates in the protoplanetary disk (PPD)
[1−4]. The impact-plume products include magnesian non-porphyritic
chondrules, zoned metal grains, and metal-sulfide nodules. The nebular
components include ferromagnesian and Al-rich chondrules with porphyritic
textures and 16O-rich CAIs (∆17O ~ −22 ± 2‰) dominated by hibonite- and
grossite-rich types [4−10]. Based on the young absolute ages of the
magnesian non-porphyritic chondrules in CB chondrites and the lack of
interchondrule fine-grained matrix material, it was hypothesized that dust in
the PPD largely dissipated by the time of formation of the CB chondrite
components, and, therefore, these ages can be used to constrain life-time of
the PPD [11]. However, the presence of abundant nebular components in
Isheyevo and CH chondrites [9,10], and the inferred genetic relationship
between these meteorites and CB chondrites [4] contradict this hypothesis.

CBs, CHs and Isheyevo contain a common population of igneous,
isotopically uniform and 16O-depleted (∆17O ~ −7 ± 3‰) CAIs [4,12,13]. It is
suggested these CAIs formed by remelting of pre-existing, probably 16O-rich
refractory inclusions during formation of magnesian non-porphyritic
chondrules in the impact plume [4]. Krot et al. [14] reported abundant relict
CAIs in porphyritic chondrules from Isheyevo and CH chondrites; about 50%
of these CAIs are grossite- and hibonite-rich. Because these CAI types are
common only in CHs and Isheyevo [5−7, 10, 15], they suggested porphyritic
chondrules in metal-rich CCs formed at a different time or in a different place
than chondrules from other groups of CCs. This hypothesis is consistent with
O-isotope compositions of the Isheyevo porphyritic chondrules: contrary to
typical chondrules from CCs, on a three-isotope oxygen diagram, most
porphyritic chondrules in Isheyevo plot at and above the terrestrial
fractionation line [16]. In situ O-isotope measurements of relict CAIs inside
porphyritic chondrules from Isheyevo and Acfer 182/214 (CH) show the
presence of two isotopically distinct CAI populations: 16O-enriched and 16O-
depleted (∆17O ~ −20‰ and ~ −7‰, respectively). We suggest (i) at least
some of the porphyritic chondrules in metal-rich CCs postdate planetary-
scale collision invoked for the origin of the 16O-depleted CAIs and
magnesian non-porphyritic chondrules [4,11,16], and (ii) the PPD must have
been in existence at the time of this collision.
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ORIGIN OF GROSSULAR-BEARING ASSEMBLAGES IN CAIS
FROM CV CARBONACEOUS CHONDRITES
A. N. Krot1, K. Nagashima1, B. Jacobsen2, I. D. Hutcheon3, H. Ishii3, Q-Z.
Yin2, A. M. Davis4, and S. B. Simon4. 1University of Hawai‘i at Mãnoa,
USA. 2University of California at Davis, USA. 3IGPP, LLNL, USA.
4University of Chicago, USA.

Grossular is a secondary mineral commonly observed in Allende CAIs
associated with monticellite, wollastonite, forsterite, anorthite, and wadalite
[1–6]. Studies of the 26Al–26Mg systematics in grossular yield (26Al/27Al)0
ranging from ~5 × 10–5 to <3 × 10–6 suggesting grossular formation started
almost contemporaneously with crystallization of CAIs and lasted >3 My [1–
3]. This interpretation has been recently questioned by [4]. Grossular has
three main textural occurrences in Allende CAIs. (i) Lacy Åk-rich
melilite+anorthite in Type C CAIs are pseudomorphed by a porous aggregate
of grossular, monticellite, and forsterite [4]. (26Al/27Al)0 in this grossular has
not been measured. (ii) In cores of Type B1 CAIs, Åk-rich melilite +
anorthite are replaced by coarse-grained intergrowths of grossular,
monticellite, wollastonite, and wadalite. This grossular has high 27Al/24Mg
ratio (50−100), but shows no evidence of excess 26Mg (26Mg*) [(26Al/27Al)0
<5 × 10−6]. Our preliminary data indicate that melilite and grossular have
nearly identical O-isotope compositions (∆17O  =  −2.7 ± 0.8‰ and −3.0 ±
0.8‰, respectively). We suggest both occurrences of grossular resulted from
a metamorphic reaction between melilite and anorthite. (iii) In compact Type
A CAIs and melilite-rich mantles of Type B1 CAIs, fine-grained grossular
forms thin veins crosscutting Åk-poor melilite and closely associated with
secondary anorthite. Secondary anorthite shows low or unresolvable 26Mg*,
whereas grossular (27Al/24Mg < 50) contains 26Mg* corresponding to (26Al/
27Al)0 ~ 4.5 × 10−5 [3]. We suggest these grossular veins resulted from a two-
stage process during fluid-assisted thermal metamorphism: replacement of
melilite by secondary anorthite, followed by reaction between anorthite and
melilite to form grossular. (26Al/27Al)0 approaching the canonical value in
this vein grossular  reflects 26Mg* inherited from melilite, following 26Al
decay. A metamorphic origin of grossular-bearing assemblages in Allende
CAIs is consistent with the absence of grossular in CAIs from the less
metamorphosed CV chondrites – Leoville, Efremovka, and Kaba. 

The Cl-bearing secondary minerals in Allende CAIs, sodalite
(Na4Al3Si3O12Cl) and wadalite (Ca6Al5Si2O16Cl3), have different textural
occurrences and yield distinct (36Cl/35Cl)0 of (<1.6–4) × 10–6 and (1.72 ±
0.25) × 10–5, respectively [6–9]. Wadalite occurs as intergrowths with coarse-
grained grossular, monticellite and wollastonite in Type B1 CAI cores,
whereas sodalite together with nepheline replaces melilite and anorthite in
CAI peripheries. These differences may indicate distinct origins for Cl in
wadalite and sodalite. Chlorine in wadalite might have been originally
dissolved in melilite and anorthite of the host CAIs, as suggested for Na [10],
while Cl in sodalite reflects influx of volatiles during subsequent
metamorphic processing. In this scenario, the 36Cl–36S and 26Al–26Mg
systematics of wadalite, together with 10Be–10B systematics of primary CAI
minerals, may provide constraints on the irradiation history of the Allende
CAIs or their precursors.
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PETROGRAPHIC DESCRIPTION OF METEORITES THIN
SECTIONS FROM “JACEK SIEMI•TKOWSKI COLLECTION” 
A. KrzesiÒska and J. Siemiatkowski, Instytut Nauk Geologicznych PAN,
Podwale 75, 50-449 Wroc≥aw, Poland.

Introduction: This work presents petrographic description of
meteorites thin section from Jacek Siemiatkowski’s collection. Thin sections
were examined by optical microscope in transmitted and reflected light.
Chondrites in this collection represent all type of thermally and shock [1]
processed matter.

Results: The Baszkówka (L5) is the least processed chondrite in the
collection (except from Allende CV3.2); however, it was classified as an L5
[2]. Chondrules are spheroidal, well preserved, and most have granular
surfaces. Their structure and texture of surrounding matrix actually
correspond to type 5, but this is not the result of thermal metamorphism, but
of the conditions in which the meteorite formed and chondritic fragments
accumulated [3]. Baszkówka has two parts, which differ with respect to
shock effects and porosity. Mt. Tazerzait meteorite (L5) [4] resembles these
parts of Baszkówka, which are lightly shocked and lightly porous. Also not
(or lightly) processed is the NWA 469 (L3), which, however, experienced
weak shock metamorphism. Olivine crystals are “dusty” and have undulose
extinction.

The Tsarev chondrite (L5) [5, 6] experienced strong thermal and shock
metamorphism. Chondrules are weakly distinguishable, matrix is fine-
crystalline. Isolated olivine crystals are dusty, mosaic-undulose, and cut by
planar fractures. In a thin section there is a cataclasite vein (about 1 cm wide)
consisting of black matrix and isolated, strong mosaic olivines (subgrains
have a diameter of about 5 µm), which sometimes appear as relict chondrules.
The chondrite is cut by thin shock metal-troilite veins. Opaque minerals are
very tiny and dispersed. 

There are three brecciated chondrites in the collection: NWA 869
(L3.9–6) [7], Ghubara (L5) [8], and Zag (H3-6), which have cognate and
accidental xenoliths [8]. There are also some impact melt fragments.
Xenoliths not only differ from each other in petrographic type, but they may
also have experienced different shock histories. The NWA 869 and the
Ghubara have xenoliths with different shock stages and different metal-
troilite contents. Probably, they have experienced repeated shock processes.
The Zag has one xenolith, which is melted matter of the host with relicts of
mosaic olivine grains (shocked).

Zak≥odzie is an unusual meteorite [9, 10] consisting of enstatite,
growth-twined plagioclase, and kamacite-troilite aggregates. They have no
chondrules, however, some relicts are described [11]. This is either
maximally metamorphosed enstatite chondrite or an enstatite aubrite.
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Binns R. A. 1968. Geochimica et Cosmochimica Acta 32:299–317. [8]
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GROUPING OF YAMATO HED METEORITES BASED ON 26AL
CONTENTS AND CHEMICAL COMPOSITIONS
H. Kusuno1 T. Fukuoka1, H. Kojima2, and H. Matsuzaki3.  1Graduate School
of Geo-Environmental Science, Rissho University, Kumagaya, Saitama, 360-
0194, Japan.  E-mail: 089w00002@ris.ac.jp  2National Institute of Polar
Research, Tachikawa, Tokyo 190-8518, Japan.  3School of Engineering, the
University of Tokyo, Hongo, Tokyo 113-0032, Japan.

When the meteorite enters to atmosphere of the Earth, sometimes single
meteoritic body is often broken to several pieces called meteorite shower.
Therefore number of meteorite falls is not equal to number of meteorite
pieces.  Pairing of meteorite is important information to discuss the frequency
of meteorite falls.  There are many studies about pairing of Antarctic HED
meteorites.  [1] and [2] studied pairing of Yamato Eucrites and Howardites
based on chemical compositions of their constituent minerals.  [3] and [4]
discussed about grouping of Yamato Eucrites based on 81Kr ages.  [5]
discussed about pairing of Yamato Eucrites using 14C ages.  

Grouping for 47 Yamato HED meteorites is discussed in this study
based on 26Al contents and their major chemical compositions (Na, Mg, Al,
Ca, Ti, Mn, Fe).  26Al content data of 46 Antarctic HED meteorites were
previously obtained from [6].  A new data of 26Al content in Y-82082
(Eucrite) was obtained by AMS analysis.  Chemical compositions of 47
Yamato HED meteorite samples were analyzed by Instrumental neutron
activation analysis (INAA).   

26Al contents in 6 Yamato howardites were from 60 to 89 dpm/kg.  They
were grouped into 3 groups.  26Al contents in 26 Yamato Eucrites were from
64 to 100 dpm/kg.  These Eucrites were grouped into 8 groups.  26Al contents
in 15 Yamato diogenites were from 54 to 90 dpm/kg.  These diogenites were
grouped into 5 groups.  

According to 26Al contents and chemical compositions in those of
samples in this work, Yamato howardites may be grouped into 5 groups,
Yamato eucrites may be grouped into 9 groups and Yamato diogenites may be
grouped into 6 groups.  

The result in this work shows that HED meteorites might fall 20 times
on the Yamato mountains region, Antarctica. 

However, one polymict eucrite and two howardites do not give
consistent 26Al contents for different fractions from same meteorite block.
These fractions also do not give consistent values of chemical composition.
These cases may be explained with production rate of 26Al.  26Al is produced
by nuclear reaction between cosmic-ray and major element of meteorites,
such as Si and Al.  Therefore to discuss pairing and frequency of meteorite
falls, howardites and polymict eucrites need to solve relation between 26Al
contents and chemical composition of their specimens.  
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FRACTIONATION  IN ELTANIN IMPACT SPHERULES 
Frank T. Kyte1, Chikako Omura1, and Rainer Gersonde2, 1Institute of
Geophysics and Planetary Physics, University of California, Los Angeles,
CA 90095-1567, USA (kyte@igpp.ucla.edu). 2Alfred Wegener Institut fur
Polar- und Meeresforschung, Postfach 120161, D-27515 Bremerhaven,
Germany.

Introduction: Eltanin impact deposits record the only known km-sized
asteroid impact into a deep-ocean (5 km) basin (at 2.5 Ma [1]). Two
oceanographic expeditions explored ~80,000 km2 of the impact region.
Locally, meteoritic ejecta (mm-sized shock-melted asteroid and unmelted
meteorites; a low-metal mesosiderite) can be 5 to 50 kg/m2. Here we report
new geochemical data on impact melt rock and spherules.

Impact Melt Rocks: Iridium concentrations have played a key role in
our understanding of the ejecta. This deposit was initially discovered as an Ir
anomaly in a sediment core and the discovery that Ir was largely contained in
non-chondritic, mm-sized meltrock led to the discovery of meteorite
fragments. The meltrock provides the best estimate of the bulk composition
of the asteroid and the 187 ng/g average Ir concentration in 55 specimens was
important in concluding that the asteroid was a mesosiderite with only 4%
metal [2]. We have now analyzed samples from 10 new sites, and size
fractions from one site sieved at 63, 125, 250, 500, 1000, and 2000 µm.
Microprobe data on bulk Fe and Ni will be needed to complete this study, but
initial NAA Ir, Fe, Ni, and Co are consistent with the earlier work and we
expect the final data will support the low-metal mesosiderite conclusion from
samples across the strewn field. 

Impact Spherules: Our initial work on the spherules (a trace
component in the ejecta) showed that in fractions sieved at 125 and 250 µm
~4% were composed of a transparent to translucent glass lacking any
crystallites, such as pyroxenes or spinel rims that are ubiquitous in the rest of
the spherule population. We have now sampled the 63–125 µm fraction and
found that they are 30% of the population in one sample. The glass spherules
typically have refractory compositions and can be highly enriched in Al, Ca,
and Ti. An analogue might be CAT-type cosmic spherules that experienced
significant fractional distillation during ablation. For example, CAT spherule
Al/Si ratios are up to 2.3 times those in CM chondrites [e.g., 3]. Such ratios
are common in the Eltanin glass spherules. The very transparent glass
spherules have Al/Si ratios up to 10 times that in Eltanin melt rocks.
Interestingly, our limited data on Ir in Eltanin spherules show that this
refractory element is strongly depleted in spherules. Margolis et al. [4] found
concentrations of only 5 ng/g in a bulk sample of ~100 spherules. So Ir must
be present in some spherules but depleted on average by a factor of ~40. We
attempted to measure Ir in three large (>500 µm) spherules but were unable
to detect it with a 2 ng/g detection limit. Apparently there are at least two
processes affecting spherule compositions: 1) fractional distillation/
condensation resulting in a population of refractory and reduced (spinel-free)
glasses, and 2) siderophile depletion, possibly by metal-silicate separation.
This siderophile depletion is not sufficient to challenge our model for the
metal content of the Eltanin asteroid, but it is an intriguing problem.
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THE MAÂDNA METEORITIC CRATER (TALEMZANE,
ALGERIA): GEOPHYSICAL AND GEOLOGICAL
INVESTIGATIONS 
A. Lamali1, A. Abtout1, N. Merabet1, S. Maouche1, P. Rochette2, H.
Boukerbout, E. H. Meziane1 and M. Ayache1. 1CRAAG, B.P. 63, Bouzaréah
16340 Algiers, Algeria. E-mail: lamali_atmane@yahoo.fr. 2CEREGE
(CNRS/University of Aix-Marseille), BP80, Aix-en-Provence Cdx4, 13545
France.

Introduction: Qualitative geophysical and geological investigations at
terrestrial impacts structures can reveal that a variety of signatures can result
from impact-induced physical changes in targeted rocks. Any conclusion
about their extraterrestrial origin depends on the reliability of the information
provided by field data collection and analysis. At Maâdna meteoritic crater,
several aspects of the cratering process and shock metamorphism phenomena
remain until now poorly known. Previous works described this crater as one
with a meteoritic impact origin [1, 3, 4] but a few studies reported conclusive
impact evidence by analyzing the form of shock metamorphosed mineral
grains [2]. In order to recognize and quantify the local or regional post-
impact processes and effects at this crater, we carried out various and detailed
geophysical and geological surveys. Maâdna crater being a simple impact
crater, it represents an excellent opportunity for such a study. We performed
a ground magnetic and magnetic susceptibility surveys along profiles from
inside to outside of the crater. We sampled rock, breccias and soil for
magnetic properties, paleomagnetic and petrographic study. The
micrometeorites identification was explored by gradiometer and magnetic
separation of collected samples. The geological investigations were based on
detailed structural and stratigraphic studies. 

Discussions of the Preliminary Results: The Maâdna (Talemzane,
Algeria) meteoritic crater is located approximately 400 km south of Algiers,
at 33°19′N, 4°19′E. The crater is formed in sedimentary rocks (sub-
horizontal limestones) ranging from Senonian to Eocene. 

The anomalies defined by the total magnetic field and magnetic
susceptibility of gridded data, we calculated after correction for other survey
parameters, are mostly positive at the central zone of the crater depression.
The data power spectrum shows a depth of 15 m to the high magnetic
disturbance by the magnetic anomaly. We can suggest a concentration of
magnetite in this zone which may represents extraterrestrial fragment due the
impact melting targeted rock which embedded there after alluvial filling of
the crater. 

Based on geological investigations, we carried out a numerical
modeling which allowed us to map the distribution of ejectas [5]. The
structural and stratigraphic investigations enable us to highlight the
meteoritic origin of the crater and to exclude other assumptions such as
collapsing, diappirism, eroded anticline, tectonic, volcanism and gas
explosion. 

References: [1] Karpoff R. 1953. Meteoritics 1:31–38. [2] Lambert P.
et al. 1980. Meteoritics 15:157–179. [3] McHone J. F. Jr. And Greeley R.
1987. Meteoritics 22:253–264. [4] Belhai D. et al. 2006. Bulletin du Service
Géologique de l’Algérie 17(2):95–112. [5] Collins G. S. et al. Meteoritics &
Planetary Science 40:817–840. 
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ROCHECHOUART IMPACTOCLASTITES
P. Lambert1 and W. U. Reimold2. 1Sciences and Applications, F-33700
Bordeaux Merignac, France. E-mail: lambertbdx@numericable.fr. 2Museum
für Naturkunde, Leibniz-Institute at Humboldt University Berlin, 10115
Berlin, Germany. 

The ash-like deposit of fine-grained lithic debris derived from basement
rocks, which occurs at the top of the Rochechouart impactite deposit [1],
complies with the definition of impactoclastic deposit recently introduced in
the impactite nomenclature [2]. The grain size of the clastic material is an
order of magnitude finer than that of the underlying suevite. Shocked mineral
clasts leave no doubt about the relationship with impact [1], but this material
is free of melt, unlike the fine-grained deposit at the top of the impactite
sequence at Bosumtwi [3]. 

Material with similar grain size and composition is observed in
centimeter to meter thick multi-layered intercalations (dykes) cutting through
the suevite. The trends and dip of these bodies are highly variable. These
dykes have a massive appearance due to their reduced grain site. The main
macroscopically observed layering as well as the microscopic layering of the
debris in the matrix extend parallel to the dyke walls. The main layering is
related to the occurrence of melt (glass), in that glass-free layers alternate
with layers carrying mm or finer sized melt particles. The alternating layers
have the same matrix and grade into each other within millimeter wide
transition zones. The glass-free material is identical to the fine lithic and
comminuted debris in the horizontal deposit except for the microscopic
layering, which may be undulous and then indicating flow. 

The fine-grained horizontal deposit and the multi layered fine grained
intercalations thus appear related. They are proposed as members of an
impactoclastite family where the dominant characteristic is the prominence
of comminuted target debris. The glass-bearing member is texturally
intermediate to suevite (and more generally impact breccias) and the
sediment-like impactoclastite deposit. Further description and tentative
interpretation of the genetic mechanism and the role of water and volatiles in
the emplacement of these impactoclastites will be presented at the
conference.

References: [1] Lambert P. 1977. Earth & Planetary Science Letters
35: 258–268. [2] Stöffler D. and Grieve R. A. F., 2007. http://www.bgs.ac.uk/
SCMR/docs/papers/paper_11.pdf. [3] Koeberl C. et al. Meteoritics &
Planetary Science 42:709–729.

5360
SHOCK DEFORMATION AND TRANSFORMATION OF
MINERALS—ADVANCES BY TRANSMISSION ELECTRON
MICROSCOPY 
F. Langenhorst1. 1Bayerisches Geoinstitut, University of Bayreuth, D-95440
Germany. E-mail: falko.langenhorst@uni-bayreuth.de.

Minerals show a unique behaviour when subjected to shock waves. The
dynamic loading to high pressures and temperatures causes deformation and
transformation phenomena in minerals that are, to a large extent, unequivocal
indicators of impact events and may also serve as shock barometers [1–3].
During the last two decades our knowledge of the nature of shock effects as
well as of their formation mechanisms and conditions has been significantly
improved due to transmission electron microscopic (TEM) studies.

These studies have shown that the crystal structure of a mineral exerts a
decisive control on the formation of shock-induced deformation phenomena,
such as dislocations, mechanical twins, planar fractures, and planar
deformation features (PDFs). For example, dislocations cannot be activated
in quartz due to the strong covalent bonding; instead quartz develops
amorphous PDFs by a shear-less mechanism [4, 5]. On the other hand, the
island silicate olivine easily deforms by dislocation glide that originate are
planar fractures. 

Transformation phenomena include phase transitions to (diaplectic)
glass and/or high-pressure polymorphs. Considerable advances have been
achieved with respect to high-pressure phases. A large number of high-
pressure have been discovered during the last decade [e.g., 6–11] and the
mechanisms of formation have been clarified. TEM studies reveal that high-
pressure silicates such as silicate hollandite, wadsleyite, ringwoodite, and
akimotoite are mostly liquidus phases, which form upon decompression by
crystallization from high-pressure melts. The formation of diamond,
seifertite, and á-PbO2 structured TiO2 are however examples for displacive
solid-state transformations, taking place by a simple shear mechanisms. 

References: [1] Stöffler D. and Langenhorst F. 1994. Meteoritics 29:
155–181. [2] Grieve R. A. F. et al. 1996. Meteoritics & Planetary Science 31:
6–35. [3] Langenhorst F. et al. 1992. Nature 356:507–509. [4] Goltrant O.
et al. 1992. Phys. Earth Planet. Int. 74:219–240. [5] Langenhorst F. 1994.
Earth Planet. Science Letters 128:638–698. [6] Chen M. et al. 1996. Science
271:1570–1573. [7] Sharp T. G. et al. 1999. Science 284:1511–1513. [8]
Gillet P. et al. 2000. Science 287:1633–1636. [9] Langenhorst F. and Poirier
J. P. 2000. Earth Planet. Science Letters 184:37–55. [10] El Goresy A. et al.
2001. Science 293:1467–1470. [11] El Goresy A. et al. 2001. Amer. Miner.
86:611–621.

Fig. 1. Left: Fine-grained horizontal deposit above the suevite. Right: Multi-
layered fine-grained intercalation within the suevite (white arrows: glass
clast).
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SOLAR WIND ISOTOPIC ABUNDANCES IN 2 MM SURFACE
LAYERS OF ARLINGTON 
B. Lavielle1, E. Gilabert1, and K. Marti2. 1University of Bordeaux, CNAB/
CNRS, Chemin du Solarium, 33175 Gradignan Cedex, France Email:
lavielle@cenbg.in2p3.fr. 2 University of California, San Diego, Dept. of
Chemistry and Biochemistry La Jolla, California 92093–0317, USA.

A single piece of 9.6 kg of a IIE pancake-shaped iron meteorite
Arlington was recovered and one planar surface was described as curiously
pitted and rough [1]. We have earlier reported the presence of excess
implanted light noble gases in the rough posterior surface material where the
cosmic ray records indicate very small ablation losses [2]. We report the
depth dependent noble gas isotopic abundances in four ~20 mm columns
along a cut across the central part of the meteorite, using isotopic dilution
methods. We also determined a 81Kr-83Kr age of ~150 Ma by the new
resonance ionization technique. Calculations of stopped solar particle
radiation and GCR- and SCR-produced nuclides in 150 Ma in 2 Π-geometry
are only consistent with observed concentrations below 2.5 mm depth and
SCR effects are small over the entire depth range.  Data from the topmost
2 mm reveal excesses of 4He, 20Ne, 22Ne, and 36Ar.  These excesses are close
to observed solar isotopic abundances, but indicate a redistribution of surface
implanted solar particle radiation, as expected if erosion and cratering
processes did plate ejected matter to crater rims, covering pre-exposed
surfaces.  

The GCR-spallation concentrations of 3He, 21Ne and 38Ar show a
smooth depth dependence and permit extrapolations to the disturbed surface
layers which show varying losses of these nuclides.  The excess solar
component when adjusted for such losses yield ratios 4He/20Ne  =  538 ± 20
and 20Ne/38Ar  =  36 ± 2 which are close to ratios observed in foils of the
Genesis mission (20Ne/36Ar  =  42 [3]).  Observed constant spallation ratios
22Ne/21Ne  =  1.057 ± 0.011 and 20Ne/21Ne  =  0.946 ± 0.010 permit the
subtraction of spallation gases in the surface layer and permit the calculation
of an excess solar ratio 20Ne/22Ne  =  12.0 ± 0.1.  This ratio is lower than
values observed in Genesis foils and indicates either diffusion fractionation
in the disturbed surface or fractionation in the implantation process when
surfaces are affected by space erosion.

A test of space erosion was carried out by [4] who bombarded an iron
meteorite and steel with projectiles of steel and sapphire and determined an
erosion rate of 22 µm Ma−1.  These workers also found that the eroded
volume of iron is 5 to 7 times larger than the measured mass lost from the
target and that most ejecta were plated around craters.  With an adopted
erosion rate of 22 µm Ma−1 we calculate an eroded layer of ~3 mm in 150 Ma,
rather similar to the observed ~2 mm “disturbed” layers in our samples.
Some circular pits observed in the posterior surface may therefore represent
impact craters.  Although the posterior surface of Arlington suffered
corrosion in the terrestrial environment and minor ablation losses during its
passage through the atmosphere, a useful record of ancient SW signatures has
been preserved and its depth profiles can be further studied by high-
resolution techniques.

References: [1] Winchell N. H. 1896. Minneapolis, in: The American
Geologist, Vol. XVIII. [2] Lavielle B., Gilabert E., and Marti K. 1999.
Meteoritics & Planetary Science 34:A72–A73. [3] Heber et al. 2008.
Abstract #1779, 39th LPSC; Heber et al. 2009, #2509, 40th LPSC, [4]
Schaeffer O et al.1981, Planet. & Space Sci. 29(10):1109–1118.
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A PLAUSIBLE METEOROID CONTROL OF THE BENIGN
CLIMATE OF THE HADEAN EARTH 
M. Lefort1 and M. Maurette2. 1ICS, BP 84047, 67034 Strasbourg, France.
2CSNSM, Bat. 108, 91405 Orsay-Campus, France. E-mail:
Maurette@csnsm.in2p3.fr.

Introduction:  During the first ~200 Ma of the post-lunar Hadean Eon,
meteoroids similar to Antarctic micrometeorites were probably initiating the
formation of the Earth’s atmosphere upon their sharp deceleration around the
mesopause [1, 2]. We focus on their high S (~5%), C (~2.5%), and H2O
(~10%) contents as to decrypt their role in both the birth of old Australian
zircons and the onset of a benign Hadean climate around 4.3 Ga ago. 

Initial Cooling by Meteoroid Sulfate Aerosols:  The existence of mild
climatic conditions in the early Hadean Eon is encrypted in the U-Pb age, the
lithium concentration and the oxygen isotopic composition of old Australian
zircons with ages ~4.3 Ga [3]. Previous models fabricated these conditions
while counterbalancing the extended period of reduced luminosity of the
early Sun (that would have frozen the oceans) by the effects of strong
greenhouse gases (CO2, CH4) emanating from the Earth’s interior. They
ignored the effects of both SO2 and the Moon-forming impact, which blew
off the pre-lunar greenhouse gases at a time when the young upper mantle
was almost fully degassed. 

The accretion equation [2] predicts huge and similar input rates of
meteoroid SO2, CO2, and H2O of ~5000 Mt/yr, which are typical of mega–
eruptions. They likely formed sulfate aerosols (H2SO2, nH2O) in the upper
atmosphere that reflected sunlight back to space and cooled the Earth, thus
enhancing the faint early Sun cooling. This effect is well established for the
most explosive volcanic eruptions that inject material in the stratosphere,
such as Toba (74,000 yr ago), which erupted a rather similar input rate of
SO2, and triggered a 4–5 yr long volcanic winter [4]. But the meteoroid
volcanic winter lasted for ~100 Ma. How did the Earth bypass freezing?

A Meteoroid “Acrid” Weathering for the Birth of Old Zircons and
the Onset of a CO2-Controlled Benign Climate:  With a meteoroid SO2/
H2O mass ratio of ~1 (c.f., Ref. 1),  meteoroid water might have formed ice
crystals, like in contemporary noctilucent clouds clustering around the
mesopause. They nucleated sulfate aerosols that did rain on the Earth (either
as liquid droplets or dirty hail stones) while being constantly re-generated by
meteoroid outgassing during the first 100–200 Ma of the post-lunar period.
The highly acidic water (pH ~ 0) of the nascent oceans inhibited the
formation of carbonates. The intense greenhouse effect of meteoroid CO2
still in the “air” led to the heavy weathering of the early continental crust,
required for the birth of old zircons, as soon as 4.3 Ga ago [3]. This warming
was probably regulated through the gradual scavenging of meteoroid sulfur
in the upper mantle [2]. The pH of water increased up to the critical value
(~6) when CO2 started to precipitate as carbonates. Simultaneously, the
delivery of meteoroid SO2 and CO2 was sharply decaying by a factor ~100×
during the first 200 Ma of the post-lunar period. This launched the long-term
CO2 “greenhouse” control of the benign climate.

References: [1] Maurette M. This issue. [2] Maurette M. 2009.
Forthcoming. Hydrous–carbonaceous meteoroids in the Hadean Aeon. ASP
Conf. Series. [3] Ushikubo T. et al. 2008. Earth and Planetary Science
Letters 272:666–676. [4] Rampino M. R. and Self S. 1992. Nature 359:50–
53. 
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NANOSIMS INVESTIGATION OF PRESOLAR MATERIAL IN
CHONDRITES OF THE CR CLAN: C-, N-, AND O-ISOTOPIC
STUDIES
J. Leitner1, P. Hoppe1, and J. Zipfel2. 1Max Planck Institute for Chemistry,
55128 Mainz, Germany. E-mail: leitner@mpch-mainz.mpg.de.
2Forschungsinstitut und Naturmuseum Senckenberg, 60325 Frankfurt,
Germany.

Introduction: Silicates and oxides are among the most abundant types
of presolar dust grains observed in primitive solar system matter [e.g.,1, 2].
The CR chondrite clan, consisting of the CR, CH, and CB chondrite groups,
contains some of the most primitive meteorites, with characteristic bulk 15N-
enrichments [5, 6]. High abundances of presolar silicates and carbonaceous
grains were recently reported in individual CR chondrites [5–7]. Noble gas
data imply the presence of carbonaceous presolar grains also in CH
chondrites [8]. No presolar grains have been found in the CH/CB chondrite
Isheyevo yet, but this meteorite contains chondritic clasts displaying very
high 15N-enrichments [9, 10]. Investigating the content of presolar matter in
meteorites of these groups can shed light on the distribution of presolar grains
and molecular cloud material in the solar nebula.

Samples and Experimental: With the NanoSIMS 50 ion probe in
Mainz, we performed ion imaging of 5 × 5 µm² to 10 × 10 µm²-sized matrix
areas in a thin section of the CR2 chondrite NWA 852 to search for C- and O-
bearing presolar grains and to characterize the N-isotopic composition. 16O–,
17O–, 18O–, 28Si–, and 27Al16O– were measured in multi-collection to identify
presolar silicate and oxide grains. Additionally, 12C–, 13C–, 12C14N–, 12C15N–,
and 28Si– were measured on a sub-set of matrix material studied for O in
NWA 852 to search for C- and N-isotopic anomalous phases. It is planned to
extend our ion imaging studies to a polished section of the CH/CBb chondrite
Isheyevo.

Results and Discussion: 23 presolar silicate and 8 oxide grains were
identified in NWA 852, representing abundances of 98 ppm for silicates and
70 ppm for oxides, respectively. C and N isotopes have been analyzed in
~600 µm² of matrix. The average δ15N is +(178 ± 48) ‰, and up to +(1122 ±
148) ‰ in hotspots. One SiC grain has been identified, with 12C/13C  = 70 ±
2. NWA 852 has the lowest presolar silicate/oxide-ratio observed so far of
presolar-grain-rich material, an indicator for extensive aqueous alteration [5].
Nevertheless, a significant amount of O-anomalous grains remained intact,
and N-isotopic compositions are comparable to observations from more
pristine CR chondrites [12]. Thus, NWA 852 may be linking presolar-silicate-
rich, nearly unaltered CR chondrites and CRs with lower presolar grain
abundances. This can be due to varying degrees of parent body alteration, or
initial heterogeneities in the solar nebula. An O-isotopic study of the
Isheyevo meteorite is in preparation, and first results will be presented at the
conference.

References: [1] Nguyen A. et al. 2007. The Astrophysical Journal 656:
1223–1240. [2] Hoppe P. 2008. Space Science Reviews 138:43–57. [3] Krot
A. N. et al. 2002. Met. Planet. Sci. 37:1451–1490 [4] Alexander C. M. O’D.
et al. 2007. Geochimica et Cosmochimica Acta 71:4380–4403. [5] Floss C.
and Stadermann F. J. 2008. LPSC 39:1280. [6] Leitner J. et al. 2009. LPSC
40:1512. [7] Floss C. and Stadermann F. J. 2008. Meteoritics & Planetary
Science 43:A44. [8] Huss G. R. et al. 2003. Geochimica et Cosmochimica
Acta 67:4823–4848. [9] Ivanova M. A. et al. 2008. Meteoritics & Planetary
Science 43:915–940. [10] Bonal et al. 2009. LPSC 40:2046. [11] Floss C. and
Stadermann F. J. 2009. LPSC 40:1083.
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FINE-GRAINED MATERIAL IN WILD 2 IN INTERACTION WITH
THE STARDUST AEROGEL 
H. Leroux and J. Stodolna. Laboratoire de Structure et Propriété de l’Etat
Solide UMR CNRS 8008 Université de Lille 1. E-mail:
Hugues.Leroux@univ-lille1.fr.

Introduction: The hypervelocity impacts of comet particles at 6.1 km/
s have left tracks in the Stardust aerogel. The terminal particles are usually
coarse grained minerals but abundant material is also present along the track
walls as illustrated by synchrotron X-rays fluorescence spectroscopy [1].
This configuration suggests that the Wild 2 particles are made of poorly
cohesive assemblages that have been broken and scattered during the impact
into the aerogel. Material left along the track walls appears to have been
subjected to strong thermal alteration and mixing with the aerogel [2],
making its study difficult. Here we present results obtained by transmission
electron microscopy (TEM) and associated EDS microanalysis of particles
extracted from walls of tracks. The objective of this work is to study the fine
grained component of Wild 2 despite the fact that this material experienced
thermal modifications during the capture. 

Results: The typical microstructure of the samples consists of a silica-
rich glassy matrix containing a high density of Fe-Ni-S nanophases and
vesicles. This microstructure strongly resembles to the one of GEMS (glass
with embedded metal and sulfides) which is the most common amorphous
silicates in chondritic porous interplanetary dust particles (CP-IDPs).
However the Stardust GEMS-like objects have a high silica concentration,
revealing that the cometary material has been melted and mixed with melted
aerogel. The composition of the silica-rich glassy matrix is frequently highly
variable on a sub-µm scale. Elemental X-ray intensity maps reveal
amorphous patches enriched in elements such as Mg, Al, or Ca (for instance),
enclosed within melted aerogel. Point analysis shows that the glassy matrix is
FeO-poor. The average bulk compositions are close to the CI composition,
including S and excepting Si due to the aerogel contribution. 

Discussion and Conclusion: The studied Stardust material shows clear
evidence for melting and mixing with melted aerogel due to the high
temperature stage of the capture. The very low concentration of FeO in the
glassy matrix shows highly reduced conditions, suggesting that a significant
part of the Fe-droplets formed in situ by reduction of ferromagnesian silicates
[3]. The distribution of the elements within the glassy matrix suggests that the
cometary material was constituted of an assemblage of Mg-rich silicates
(several hundreds of nm in size) and an ultrafine grained component. The
average bulk composition is CI-like, thus enriched in S compare to the bulk
composition of chondritic meteorites (see also [4]). We conclude that the
studied material does not resemble asteroidal material but could be related to
CP-IDPs or other materials which did not experienced processing in the inner
protoplanetary disk. 

References: [1] Flynn G. J. et al. 2006. Science 314:1731–1735 [2]
Leroux H. et al. 2008. Meteoritics & Planetary Science 43:97–120. [3]
Leroux H. et al. 2009. Geochimica et Cosmochimica Acta 73:767–777. [4]
Westphal A. J et al. 2009. The Astrophysical Journal 694:18–28. 
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ORIGIN OF MG-RICH OLIVINES IN TYPE I CHONDRULES 
G. Libourel1,2, M. Chaussidon1 1CRPG-Nancy Université-CNRS, UPR2300,
BP 20, 54501 Vandoeuvre-lès-Nancy, France. 2ENSG-Nancy Université,
54500 Vandoeuvre-lès-Nancy, France; email: libou@crpg.cnrs-nancy.fr.

Chondrules are believed to have formed by incomplete melting of fine-
grained dustball precursors during localized, brief, repetitive heating events,
possibly by shock waves, in the protoplanetary disk in the early solar nebula
[1]. We recently challenged this conventional thinking by the observation that
some Mg-rich olivines (Fo > 95) are present as coarse-grained aggregates
with granoblastic textures. In order to produce these textures, conditions
allowing sintering and prolonged high-temperature (>1000 °C) annealing are
required [2]. These conditions cannot be reached during brief heating events
but are easily reached in the interior of a planetesimal. Mg-rich olivines
within coarse-grained aggregates are thus relict grains which survived to
chondrule melting. This feature were further supported by the oxygen
isotopic compositions which allow to identify a given Mg-rich olivine
(amongst the surrounding magmatic phases: glass and pyroxene) as a relict
[3], even when the granoblastic texture has been obscured by partial
dissolution during chondrule melting.

Owing to a survey of the oxygen isotopic compositions of Mg-rich
olivines of type I chondrules from carbonaceous and ordinary chondrites, we
explore in this paper the constraints that the variability in the oxygen isotopic
composition of the Mg-rich olivine in type I chondrules can bring on their
putative parent planetesimals.

References  [1] Hewins et al. 2005. ASPCS 341:286–317. [2] Libourel
and Krot. 2007. EPSL 254:1–8. [3] Chaussidon et al. 2008. Geochimica et
Cosmochimica Acta 72:1924–1938. 
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SEARCHING FOR EXTINCT CHLORINE-36 IN ENSTATITE
CHONDRITES: NEW CONSTRAINTS ON THE DISTRIBUTION OF
SHORT-LIVED NUCLIDES IN THE SOLAR NEBULA 
Y. Lin1, F. Gyngard2, and E. Zinner2. 1Key Laboratory of the Earth’s Deep
Interior, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China. Email: LinYT@mail.igcas.ac.cn. 2Laboratory for Space Sciences,
Washington University, St. Louis, USA.

Introduction: The origin of short-lived nuclides in the solar nebula is a
long standing controversial issue. There are two major explanations: injection
from neighboring supernovae or AGB stars [1–3], or in situ irradiation of
nebular dust and gas by solar energetic particles (SEP) [4–7]. The distribution
of short-lived nuclides in the solar nebula is a key test of these models. Unlike
41Ca, 26Al and other short-lived nuclides, 36Cl (T1/2 = 0.3 Ma) is highly volatile.
A search for excess 36S due to the decay of 36Cl in various types of chondrites
might give information on its spatial distribution in the solar nebula. Here, we
report preliminary results on enstatite chondrites.

Samples and Experiments: Ca-, Al-rich inclusions (CAIs) are very
rare in enstatite chondrites, except for Sahara 97159 (EH3). Sixty-eight CAIs
and fragments were found in two sections [8]. All of the CAIs had been
altered under extremely reducing conditions. In this study, we measured
several grains (3–5 µm) of sodalite (Na8Al6Si6O24Cl2) without inclusions of
troilite in two of the CAIs. Negative ions of 33S, 34S, 36S, and 35Cl were
counted with electron multipliers in multi-collection with the Cameca
NanoSIMS 50 at Washington University. A Cs+ primary beam of a few pA
was rastered over the analyzed areas, and secondary ion signals were counted
in ~50% of the area, in order to avoid possible contamination from
surrounding sulfides. Troilite was analyzed as a standard.

Results and Discussion: In our analysis, we did not detect any excess
of 36S, within the analytical errors, but could set an upper limit of 4 × 10−6 for
the initial 36Cl/35Cl ratio of the sodalite grains. Previous work found a ratio of
3.8 × 10−6 (calibrated by a RSF of 0.8) in sodalite from CAIs in the
carbonaceous chondrite Ningqiang [9]. If sodalite-related alteration of Sahara
CAIs took place not much later (e.g., <1 Ma) than that of Ningqiang CAIs,
this result disagrees with expectations for the in situ irradiation scenario,
because the EH-forming region was likely to have been closer to the Sun and
should have seen a much higher SEP flux than carbonaceous chondrite-
forming zones. 36Cl/35Cl ratios up to 1.4 × 10-6 were predicted for SEP
irradiation with a flux enhanced by a factor of 5 × 103−104 during the T Tauri
stage of the Sun [6]. However, we note that the sodalite formed at least 1.5Ma
after the host CAIs based on their different 26Al/27Al ratios [9,10]. When
calibrated to the time when CAIs formed, the nebular initial 36Cl/35Cl ratio is
~1.1 × 10-4, about two orders of magnitude higher than the predictions. The
recent discovery of a 36Cl/35Cl ratio of 17.2 ± 2.5 × 106 in secondary wadalite
from Allende CAIs [11] exacerbates the difficulty of the irradiation models.
In contrast, the observed variation in 36Cl/35Cl ratios [9–15] can be explained
by different times for the alteration events. However, more analyses are
required in order to clarify the distribution of 36Cl in the solar nebula.

Acknowledgements: This study was supported by the Chinese
Academy of Sciences (kzcx2-yw-110) and the Natural Science Foundation of
China (40830421).
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AN AUTOMATED NANOSIMS SEARCH FOR PRESOLAR OXIDE
GRAINS 
Ming-Chang Liu1, Larry R. Nittler1, Conel M. Alexander1 and Frank
Gyngard2. 1Dept. of Terrestrial Magnetism, Carnegie Institution of
Washington (mliu@dtm.ciw.edu). 2Laboratory for Space Sciences and Dept.
of Physics, Washington University, St. Louis, MO 63130.

Introduction: Presolar grains are condensates from the outflows or
envelopes of evolved stars and thus preserve records of nuclear processes
insides their parent stars [1]. However, some presolar grain isotope signatures
are also believed to reflect chemical evolution in the Galaxy (GCE), such as
the Si and Ti isotopes in mainstream SiC [2]. A majority of presolar oxides
and silicates (Groups 1+3, [3]) is believed to have originated in low-mass
asymptotic giant branch stars. However, their 18O/16O ratios are affected by
both GCE and mixing processes in the parent stars themselves. Disentangling
these effects is not straightforward and requires analysis of multiple
elements. Inferred 26Al contents and Ti isotopes are of particular importance
in this regard, as the former provides information on nuclear and mixing
processes in the stars, and the latter provides a bridge between the presolar
oxide and SiC data. However, the data sets for Al-Mg and, especially, Ti in
presolar oxides are still limited, relative to O isotopes. We are thus using a
new automated analysis system to search for additional presolar oxide grains
and subsequently to obtain high-quality multi-element isotope data on them.

Experimental: The automated system, developed in collaboration with
Cameca Instruments, has been described previously [4]. Briefly, image
processing algorithms identify grains in 25µm × 25µm isotopic images of a
sample mount. The primary beam is then deflected to each grain in turn and
an isotopic measurement performed. Once all grains in an image are
analyzed, the sample stage is moved and the process repeated. As an initial
test of the system on the Carnegie NanoSIMS 50L, we surveyed an acid-
resistant residue of the Tieschitz ordinary chondrite. Grains were identified in
16O images and measured for their 17O/16O, 18O/16O and 27AlO/O ratios.
Identified presolar grains were subsequently analyzed for their Al-Mg
compositions. 

Results and Discussion: Through the method described above, seven
presolar grains were identified. SEM-EDX analysis indicated all are Al2O3
and range in size from 0.2 to 1 µm. Five grains are typical 17O-enriched
Group 1 oxides, one is a moderately 17O- and 18O-rich Group 4 grain
(δ17O~120‰, δ18O~180‰), and the last is a highly 18O-depleted Group 2
grain. Five grains show 26Mg excesses, with a very wide range of inferred
26Al/27Al, from 10–6 to ~10–2. Note that the origin of presolar oxides with very
high 17O/16O ratios (>~0.003–0.005) is not well understood, but previous
measurements of three such grains revealed no evidence for 26Al [5, 6].
Interestingly, the two Group 1 grains found here with the highest 17O/16O
ratios (0.003) also show very low 26Al. Unfortunately, the presolar grains
found here lacked measurable amounts of Ti for meaningful isotopic
analyses. Searches for more Ti-rich oxide grains are underway.

References: [1] Clayton D. D. and Nittler L. R. 2004. ARA&A 42:39–
78. [2] Alexander C. M. O’D. and Nittler L. R. 1999 ApJ 519:222–235. [3]
Nittler L. R. et al. 1997. Nucl. Phys. A 621:113–116. [4] Gyngard F. et al.
2009. 40th LPSC. #1386 (abstract). [5] Choi et al. 1999. ApJL 522:133–136.
[6] Nittler et al. 2008. ApJ 682:1450–1478.
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FRAGMENTS OF ASTEROIDS IN LUNAR ROCKS
Y. Liu1, A. Zhang1,2, L.A. Taylor1. 1Planetary Geosciences Institute,
Department of Earth and Planetary Sciences, Univ. of Tennessee, Knoxville,
TN 37996, USA, Email: yangl@utk.edu. 2Purple Mountain Observatory,
Nanjing 21008, China.

Introduction: Asteroidal fragments in lunar breccias and soils are
critical to an understanding of the nature of the major impactors of the Moon.
Observing FeNi metal is typically the simplest way for identifying asteroidal
fragments.  Schreibersite [(Fe,Ni)3P] in FeNi metal is a clear indicator of
asteroidal contamination, although this was validated only after the
realization that schreibersite-bearing Apollo 14 “basalts” (14310, [1]) are
actually impact-melt rocks.  Among hundreds of rocks examined, Hunter and
Taylor (1981) [2] identified schreibersite, sometimes with cohenite
[(Fe,Ni)3C], in 88 Apollo 16 breccias. On the other hand, fragments of
chondrites are rarely observed in lunar rocks, and only four possible
chondritic fragments have been reported: a carbonaceous chondrite in Apollo
12 soil by McSween [3] and Zolensky [4], an enstatite chondrite in Apollo 15
by Haggerty [5] and Rubin [6], a chondritic fragment (carbonaceous or
ordinary) in lunar meteorite regolith breccia PCA 02007 by Taylor et al. [7]
and Day et al. [8]; and an olivine-rich sphere with barred-olivine texture in
lunar meteorite breccia Dhofar 1428 by Zhang et al. [9].  To determine
whether these fragments indeed are chondritic, and to verify the source for
them, we have studied these fragments in Dhofar 1428 and PCA 02007, and
compare them with two similar olivine-rich spheres in Apollo impact-melt
rock 62295.  

Results: The olivine-rich sphere (~200 µm) in Dhofar 1428 consists of
olivine and plagioclase.  Part of the sphere contains a barred-olivine texture,
typically found in chondrules.  The periphery of the sphere is outlined by
fine-grained FeNi metals/sulfides. Chemically, olivine (Fo77–83) in the Dhofar
1428 chondrule has (Fe/Mn)a of 61–75 and plagioclase ranges from An87–90
[9].  Apollo 16 impact-melt rock 62295 contains spheres of a similar texture
[10].  From center to rim of the spheres in 62295, olivine becomes Mg-
enriched (from Fo84 to Fo95) with (Fe/Mn)a of 57–72 [10].  Plagioclase in the
62295 spheres is unusually An rich (An95–100). The Mg-rich olivine in these
fragments cannot be easily explained by enrichment of Mg through Fe
reduction or vaporization of Fe or other lunar sources [11]. 

The chondritic fragment in PCA 02007 is perhaps most intriguing.  This
fragment contains olivine, plagioclase, and pockets of sulfides, FeNi metal,
and schreibersite setting in a glass matrix [7, 8].  Olivine cores (Fo99) contain
(Fe/Mn)a of 11 ± 8 with high Cr2O3 (0.29 ±0.12 wt%) and olivine rims are
more Fe-rich (Fo82–44). Plagioclase is An80 with FeO and MgO of 1.2 wt%
and 0.27 wt%.

Oxygen isotope analyses of these probable chondritic fragments will
provide further insights on the formation of these asteroidal fragments.  

References: [1] El Goresy. et al. 1972. LPSC 3, 333–349. [2] Hunter
and Taylor  1981. LPSC 12th, 253–359. [3] McSween 1976. EPSL 31, 193–
199. [4] Zolensky 1997. Meteoritics & Planetary Science 32, 15–18. [5]
Haggerty 1972. The Apollo 15 Lunar Samples, 85–91. [6] Rubin 1997.
Meteoritics & Planetary Science 32, 135–141. [7] Taylor et al. 2004. 67th

Meteor.l Soc. Mtg., #5183. [8] Day et al. 2006. Geochimica et Cosmochimica
Acta 70, 5957–5989. [9] Zhang et al. 2009. this vol. [10] Roedder and
Weiblen 1977. Proc. LPSC 8th, 2641–2654. [11] Ruzicka et al. 2000.
Meteoritics & Planetary Science 35, 173–192.
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SOLAR SYSTEM ELEMENTAL ABUNDANCES IN 2009
K. Lodders1 and H. Palme2. 1Washington Univ., St. Louis, USA.
lodders@wustl.edu. 2Senkenberg Museum, Frankfurt, Germany.

Introduction: H. N. Russell published the first comprehensive list of
elemental abundances in the Sun, 80 years ago [1]. The influential abundance
table based on CI chondritic and photospheric data by Anders and Grevesse
dates back 20 years [2]. With two “abundance anniversaries” in this
International Year of Astronomy, we report our latest evaluation of mass
concentrations (ppm) in CI-chondrites and the atomic solar system
abundances derived from CI-chondrites and solar photospheric
measurements (Table 1). A detailed discussion of the recent data is given in
[3].

References: [1] Russell H. N. 1929, The Astrophysical Journal 70, 11.
[2] Anders,A., Grevesse G. 1989. Geochimica et Cosmochimica Acta 53, 197.
[3] Lodders K. Palme H., Gail. H. P. 2009. Landolt Boernstein, New Ser. in
press; see also arXiv:0901.1149.
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METAL-SILICATE SEGREGATION AND FRACTIONATION OF GE
ISOTOPES: COMPARISON OF EXPERIMENTAL  DATA  AND
METEORITES
B. Luais1, M. J. Toplis2, L. Tissandier1, and M. Roskosz3. 1C.R.P.G., CNRS,
Nancy-Université, 15, rue Notre-Dame des Pauvres, B.P. 20, 54501
Vandoeuvre-les-Nancy, luais@crpg.cnrs-nancy.fr, 2D.T.P., 14 avenue
Edouard Belin, Toulouse, 31400, France, 3LSPES,  Université de Lille1,
Bâtiment C6, Villeneuve d’Ascq, 59655, France

Introduction: Hf-W data on iron meteorites indicate that the latter may
have formed in less than 1–1.5 Ma after the condensation of refractory
inclusions from the solar nebula (CAI), or may even be contemporaneous or
slightly older than CAIs [1, 2, 3], and chondrules [1]. If iron meteorites result
from metal-silicate segregation of undifferentiated parent bodies, this would
indicate very short time-scales for this process. Furthermore, the nature of the
parent body and the conditions of segregation remain the subject of debate. In
order to investigate these questions we have studied the behavior of
Germanium, a moderately siderophile element, following a double approach
(1) Ge isotopic measurements of selected magmatic iron meteorites, and
Earth silicates, (2) experimental  investigations of the isotopic fractionation
associated with transfer of Ge from an oxidized silicate liquid to a metallic
phase as a function of  fO2 and time.

Experimental and Analytical Methods: Preliminary experiments
were performed at 1 atm in a vertical drop quench furnace, with starting
materials corresponding to a glass of 1 bar An-Di euctectic composition
doped with ~4,000 ppm Ge, and pure Ni capsules as the metal phase. The
assembly is heated at 1355 °C for t  = 2 to 60 h over a range of ƒO2 from 4 log
units below, to 2.5 log units above, the IW buffer. Metal and silicate phases
were then mechanically separated. Chemistry and Ge isotopic measurements
of the metal phase of these experiments, selected iron meteorites and silicate
samples have been performed at the CRPG, using MC-ICPMS [4].

Results and Discussion: Germanium isotopic data (in ‰ δ74Ge
relative to JMC std) show that δ74Ge values of magmatic iron meteorites are
constant (δ74Ge = +1.77±0.22‰, 2σ), whatever their degree of oxidation (Ni
from 5 to 12%) [4], but heavier than Earth silicate mantle samples (δ74Ge =
+0.94 ± 0.22‰). Time series experiments at the IW buffer indicate a clear
continuous increase in δ74Ge in the metal as a function of time, values being
isotopically slightly lighter than the reference Ge standard after 2 hours
(δ74Ge ~−0.5 ‰), reaching a δ74Ge of ~+3‰ after 60 hours. Experiments at
24 hours show an increase in δ74Ge (from ~−0.3 ‰ to +10‰) with increasing
ƒO2.

Comparison of Ge isotopic data from experiments and iron meteorites
would indicate that the very small range of δ74Ge values for magmatic iron
meteorites, for various oxidation degree, implies short duration time and
small extent of isotopic fractionation during Ge diffusion-induced metal-
silicate segregation. This further suggests close Ge isotopic compositions
between iron meteorites and the associated parent bodies. In addition, it is
suggested that the lighter δ74Ge values of the Earth silicate mantle would not
reflect the Ge isotopic composition of the silicate phase coexisting with the
metal phase at the P,T, fO2 conditions of core segregation.

References: [1] Kleine T. et al. 2005. Geochimica Cosmochimica Acta
69:5805–5818. [2] Markowski A. et al. 2006. Earth and Planetary Science
Letters 242:1–15. [3] Scherstén A. et al. 2006. Earth and Planetary Science
Letters 241:530–542. [4] Luais B. 2007 Earth and Planetary Science Letters
262:21–36.

Table 1. Abundances in CI chondrites and in the solar system.
CI 
ppm

Solar system
Si = 106 atoms

CI.
ppm

Solar system
Si = 106 atoms

H 19700 2.59E+10 Ru 0.686 1.78
He 0.00917 2.51E+09 Rh 0.139 0.370
Li 1.47 55.6 Pd 0.558 1.36
Be 0.021 0.612 Ag 0.201 0.489
B 0.775 18.8 Cd 0.674 1.57
C 34800 7.19E+06 In 0.0778 0.178
N 2950 2.12E+06 Sn 1.63 3.60
O 458500 1.57E+07 Sb 0.145 0.313
F 58.2 804 Te 2.28 4.69
Ne 0.00018 3.29E+06 I 0.53 1.10
Na 4990 57700 Xe 1.74E-4 5.46
Mg 95800 1.03E+06 Cs 0.188 0.371
Al 8500 84600 Ba 2.41 4.47
Si 107000 1.00E+06 La 0.242 0.457
P 967 8300 Ce 0.622 1.18
S 53500 421000 Pr 0.0946 0.172
Cl 698 5170 Nd 0.471 0.856
Ar 0.00133 92700 Sm 0.152 0.267
K 544 3760 Eu 0.0578 0.098
Ca 9220 60400 Gd 0.205 0.360
Sc 5.9 34.4 Tb 0.0384 0.0634
Ti 451 2470 Dy 0.255 0.404
V 54.3 286 Ho 0.0572 0.0910
Cr 2650 13100 Er 0.163 0.262
Mn 1930 9220 Tm 0.0261 0.0406
Fe 185000 848000 Yb 0.169 0.256
Co 506 2350 Lu 0.0253 0.0380
Ni 10800 49000 Hf 0.106 0.156
Cu 131 541 Ta 0.0145 0.0210
Zn 323 1300 W 0.096 0.137
Ga 9.71 36.6 Re 0.0393 0.0581
Ge 32.6 115 Os 0.493 0.678
As 1.74 6.10 Ir 0.469 0.672
Se 20.3 67.5 Pt 0.947 1.27
Br 3.26 10.7 Au 0.146 0.195
Kr 5.22E-5 55.8 Hg 0.35 0.458
Rb 2.31 7.23 Tl 0.142 0.182
Sr 7.81 23.3 Pb 2.63 3.31
Y 1.53 4.63 Bi 0.11 0.138
Zr 3.62 10.8 Th 0.031 0.0440
Nb 0.279 0.780 U 0.0081 0.0238
Mo 0.973 2.55
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THE SCIENCE OF THE LUNAR POLES 
P. G. Lucey1 and G. J. Taylor1. 1Hawaii Institute of Geophysics and
Planetology, University of Hawaii at M̃anoa, 1680 East-West Road, Honolulu
HI 96822, lucey@higp.hawaii.edu.

Introduction: The Moon and the planet Mercury share an very small
tilt of their rotation axis relative to the plane of their orbits.  Near the poles
this geometry allows declivities, of which the Moon and Mercury have an
ample supply in the form of impact craters, to be permanently shaded from
the Sun; there are lunar and mercurian polar surfaces that have not seen direct
sunlight for billions of years. The natural consequence of this permanent
night is that these surfaces achieve extremely low temperatures.  Without an
atmosphere to propagate heat, shaded polar surface temperatures are
dominated by heat flow from the planets’ interiors, by small amounts of light
reflected off nearby topographic highs, and by the background of space.
While surface temperatures have not been directly measured, thermal models
show maximum surface temperatures of 40 K will be common, and 25
kelvins will be possible, enabling cold trapping of volatiles[1,2].

Polar Science: The lunar poles are usually discussed in the context of
resources, where the near-continuous sunlight and potential source of water
in the form of ice makes a polar site attractive to engineers.  But scientific
aspects of the poles makes them a compelling object of study beyond
resource issues.  While we know very little at present, the poles are
undoubtedly a dynamic volatile system, with inputs from a variety of sources,
a range of processes that can operate on and alter trapped volatiles while
resident in the cold traps, and several loss mechanisms that can rob the poles
of volatiles.  These mass fluxes are conveyed through and constitute part of
the lunar atmosphere that links the lunar surface to the rest of the solar
system.  However, there are almost no measurements that constrain these
possibilities.

Potential sources of polar volatiles include the Moon itself, the Sun, the
Earth, asteroids, comets, IDPs, and giant molecular clouds [3]. Identifying
material at the poles from any of these sources would provide new insights
into the bodies that provide the volatile.

The Future: As is typical in planetary science, a mix of orbital remote
sensing, in situ measurements, and sample return are needed to understand
the polar environment, as well as a contemporaneous modeling effort.  The
fleet of lunar remote sensing spacecraft presently in orbit and en route will
make most of the useful measurements possible from orbit. If all are
successful, we will have a detailed temperature and topographic  map of the
poles and improved constraints on the H abundance in the immediate polar
vicinity. These missions are also equipped for possible detection of isolated
patches of thick ice or surface frosts in permanent shadow, and for detection
of organic or hydrated material if ejected from shadow into sunlit areas.

References: [1] Ingersoll A. P. T., Svitek and B. C. Murray. Icarus 100,
40, 1992; [2] Watson K. B.C. Murray and H. Brown. JGR 66, 3033, 1961; [3]
Mosher T. J. and P. G. Lucey. Acta Astronautica 59:585–592, 2006.
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54CR ISOTOPIC ANOMALIES IN THE TAGISH LAKE AND
ORGUEIL CARBONACEOUS CHONDRITES 
T. H. Luu1, M. Petitat2, J.-L. Birck1, M. Gounelle2. 1Laboratoire de
Géochimie et Cosmochimie IPG, 4 Place Jussieu 75252, Paris Cedex 05,
France. E-mail: birck@ipgp.jussieu.fr. 2LMCM, CNRS and MNHN, UMR
7202 CP 52, 57 Rue Cuvier 75231 Paris Cedex 05. 

Introduction: The stepwise dissolution with increasing acid strengths
of bulk rock carbonaceous chondrites liberates Cr with both excesses and
deficits in 53Cr and 54Cr [1, 2, 3]. The goal of this study is to extend the survey
of meteorites exhibiting Cr anomalies to Tagish Lake and confirm the
previous values obtained for Orgueil.

Experimental Methods: The stepwise dissolution of 0.32 g of Orgueil
and 0.29 g of Tagish Lake followed the previously established procedure
described in [1]. The chemical separation of Cr and the TIMS measurements
were described in Trinquier et al. [4]. All data are expressed in ε 53,54Cr
values. 

Results: Anomalies in 54Cr: Each dissolved fraction represents
different mineral types from the same meteorite and is anomalous relative to
the terrestrial composition. The most easily dissolved fractions show a deficit
ranging from –6ε for Orgueil to –16ε for Tagish Lake. In contrast, the more
chemically resistant fractions host excesses rising up to 79ε for Orgueil and
139ε for Tagish Lake. Anomalies in 53Cr: The amplitude of the variation is
two orders of magnitude smaller than for 54Cr. Excesses in 53Cr are
concentrated in the chemically less resistant fractions, where Mn and Cr are
abundant.  Whole rock: The ε53Cr value measured for the whole rock of
Tagish Lake is higher than in Orgueil. On the contrary, the ε 54Cr is higher in
Orgueil than in Tagish Lake. Mass dependent fractionation: Preliminary
ICPMS measurements show no difference in  53Cr/52Cr relative to the bulk
rock and to the laboratory standard within a resolution of 0.3 permil. This
indicates the absence of strong evaporation-condensation processes  during
the formation of these phases. 

Discussion: 54Cr variations in the minerals of carbonaceous
chondrites: The pattern of isotopic data for Orgueil is within the range of
already published values [1, 2, 3]. Tagish Lake has nevertheless 2 striking
differences relative to the former systematics of carbonaceous chondrites: it
displays both the highest excess and the largest deficit in 54Cr suggesting that
it is significantly more primitive than the C1s at the reverse of earlier data
which rank Tagish Lake as an anomalous CI2 chondrite [5]. 

Conclusion: We report here the highest 54Cr excess found so far in a
silicate fraction of a meteorite. This occurs in Tagish Lake and reinforce the
fact that this meteorite is made up of very pristine material (the most pristine
of all according to this study) and strengthens suggestions that Tagish Lake
may have originated from a comet or a type-D asteroid in a cold region
beyond the asteroid belt, where its components could have conserved their
pristine signatures. 

References: [1] Rotaru M. et al. 1992. Nature 358:465–470. [2]
Podosek F. A. et al. 1997. Meteoritics & Planetary Science 32:617–627. [3]
Trinquier A. et al. 2006. The Astrophysical Journal 655:1179–1185. [4]
Trinquier A. et al. 2008. Journal of  Analytical Atomic Spectrometry 23:
1565–1574. [5] Brown P. G. et al. 2000. Science 290:320–323. 
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SIMULTANEOUS MULTI-ELEMENT DEPTH PROFILES IN
GENESIS COLLECTOR MATERIALS
I. Lyon, T. Henkel, D. Rost. School of Earth, Atmospheric and
Environmental Sciences, The University of Manchester, Oxford Rd,
Manchester, M13 9PL, U.K. E-mail: Ian.Lyon@manchester.ac.uk.

Introduction: The Genesis mission was successful in returning
collector materials to Earth with solar wind atoms implanted in them [1].
Unfortunately the return capsule crashed on landing, rupturing the capsule
and shattering the collector materials into fragments usually only ~10s mm2

in area.  Much work has been undertaken since the crash in September 2004
to remove the surface contamination and measure implanted solar wind atom
profiles [2–4].  Proposed mechanisms for accelerating ions in the solar wind
make slightly different predictions for relative elemental abundances so
obtaining accurate elemental depth profiles and abundance measurements in
the collector materials is crucial for distinguishing between these
mechanisms.  The abundance and depth profile of Al relative to other
elements may be particularly diagnostic for distinguishing between solar
wind acceleration mechanisms [5] and so is a key target for this work.

Method: Samples 60130 (silicon) and 60623 (diamond-like carbon)
were analyzed by using our IDLE 3 TOFSIMS instrument [6] using both a
high spatial resolution Au+ primary ion beam for imaging surface
contamination and also an O+ pulsed ion beam for depth profiling the
samples.  Positive secondary ions were analyzed.  These samples were
selected as they had not been analyzed in any other instrument previously but
subjected only to cleaning procedures.  Spatial resolution was ~500 nm for
Au+ and ~5 µm for O+.  Secondary ions were analyzed with a mass resolution
of 2500–4000 (the exact resolution varies over the mass spectrum). 

Results:  Extensive surface contamination of Na, Mg, Al, K, and Ca
was found, especially in scratches on the surface despite a cleaning regime
developed over the past 4 years at JSC.  These could be removed relatively
easily with ion beam sputtering but ‘hotspots’ with high elemental
abundances, particularly of Na, K, Al and Si were uncovered whilst depth
profiling through the samples.  Isolating these areas by post-processing of the
raw data allowed some discrimination against these areas of contamination
but they make determining the solar wind profile for less abundant elements
particularly challenging.  A widespread anomalously high abundance of
vanadium was also found.

Discussion: Despite the best cleaning techniques for the Genesis
collector materials developed since the crash of the Genesis sample return
capsule, high abundances of various key elements (Na, K, Ca, Si, Al) were
found to exist as contamination both on and in the collector materials.
Methods of removing and avoiding these contaminated areas will be shown
along with depth profiles for multiple elements in the silicon and diamond
Genesis samples.

References: [1] Wiens et al. 2007. Space Science Reviews 130:161–
171. [2] Reisenfeld et al. 2007. Space Science Reviews 130:79–86. [3]
Jurewicz et al. 2007. Meteoritics & Planetary Science 42:A80. [4]
McKeegan et al. LPSC 2009. #2494 [5] Burnett D., pers. comm. [6] Henkel
T. et al. 2007. Rev.  Sci.  Instrum. 78, 055107.
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N2 SELF-SHIELDING IN THE SOLAR NEBULA 
J. R. Lyons1. 1IGPP, University of California, Los Angeles, CA 90095;
jimlyons@ucla.edu.

Introduction: The quantitative demonstration of CO self-shielding in
cold regions of the nebula [1], [2] and in molecular cloud cores [3], [4] argues
for similar locations of N2 self-shielding. The discovery of massive 15N
enrichment in lithic clasts in carbonaceous chondrites (e.g., [5–9]), in
micrometeorites [10], and in comets [11] could be due to either low
temperature ion-molecule chemistry that leads to NH3 formation [12] or to N2
self-shielding [13]. 

N2 self-shielding yields large isotopic fractionation in the upper
atmosphere of Titan [14], where product N atoms are rapidly converted to
HCN. Similar reactions are expected in the outer solar nebula and parent
cloud to form HCN and other products, which form ices on grains at rates
qualitatively similar to H2O ice. Reaction of HCN with other organics
compounds could yield refractory organics that would be effectively
transported into the inner solar system and incorporated into CB and CH
parent bodies or matrix material. 

Results: I derived N2 shielding functions from the Titan atmospheric
model [14], and incorporated them in the LY05 disk model [2]. Preliminary
results are presented in [13]. Using a restricted set of nitrogen reactions (e.g.,
N reaction with C1 hydrocarbon radicals to form HCN) large 15N
fractionation (~1000 ‰) is predicted, particularly at very early times, and for
a very small fraction (very roughly ~1 ppm) of the total nitrogen. The
chemical model is presently being expanded, but already demonstrates that
N2 self-shielding is potentially important in the nebula (and parent cloud).
Incorporation of 15N-rich N atoms into stable aromatic compounds yields a
possible carrier for the high δ15N observed in altered clasts (e.g., [5]–[9]). N2
self-shielding will not be accompanied by H2 self-shielding, and will yield
decoupled 15N and 2H enrichments in nebular organics, unlike the low-
temperature formation of NH3 [12].

Whether N2 self-shielding modified the N isotopic composition of the
bulk or inner solar nebula [1] is less clear. Nitrogen isotopes in TiN refractory
grains [15] have δ15N values similar to Jovian NH3 [Owen et al. 2001] and to
upper limits from analyses of lunar grains [Hashizume et al. 2000], all of
which are depleted in 15N relative to chondrites and the terrestrial planets.
The 15N enrichment of bulk chondrites and terrestrial planets may be in part
a result of N2 self-shielding. 

References: [1] Clayton R. N. 2002. Nature 415:860–861. [2] Lyons J.
R. and Young E. D. 2005. Nature 435:317–320. [3] Yurimoto H. and
Kuramoto K. 2004 Science 305:1763–1766. [4] Lee et al.2008. [5] Sugiura et
al. 2000. Meteoritics & Planetary Science 35:987–996. [6] Ivanova et al.
2008. Meteoritics & Planetary Science 43:915–940. [7] Briani et al. 2009.
Abstract #1642. 40th LPSC. [8] Bonal L. et al. 2009. Abstract #2046. 40th
LPSC. [9] Ishii et al. 2009. Abstract #2467 40th LPSC [10] Floss C. et al.
2009. Abstract #1082. 40th LPSC. [11] Bockelee-Morvan D. et al. 2008.
Astrophysical J. Lett. 679:L49–L52. [12] Rodgers S. D. and Charnley S. B.
2008. Monthly Notices Royal Astronom. Soc. 385:48. [13] Lyons et al. (in
press) Geochimica et Cosmochimica Acta [14] Liang et al. 2007. The
Astrophysical Journal 664:L115–L118 [15] Meibom et al. 2007. The
Astrophysical Journal 656:L33–L36.
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SIMULATION OF THE MASSIVE FRACTIONATION OBSERVED
IN CO PHOTODISSOCIATION EXPERIMENTS
J. R. Lyons1 and G. Stark2. 1IGPP, University of California, Los Angeles, CA
90095 USA; jimlyons@ucla.edu. 2Department of Physics, Wellesley
College, Wellesley MA 02481 USA.

Introduction: The observation of massive fractionation (~10,000 ‰)
in CO2 produced in laboratory CO photolysis experiments [1] provides a
superb illustration of the process of self-shielding. Self-shielding results from
the saturation of CO isotopologue absorption lines, and yields an abundance-
dependent fractionation upon dissociation. Because 12C16O is ~500 times
more abundant than 12C18O, saturation of 12C16O lines occurs at much lower
gas column densities than for the rare isotopologues, creating a region of 17O
and 18O-enriched O atoms. CO self-shielding is essential to understanding the
distribution of oxygen isotopes in the solar system [2],[3],[4]. For the
experiments performed in [1] the typical column densities were ~1018 cm-2,
implying 12C16O optical depths >1000 [5]. Thus, self-shielding was
unavoidable in these experiments. In order to elucidate the origin of the large
fractionations measured in [1], we have performed detailed modeling of the
photolysis of the CO E(0) – X(0), E(1) – X(0), and C(1) – X(0) bands at
107.6, 105.17, and 106.3 nm, respectively. To the cross sections computed in
[6] we have included the perturbation of the E(1) state by the k(6) triplet state
using the formalism of [7].

Results: For simulation of the experiments at 105.17 nm, the model
δxO’(CO2) values are ~6,000–12,000 ‰ (comparable to measured values),
but have a δ17/δ18 slope ~1.05, lower than the measured value of 1.3.
δxO’(CO2) decrease with CO column density and become negligible when
optical depth is <<1, as expected for a self-shielding effect. Low optical depth
experiments are needed to confirm this result. The δ17/δ18 slope can be
accounted for by a 30% stronger band oscillator strength for 12C17O versus
12C18O. However, we do not expect such large isotopic variation in band
oscillator strengths, and doubt that this is a satisfactory explanation.

Simulation results [6] for the synchrotron beam at 107.61 nm (E(0)
band) show that a slope ~1.4, comparable to the measured values, occurs at
the highest column densities (as observed), but is not present at lower
densities. It is important to note that self-shielding does occur in this band,
contrary to the claims of [1]. The non-unity δ17/δ18 slope arises from the
pattern of closely overlapping lines among the isotopologue spectra.

Conclusions: The key results here are that massive fractionation is
expected from self-shielding alone, and that the fractionation depends on
wavelength. The δ17/δ18 slope associated with CO photolysis must be
determined from the summation over all CO bands for comparison with the
CAI line (0.95–1.0). 

References: [1] Chakraborty S. et al. 2009. Science 321:1328–1331.
[2] Clayton R. N. 2002. Nature 415:860–861. [3] Yurimoto H. and Kuramoto
K. 2004 Science 305:1763–1766. [4] Lyons J. R. and Young E. D. 2005.
Nature 435:317–320.  [5] Lyons J., Lewis R., Clayton R. (submitted) [6]
Lyons J. R. 2009. Abstract #2377 40th LPSC. [7] Ubachs W., I. Velchev, P.
Cacciani 2000. Journal of Chemical Physics 113:547–560.

5090
DISCOVERY OF A NEW PHOSPHIDE MINERAL, MONIPITE
(MONIP), IN AN ALLENDE TYPE B1 CAI
Chi Ma*, John R. Beckett, George R. Rossman. Division of Geological and
Planetary Sciences, California Institute of Technology, Pasadena, CA 91125,
USA. *E-mail: chi@gps.caltech.edu.

Introduction: During our nano-mineralogy investigation of the
Allende meteorite, a new phosphide mineral, monipite (MoNiP), was
discovered in a Type B1 Ca-, Al-rich inclusion (CAI). Monipite, the Mo-, Ni-
dominant analog of barringerite (Fe2P), is named for the composition. It is
probably a secondary product of the oxidation of Mo-phosphides and/or P-
rich alloys and reflects conditions during the alteration of CAIs. The mineral
and its name have been approved by the Commission on New Minerals,
Nomenclature and Classification of the International Mineralogical
Association (IMA 2007-033). We report here the first occurrence of monipite
in nature and a new phase for CAIs. 

Occurrence, Chemistry, Crystallography: Monipite occurs as one
irregular grain, 1.3 × 2.0 m in size, in the melilite-rich mantle of a type B1
CAI (section USNM 7554). With an empirical formula based on election
probe microanalysis of (Mo0.84Fe0.06Co0.04Rh0.03)0.97(Ni0.89 Ru0.09)0.98P. The
monipite grain is in contact with apatite, tugarinovite (MoO2), and a Ru-Mo-
Ni metal grain; the surrounding phases include apatite, V-rich magnetite,
kamiokite (Fe2Mo3O8), tugarinovite (MoO2), a Mo-Fe oxide with Mo/Fe ~2,
and Nb-rich oxide ((Nb,V,Fe)O2). This assemblage is bounded by Ni2Fe on
one side and coarse-grained clinopyroxene + spinel on the other. To our
knowledge, monipite is the first known occurrence of a phosphide in an
Allende CAI; this is also the first reported meteoritic occurrence of
kamiokite, tugarinovite, the Mo-Fe oxide with Mo/Fe ~2, and the Nb-rich
oxide. Electron backscatter diffraction patterns of monipite were matched
against the structures of known synthetic phases in the Mo-Ni-P system. The
best fit was achieved using the P62m MoNiP structure [1], with a = 5.861 Å,
c = 3.704 Å, V= 110.19 Å3, Z = 3. The calculated density is 8.27 g/cm3.

Origin and Significance: Monipite, together with Ru-Mo-Ni alloy and
kamiokite, are surrounded by a ~12 µm diameter rosette composed of apatite,
Nb-rich oxide, a Mo-Fe oxide with Mo/Fe ~2, V-bearing magnetite,
kamiokite, and tugarinovite. The phase distribution is asymmetric with Nb-
rich oxide restricted to the pyroxene-spinel bounded side of the assemblage
and Mo ± Fe oxides concentrated towards the Ni2Fe alloy side. A simple
scenario for the formation of monipite is that a precursor in melilite consisted
of a Mo + P-rich alloy ± phosphide, which was oxidized during alteration to
produce the observed aureole of oxide and phosphate alteration phases. Ca,
Mo, Fe and, possibly, Ni were mobile during metasomatism and, in
particular, the aureole supported large chemical potential gradients in Mo
over a few µm. It seems likely that monipite would have been destroyed
given sufficient time and access to the altering medium. Nevertheless,
monipite and its escorts hold new information on the processes to which
Allende CAIs were subjected after their formation and, together with other
new Allende minerals [2–4], provide new insight into the formation and
evolution of the early solar system.

References: [1] Guérin R. and Sergent M. 1977. Acta
Crystallographica B33:2820-2823. [2] Ma C. et al. 2009. Abstract #1402.
40th LPSC. [3] Ma C. and Rossman G. R. 2009. American Mineralogist 94:
841-844. [4] Ma C. and Rossman G. R. 2009. American Mineralogist 94:845-
848. 
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DISCOVERY OF A MG-DOMINANT ANALOG OF KAMIOKITE,
MG2MO3O8, A NEW MINERAL FROM AN ALLENDE TYPE B1 CAI
Chi Ma*, John R. Beckett, George R. Rossman. Division of Geological and
Planetary Sciences, California Institute of Technology, Pasadena, CA 91125,
USA. *e-mail: chi@gps.caltech.edu.

Introduction: During a nano-mineralogy investigation of the Allende
meteorite, two occurrences of a new Mo-Mg oxide mineral, Mg2Mo3O8,
which we designate kamiokite-(Mg) for the purposes of this abstract, were
discovered in a Type B1 Ca-, Al-rich inclusion (CAI). The Mg analog of
kamiokite (Fe2Mo3O8) has a P63mc structure and it occurs in the same CAI as
a variety of other newly-observed meteoritic minerals described by [1].

Occurrence, Chemistry, Crystallography: One subhedral grain of
kamiokite-(Mg) [(Mg1.6Fe0.4)Mo3O8], ~1.0 µm wide, occurs within a 3 ×
5 µm inclusion dominated by a single crystal of fcc Ni-Fe alloy
(Ni82Fe15Pt2Rh1) wholly enclosed in MgAl2O4 spinel. The kamiokite-(Mg) is
in contact with the Ni-rich alloy. The other kamiokite-(Mg) grain, in a
different section of the same CAI, is 0.5 × 1.0 µm, roughly centered in a 3 ×
4 µm phase assemblage partially enclosed by spinel and partially enclosed by
alteration material after melilite. Apatite is in contact with the alteration and
Ni-Fe alloy, which contains inclusions of Ru-Os alloys and Mo-bearing
oxides, is in contact with spinel.

Electron backscatter diffraction patterns of kamiokite-(Mg) were
matched to the P63mc structures of kamiokite and synthetic Mg2Mo3O8. The
best fit (MAD  =  0.41) was achieved using structural data for Mg2Mo3O8 [2],
with a  = 5.778 Å, c  = 9.904 Å, V = 286.35 Å3, Z  = 2.

Origin and Significance: Where present as part of phase assemblages
predominately or wholly included in melilite, kamiokite is Fe-rich (Mg/Fe
molar <0.2) and coexists with or is in close proximity to a Ni-Fe alloy.
Kamiokite-(Mg) also coexists with Ni-Fe alloys but the assemblages are
partially or wholly included in spinel and the high Mg/Fe (~4) may reflect
local buffering of Mg by the surrounding Mg-rich spinel. Fe-Ni alloy
compositions also reflect occurrence, with Ni/Fe highest (~5) in the
assemblage wholly included in spinel, lower in the assemblage partially
exposed to alteration (~3) and lowest in assemblages wholly included in
melilite (~2). We observed P-rich phases in half of the kamiokite (3 of 6) and
kamiokite-(Mg) (1 of 2) bearing phase assemblages. It is possible that all of
these assemblages contain P-rich phases but that they are often absent in our
samples due to sectioning effects. 

A scenario for the formation of kamiokite and kamiokite-(Mg) is that a
precursor consisting of a Mo ± P-rich alloy was oxidized during alteration to
produce the observed suite of oxides and alloys ± phosphates. Both
kamiokite-(Mg)-bearing phase assemblages exhibit angular faces that
intersect at high angles (~150°), possibly indicating that the current multi-
phase assemblages are pseudomorphs after an original single crystal. Mo was
preferentially oxidized with compositions of the resulting oxide(s) dictated
by local constraints on Mg partial pressures. The formation of apatite reflects
oxidation and an external source of Ca. The new Mo-Mg-Fe oxides provide
new information on post-crystallization processes experienced by Allende
CAIs.

References: [1] Ma C. et al. 2009. Abstr. #5090. 72th Ann. Mtg. Met.
Soc. [2] Knorr R. and Mueller U. 1995. Z. Anorg. Allg. Chem. 621:541–545.

5409
DIFFUSION OF SOLAR WIND NOBLE GASES FROM GENESIS
ALUMINUM COLLECTORS 
J. C. Mabry1, A. P. Meshik1, C. M. Hohenberg1, and D. S. Burnett2.
1Washington University, Physics Department, St. Louis, MO, 63130. E-mail:
jcmabry@wustl.edu 2California Institute of Technology, 1201 California
Blvd., Pasadena, CA, 91125.  

Introduction: The Genesis mission collected samples of solar wind
(SW) over a two-year period and returned them to earth for high-precision
laboratory measurements [1]. The exact temperatures that the collectors
reached during exposure to the SW is unknown, however preflight
simulations [2] and comparison of measurements from different target
materials point to the potential for measurable losses due to thermally
activated diffusion. We have conducted a diffusion experiment on a similar
time scale as the Genesis mission to determine the diffusion parameters of the
aluminum collector materials and to quantify the changes in the measured
ratios due to diffusive losses. In this work we have studied the light noble
gases: helium, neon, and argon.

Experimental:  We baked individual pieces of two different bulk SW
collectors—polished aluminum and aluminum on sapphire (AloS)—at six
temperatures between 160 °C and 360 °C (with a reference group left at room
temperature) for 322 days.  Then we performed step-wise pyrolysis (200 to
850 °C, 45 min steps) to extract the gas from these samples, measuring the
light noble gases released from each step. We analyzed He and Ne together in
one mass spectrometer, and cryogenically separated Ar for analysis in a
second one, each optimized accordingly.

Results: The measured isotopic ratios (total of all pyrolysis steps) of
the unbaked AloS reference sample are: 3He/4He  = (4.52 ± .05) × 10−4, 20Ne/
22Ne  = 13.74 ± .02, and 36Ar/38Ar  = 5.49 ± .01. There were significant losses
of both 3He and 4He  from the baked samples relative to the reference, with
more 3He lost than 4He, leading to noticeable isotopic fractionation. Neon
measurements show the same general trend as helium, but all measurements
are within 3σ of the reference. There were no measurable losses of Ar within
statistical errors, and the measured 36Ar/38Ar agrees very well with the
previously reported value of 5.501 ± .005 [3]. 

The table below gives the estimated upper limit for losses of He and Ne
at various temperatures from AloS for the Genesis bulk collector exposure
time (852 days).

References: [1] Burnett D. S. et al. 2003. Space Science Reviews 105:
509. [2] Jurewicz A. J. G. 2002. Space Science Reviews 105:535. [3] Meshik
A. P. et al. 2007.  Science 318:433.

Additional Information: This work was supported, in part, by NASA
grants NNJO4HI17G and NAG5-12885. Thanks to the entire Genesis team
for making this work possible.

Table 1.
Temp 
(°C) 

4He 
loss

3He/4He 
decrease

20Ne 
loss

20Ne/22Ne 
decrease

4He/20Ne 
decrease

50 8% 3% 1% – 7% 
75 15% 5% 2% – 13% 

100 22% 7% 3% – 20% 
125 30% 10% 4% – 25% 
200 46% 15% 8% 1% 42% 
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IMPACT STRUCTURES IN SERRA GERAL BASALT, SOUTHERN
BRAZIL 
W. D. MacDonald1, A. P. Crósta. 1State University of New York,
wdmacdon@binghamton.edu.

Studies are continuing on two medium-sized impacts into the Serra
Geral basalts of the Parana region of southern Brazil. The Vargeao impact
structure, with center near 26°49.0′S, 52°10.0′W, is about 11 km diameter.
The Vista Alegre impact structure, with center near 25°57.0′S, 52°41.5′W, is
about 12 km diameter. Both impacts occur in the approximately 132 Ma
plateau basalts of the Serra Geral Formation; the impact ages have not yet
been radiometrically determined. No ejecta breccia remnants have been
recognized outside the eroded limits of either crater. Uplifted quartzose
sandstones, probably from the Botucatu Formation located beneath the thick
basalt sequence, have been found in both craters. In Vargeao, larger outcrops
of the underlying sandstones define a central domal uplift. Planar fractures
(PFs) and planar deformation lamellae (pdfs) have been found in the
associated shocked quartz. Shocked fall-back breccia in the Vargeao crater is
scarce. However shatter cones in basalt have been found there. In the Vista
Alegre crater, quartz sandstones have been found only in isolated boulders in
residual soils. Those sandstones are mainly recrystallized, obliterating any
shock deformation features such as PFs or pdfs. Outcrops in the interior of the
Vista Alegre crater are scarce, and are mainly of fallback breccias. These
contain devitrified impact glass fragments, apparently redeposited, as well as
small (cm-sized) shatter cones in basalt fragments. A progress report on
studies underway on magnetic susceptibility, anisotropy of magnetic
susceptibility, and magnetic remanence characteristics will be presented.

5047
EH AND EL ENSTATITE CHONDRITE PHYSICAL PROPERTIES:
NO DIFFERENCE IN IRON CONTENT 
Robert J. Macke SJ1, Melinda L. Hutson2, Daniel T. Britt1, Guy J.
Consolmagno SJ3, 1Department of Physics, University of Central Florida,
Orlando, FL 32816, macke@alum.mit.edu, 2Portland State University,
Department of Geology, Portland, OR 97207 3Vatican Observatory, V-00120
Vatican City State.

Introduction: Enstatite chondrites (ECs) are highly reduced meteorites
marked by an abundance of enstatite and a depletion or absence of olivine. Of
the many attempts to sort these meteorites on the basis of petrography or trace
elements, the most widely used system divides the ECs into two groups, EH
and EL, based on iron content [1], noting differences between the groups in
siderophile trace elements and silicon in the metal. 

But do the two groups really differ in iron content? In many cases, the
bulk compositions were determined from samples significantly smaller than
10 g, while ECs are rich in large clasts and can be heterogeneous at this scale
[2]. 

Grain density and magnetic susceptibility measurements of larger
samples can resolve this issue, as they provide a quick and non-destructive
measure of average whole-rock iron content.

Results: Using techniques reported previously [3] we have measured
density, porosity and magnetic susceptibility of 26 stones from 16 different
ECs: 7 EH (4 falls, 3 finds) and 9 EL (5 falls, 4 finds). Grain density grouped
between 3.45 and 3.75 g/cm3, with a few outliers at slightly lower density and
one (Khairpur [EL]) with a density of 4.17 g/cm3. Average grain density for
EH is 3.61 ± 0.14 g/cm3, and for EL is actually slightly higher, at 3.65 ±
0.24 g/cm3; statistically the two groups are indistinguishable. Considering
only falls from the main group, both EH and EL have the same average grain
density of 3.64 g/cm3. Porosities from all but one sample were between 0 and
6.4%. 

Most samples had a magnetic susceptibility between a log χ of 5.35 and
5.64, with three having much lower susceptibilities. Average log χ for EH is
5.21 ± 0.46 and for EL is 5.38 ± 0.30. Eliminating outliers, average log χ’s for
EH and EL agree at 5.45. 

Discussion: The EH and EL chondrites are indistinguishable in all of
the physical properties tested: density, porosity, and magnetic susceptibility.
We conclude that there is no systematic difference in iron content between
EH and EL chondrites. 

Still, it is apparent that individual ECs show clear mineralogical
differences that cannot be explained by metamorphism; indeed there may be
multiple EC parent bodies [4]. A re-examination of these important
meteorites with modern analytical tools, cognizant of their large
heterogeneities, should allow a better understanding of trace element trends
and their origins.

Acknowledgments: We thank Denton Ebel and Joe Boesenberg,
(AMNH) and Glenn MacPherson and Linda Welzenbach (NMNH) for access
to their collections. This research is supported by NASA grant
NNG06GG62G; Macke’s research at NMNH was sponsored by a
Smithsonian Institution Graduate Student Fellowship.

References: [1] Wasson J. T. 1977. Meteoritics 12, 381–383; Sears D.
W., Kallemeyn G. W., Wasson J. T. 1982. Geochimica et Cosmochimica Acta
46, 579–608. [2] Hutson M. L. 1987. LPSC 18, 449–450; 1996. Chemical
Studies of Enstatite Chondrites, Ph.D. thesis, U. Arizona [3] Consolmagno G.
J., Britt D. T., and Macke R. J. 2008. Chemie der Erde 68, 1–29. [4] Weisberg
M. K. et al. 1995. LPSC 26, 1481–1482.
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WHAT’S IN A HISTOGRAM? DECONSTRUCTING AND
RECONSTRUCTING INITIAL 26AL/27AL 
G. J. MacPherson1, A. M. Davis2, E. Zinner3. 1US National Museum of
Natural History, Smithsonian Inst., Washington, D.C., USA 20560. E-mail:
macphers@si.edu. 2Dept. of the Geophysical Sciences and Enrico Fermi
Inst., Univ. of Chicago, Chicago, IL 60637, USA. 3Laboratory for Space
Sciences and Dept. of Physics, Washington Univ., St. Louis, MO 631230,
USA.

Our 1995 review [1] of initial 26Al/27Al abundances in early solar
system objects demonstrated a bimodal distribution: (a) most materials have
ratios of ~0 (rare isotopically anomalous grains plus everything formed more
than 2–3 My after “time zero”; and (b) CAIs with ratios of (4–5) × 10–5. We
now know [2] that there also is a chondrule component at ~1 × 10–6, but
basically the story remains the same. The histogram peak at (4–5) × 10–5 has
become the focus of much recent attention, because it defines the so-called
canonical value for initial 26Al/27Al. But what really is canonical? And, by
extension: What is supracanonical?

The 1995 histogram summarized all available data at that time, mainly
SIMS data collected on older generation machines such as the Cameca ims-
3f. As we carefully explained in the review, the histogram did not include
whole-CAI isochron values. Rather, every individual analysis datum was
used to construct a 2-point isochron with an intercept of δ26Mg = 0. The
resulting CAI peak was fairly broad, extending from ~3 × 10–5 to ~6 × 10–5,
with a maximum at ~4.5×10–5. The latter value has been adopted by many
[e.g., 3] as the canonical value. However, this approach may not be justified
and certainly is not what we advocated [1]. The width of the CAI peak may
well be due entirely to analytical uncertainty of the data. Our
recommendation therefore was to use a reasonable upper limit for initial
26Al/27Al rather than the peak center, hence our preferred value of ~5 × 10–5.
This value was based on our summary isochron diagram and not the
histogram: above 27Al/24Mg > 200, many data have initial ratios close to
5 × 10–5 but none have significantly larger ratios. And, this is an approximate
value; indeed, some recent high-precision data [4,5] suggest that the upper
limit may be somewhat higher, ~5.2 × 10–5.

Thus, defining any particular measurement as being “supracanonical”
is entirely relative. For example, the CAI Leoville 144A was defined by
Young et al. [3] as having a supracanonical ratio relative to 4.5 × 10–5, but a
careful regression of their data shows that the isochron for that object is not
supracanonical relative to 5.2 × 10–5. The essential task that now must be
addressed by all labs working on this problem is to define precisely what the
real width of the histogram peak is. If, for example, all CAIs formed within a
very short time period, the histogram peak will turn out to be very narrow.
Alternatively, different varieties of CAIs may record different crystallization
ages and the histogram peak will consist of multiple resolved components.
Until these data exist, any discussion of canonical vs. supracanonical initial
ratios is premature and largely speculative.

References: [1] MacPherson G. J., Davis A. M. and Zinner E. K. 1995.
Meteoritics & Planetary Science 30:365–386. [2] Kita N. T. et al. 2000.
Geochimica et Cosmochimica Acta 64:3913–3922. [3] Young E. D. et al.
2005. Science 308:223–227. [4] Kita N. T. et al. 2008. Geochimica et
Cosmochimica Acta 72:A477. [5] Jacobsen B. et al. 2008. Earth and
Planetary Science Letters 272:353–364.

5342
THE VIGARANO CAI REFERENCE SUITE, II. HIGH-PRECISION
AL-MG ISOTOPIC STUDIES
G. J. MacPherson1, N. T. Kita2, E. S. Bullock3, T. Ushikubo2, A. M. Davis3, 4.
1US National Museum of Natural History, Smithsonian Institution,
Washington, D.C., USA 20560. E-mail: macphers@si.edu. 2Wisc-SIMS,
Univ. of Wisconsin/Madison, Madison, WI  53706. 3Dept. of the Geophysical
Sciences, Univ. of Chicago, Chicago, IL 60637, USA. 4Enrico Fermi
Institute, Univ. of Chicago, Chicago, IL 60637, USA.

Introduction: Vigarano (CV3) CAIs have far less secondary alteration
than do Allende CAIs, and have not experienced the intense (presumably
shock-induced) flattening observed in Efremovka and Leoville. Thus they
may be the most pristine representatives of CV3 CAIs. Preliminary Mg
isotope data are given here for high-Al/Mg phases in 4 Vigarano CAIs
extracted as part of the CAI Reference Suite Project [1]—one fluffy Type A
(FTA), one amoeboid olivine aggregate (AOA), and 2 Type B2s.

Samples and Techniques: Vigarano 3138-F1 and -F2 are Type B2,
both showing minimal secondary alteration except for minor nepheline
within anorthite. Inclusion 3138-F5 is an exceptionally unaltered AOA,
consisting of unzoned forsteritic olivine (Fo97–100), numerous small nodules
of spinel that are rimmed by pyroxene, and a 350 µm diameter spherule
consisting entirely of melilite (Åk5–15) and spinel, with a thin outer pyroxene
rim. Inclusion 3138-F8 is an unaltered FTA that contains abundant melilite
(Åk0–17) and hibonite, with lesser spinel. The Cameca IMS-1280 ion
microprobe at the Univ. of Wisconsin was used for Al-Mg isotope analyses in
EM-monocollection mode for high (5–1000) Al/Mg phases using a 5µm-
diameter primary 16O– beam.

Results: Analyses of Al-rich melilite in the AOA and melilite+hibonite
in the FTA yielded undisturbed isochrons corresponding to initial 26Al/27Al
ratios of (5.5 ± 0.4)×10–5 (AOA) and (5.3 ± 0.3) × 10–5 (FTA), both close to
the assumed canonical value of 5 × 10-5 [2] and the recently determined
“whole-CAI” isochron [3] value of 5.2 × 10–5. Melilite in both Type B2s
yielded reasonably well-defined isochrons of ~5 × 10–5, although with
relatively large uncertainties. The Al-Mg system in anorthite in these Type
B2s has been almost completely reset by some later event. Anorthite in 3138-
F1 retains 26Mg excesses that do not correlate positively with Al/Mg, and no
resolvable 26Mg excesses were found anorthite in 3138-F2. 

Discussion: The two primitive CAIs (FTA, AOA) have initial 26Al/27Al
ratios consistent with the recently updated “canonical” ratio of 5.2 × 10-5. The
behavior of the Al-Mg system in the two Type B2s is quite different from that
in Allende: the CAIs in the latter seem to have experienced near-closed-
system partial isotopic exchange between high- and low-Al/Mg phases [e.g.,
4], but the resetting of the Al-Mg system in anorthite in the two Vigarano
Type B2s may be the result of fluid-controlled isotopic exchange.

References: [1] Bullock E. S. and MacPherson G. J 2008. Meteoritics
& Planetary Science 43:A29. [2] MacPherson G. J., Davis A. M. and Zinner
E. K. 1995. Meteoritics & Planetary Science 30:365–386. [3] Jacobsen B. et
al. 2008. Earth and Planetary Science Letters 272:353–364. [4] Podosek F.
A. et al. 1991. Geochimica et Cosmochimica Acta 55:1083–1110.
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ON THE DEVELOPMENT OF NEW VIDEO STATIONS TO
MONITOR METEORITE-DROPPING EVENTS OVER SPAIN 
J. M. Madiedo1 and J. M. Trigo-Rodríguez2. 1Observatorio Astronómico de la
Universidad de Huelva, CIECEM, Parque Dunar S/N, Matalascañas, 21760
Almonte, España 2Institute of Space Sciences (CSIC-IEEC). Campus UAB,
Fac. de Ciències, Torre C5-p2. 08193 Bellaterra, Spain.

Introduction: The Spanish Meteor and Fireball Network (SPMN) is an
interdisciplinary project involving several universities and research centres
with the aim to study meteor and fireball events occurring over Spain and the
bordering countries [1]. Large fireballs can be the precursors of meteorite
falls and, so, the establishment of a network of detection systems is very
convenient in order to increase the chance of meteorite recovery by tracking
their atmospheric trajectories and predicting the corresponding landing sites.
To do this it is necessary to record the luminous trail from at least two
different locations.

Description of the Observing Stations: The first automated video
station in Spain was setup by the University of Huelva in 2006 [2]. Since
then, similar stations have been setup within the framework of the SPMN in
order to complement the previously-existing low-scan all sky CCD stations.
These are endowed with high-sensitivity video cameras that employ a black
and white 1/2′′ Sony interline transfer CCD image sensor. Fast aspherical
lenses (f0.8 to f1.2) are attached to the video cameras in order to maximize
image quality and detect meteors as faint as magnitude +2/+3. Their focal
length ranges from 3.8 to 12 mm. This technique has proven to be very
efficient to study meteor showers and to track large fireballs that can give rise
to meteorite falls [3, 4]. One or the latest remarkable events detected by our
video stations was the mag. –18 fireball recorded on July 11, 2008,
Salamanca (Spain). The data recorded by our systems revealed that it was
originated by a fragment of about 1.8 metric tons that was produced during
the catastrophic disruption of comet C/1919 Q2 Metcalf [5].

Full coverage of the Iberian Peninsula was planned for 2009 with the
establishment of four new video stations. The latest of these started operation
in April 2009 from the Astronomical Observatory of the University of
Huelva. This is an automated and remote controlled station that employs 12
high-sensitivity cameras to cover the whole sky during the night and also
during the day. 

Conclusions: Since the first SPMN video station was setup by the
University of Huelva in 2006, several stations have been setup throughout
Spain to complement the previously existing SPMN low-scan all sky CCD
stations. Full coverage of the Iberian Peninsula is planned for 2009 with the
development of new observing stations. These systems are intended to
increase the chance of meteorite recovery in Spain.

References: [1] Trigo-Rodríguez J. M. et al. 2006. Astronomy &
Geophysics 47:6, 26–28. [2] Trigo-Rodríguez J. M. et al. 2007. WGN J. of the
IMO 35:1, 13–22. [3] Madiedo J. M. et al. 2008. Earth Moon and Planets
102:133–139. [4] Madiedo J. M. et al. 2008. Abstract #00321. European
Planetary Science Congress. [5] Trigo-Rodríguez J.M. et al. 2009. Monthly
Notices of the Royal Astronomical Society 394:569–576.

5395
OXYGEN ISOTOPIC COMPOSITIONS OF SOLAR, MICROMETER-
SIZED CORUNDUM GRAINS IN ACID-RESISTANT RESIDUES
FROM ORDINARY AND CARBONACEOUS CHONDRITES 
K. Makide, K. Nagashima, A. N. Krot, and G. R. Huss. University of Hawai‘i
at Mãnoa, Honolulu, HI 96822, USA.

Introduction: Corundum (Al2O3) is thermodynamically the first
condensate from a gas of solar compositions (Tcond  = 1770 K at Ptot  = 10−3

bar [1]). At lower temperature, corundum reacts with nebular gas to form
hibonite (Tcond  = 1728 K at Ptot  = 10−3 bar), grossite (1698 K), perovskite
(1680 K), melilitess (1580 K), and spinelss (1488 K) [1]. Corundum-bearing
CAIs are very rare, possibly indicating efficient reaction with the cooling
solar nebula gas [2−6]. The isolated µm-sized corundum grains in primitive
chondrites are more common [7−9] and may represent primordial gas-solid
condensates, which could have avoided multistage reprocessing during
formation of CAIs (some corundum grains may represent evaporation
residues [3]). As a result isotopic study of isolated µm-sized corundum grains
can potentially provide important constraints on the initial O-isotope
composition of the solar nebula and distribution of 26Al in the protoplanetary
disk.

Analytical Techniques: Acid-resistant residues of ordinary and
carbonaceous chondrites used in our study are from [10]. The obtained
grains, 0.5−5 µm in size, were mounted onto clean gold substrate. Corundum,
hibonite, spinel, SiC, and TiO2 grains were identified using a JEOL JSM-
5900LV scanning electron microscope equipped with Thermo Electron
energy dispersive spectrometer. The residues are dominated by spinel.
Hibonite, SiC, and TiO2 are rare (~1%). Corundum is extremely rare (<1%)
and ranges in size from 0.5 to 5 µm. O-isotope compositions of individual
oxide grains were measured with the UH Cameca ims 1280 ion microprobe.

Results and Discussion: Here we report the preliminary results of
oxygen-isotope compositions of µm-sized corundum grains from acid-
resistant residues of Semarkona (LL3.0), Bishunpur (LL3.1), Allende
(CV3.6) and Orgueil (CI1). Most of corundum grains measured are 16O-
enriched (∆17O  = 23 ± 8‰, 2σ), similar to those of spinel and hibonite (∆17O
= 24 ± 7‰). These compositions are consistent with ∆17O values of the
mineralogically pristine CAIs from primitive (unmetamorphosed) chondrites
(23.3 ± 1.9‰ [11]) and of the solar wind returned by GENESIS (26.5 ± 5.6‰
[12]). We infer that 16O-rich corundum grains, like CAIs in primitive
chondrites, may have recorded oxygen-isotope composition of the nebular
gas and possibly of the Sun. Some of the corundum grains are 16O-depleted
(∆17O  = 7 to +8‰); their origin is unclear. They may represent evaporative
residues of 16O-depleted dust, condensates from an 16O-depleted gas, or
byproducts of secondary alteration. We are currently preparing samples of
Allan Hills A77307 (CO3.0), Murray (CM2), and Renazzo (CR2) to measure
O-isotope compositions of µm-sized corundum and hibonite grains. The
results will be reported at the meeting.

References: [1] Ebel and Grossman 2000. Geochimica et
Cosmochimica Acta 64:339. [2] Bar-Matthews et al. 1982. Geochimica et
Cosmochimica Acta 46:31. [3] MacPherson et al. 1984. JGR 89:C299. [4]
Fahey et al. 1987. ApJL 323:L91. [5] Hinton et al. 1988. Geochimica et
Cosmochimica Acta 52:2573. [6] Simon et al. 2002. Meteoritics &
Planetary Science 37:535. [7] Nakamura et al. 2006. LPSC 37:#1267. [8]
Huss et al. 1995. LPSC 26:641. [9] Strebel et al. 2000. LPSC 31:#1585. [10]
Huss and Lewis 1995. Geochimica et Cosmochimica Acta 59:115. [11]
Makide et al. 2009. Geochimica et Cosmochimica Acta, in press. [12]
McKeegan et al. LPSC 40:#2494.



A132 72nd Meeting of the Meteoritical Society: Abstracts

5193
ARE BENCUBBINITE OR ENSTATITE CHONDRITES THE
BUILDING BLOCKS OF MERCURY: IMPLICATIONS FOR
INTERNAL STRUCTURE AND THE ORIGIN OF A MAGNETIC
FIELD
V. Malavergne 1, M. J. Toplis2, S. Berthet1, 3 and J. Jones4, 1 Université Paris
Est, Marne La Vallée, Laboratoire des Géomatériaux et Géologie de
l’Ingénieur (G2I), EA 4119, 5 boulevard Descartes, Champs sur Marne,
77454 Marne la Vallée Cedex 2, France, E-mail: malaverg@univ-mlv.fr 2

Laboratoire Dynamique Terrestre et Planétaire (CNRS-Université de
Toulouse, UMR 5562), 14, Av. E. Belin, 31400, Toulouse, France. 3Lunar
and Planetary Institute, 3600 Bay Area boulevard, Houston, TX, USA.
4NASA Johnson Space Center, Houston, Texas 77058, USA.

Introduction: The high average density and low surface FeO content
of the planet Mercury are shown to be consistent with very low oxygen
fugacity during core segregation, in the range 3 to 6 log units below the iron-
wüstite buffer. These low oxygen fugacities, and associated high metal
content, are characteristic of high-iron enstatite (EH) and Bencubbinite (CB)
chondrites, raising the possibility that such materials may have been
important building blocks for this planet. With this idea in mind we have
explored the internal structure of a Mercury-sized planet of EH or CB bulk
composition.

Results and Discussion: Phase equilibria in the silicate mantle have
been modeled using the thermodynamic calculator p-MELTS, and these
simulations suggest that orthopyroxene will be the dominant mantle phase for
both EH and CB compositions, with crystalline SiO2 being an important
minor phase at all pressures. Simulations for both compositions predict a
plagioclase-bearing “crust” at low pressure, significant clinopyroxene also
being calculated for the CB bulk composition.

Concerning the core, comparison with recent high pressure and high
temperature experiments relevant to the formation of enstatite meteorites,
suggest that the core of Mercury may contain several wt% silicon, in addition
to sulfur. In light of the pressure of the core-mantle boundary on Mercury
(~7 GPa) and the pressure at which the immiscibility gap in the system Fe-S-
Si closes (~15 GPa) we suggest that Mercury’s core may have a complex
shell structure comprising: (i) an outer layer of Fe-S liquid, poor in Si; (ii) a
middle layer of Fe-Si liquid, poor in S; and (iii) an inner core of solid metal.

The distribution of heat producing elements between mantle and core,
and within a layered core have been quantified. Available data for Th and K
suggest that these elements will not enter the core in significant amounts. On
the other hand, for the case of U both recently published metal/silicate
partitioning data, as well as observations of U distribution in enstatite
chondrites, suggest that this element behaves as a chalcophile element at low
oxygen fugacity. Using these new data we predict that U will be concentrated
in the outer layer of the Mercurian core. Heat from the decay of U could thus
act to maintain this part of Mercury’s core molten, potentially contributing to
the origin of Mercury’s magnetic field. This result contrasts with the Earth
where the radioactive decay of U represents a negligible contribution to core
heating.

5077
COMPARATIVE CHEMICAL INVESTIGATIONS AMONG E3
CHONDRULES MESOSTASIS
P. Manzari1 and N. Melone1, Dipartimento Geomineralogico, Università
degli Studi di Bari, Email: n.melone@geomin.uniba.it.

Introduction: Enstatite chondrites have a particular mineralogical
composition which consists of silicates, sulfide, metal as major phases. But,
were the chondrules of EH and EL chondrites originated from the genetic
context? In order to answer to this question we have started to investigate on
mesostasis chemical composition of chondrules in three thin sections: one
from EET 90299 EL3 chondrite and two from SAH 97072 EH3. Major and
minor elements contents in chondrules were analyzed by the electron
microprobe (CNR, Padova, Italy).

Results: For all the chondrules selected for investigating on mesostasis
we found that although the range of Na2O: 3,52–7,31 wt%; Al2O3: 7,75–
16,92  wt%; for the EL3 chondrules and Na2O: 4,55–8,05wt%; Al2O3: 11,19–
17,87 wt% for EH3 chondrules these contents are comparable. The average
values for the chondrules of the two chondrites classes are comparable. There
is also a good correlation between Al2O3 and MgO that could be explained as
a function of Al decay. The average CaO content is again comparable among
chondrules in these three thin sections although  seem to be little more in EH
chondrules (CaO up to 8,83wt%) and in the bigger, anomalous rimmed one
[1] EL3 chondrule (up to 9,51wt% in some spots)[2]. We also found  FeO
contents with a good correlation with MgO for EH3 chondrules, but weak for
the EL3 ones. On the other hand MgO in EL3 well correlates in negative way
with MnO and Cr2O3 but this time do not for EH3 chondrites. In all
chondrules there is also high silica contents as rounded little grain inside the
mesostasis, that range in composition from 91,34- 98,85wt% SiO2.

Discussion: The comparable contents of sodium and aluminum oxides
in both EL3 and EH3 mesostasis let us to think about a genetic context that
could have been common for these chondrules. As we read in literature [3]
these high Na2O contents can be explained with a chondrules formation in
high partial pressure context for this oxide. However the last thermal
processes would have been not at so high temperature or not too longer to
would results in Na2O loss [4]. CaO contents can be explained as belonging
to pyroxene, probably as cryptocrystalline phase in mesostasis, or to
mesostasis as vicariant of Na2O as showed by normative composition
calculations. The occurrences of Fe, Mn and Cr- sulfides as tiny phases in the
mesostasis could explain the correlation we can observe in each of two
enstatite chondrites class chondrule mesostasis. So, other mineralogical and
geochemical investigations are in progress to better determine the
mineralogical composition of enstatite chondrite chondrules and to
understand their role through the formation history of enstatite chondrites. 

References: [1] Weisberg M. K. et al. 2009. 40th LPSC, abs.#1886. [2]
Manzari P. and Melone N. 2009. 19th Goldschmidt Conference, Davos,
Switzerland [3] Lewis R. D. et al. 1993. Meteoritics 28:622–628. [4]
Schneider D. M. et al. 2002. Meteoritics & Planetary Science 37:1401–1416.
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LI-BE-B ISOTOPE SYSTEMATICS IN CV3 METEORITES 
K. K. Marhas, J. N. Goswami and A. Singh. Physical Research Laboratory,
Ahmedabad 380009, Gujarat, India.

Presence of now-extinct short-lived nuclide 10Be (half life ~1.5 Ma) in
refractory meteoritic phases [1–4] suggest energetic particle interactions as
one of the sources of the short lived nuclides present in the early solar system.
The inferred solar system initial 10Be/9Be of ~10−3 can be explained either by
the interaction of galactic cosmic ray produced 10Be trapped within the proto-
solar molecular cloud [5] or irradiation of gas and dust in the solar nebula by
solar energetic particles [6–7].  Possible presence of the very short-lived
nuclide 7Be (half life ~53 days) in Allende CAI [8], if confirmed, would
support the local irradiation model. We have analysed three CAIs from CV3
meteorites, Efremovka (E40, EF3) and Leoville (USNM 3536-3b) for their
Li-Be-B systematics using a Cameca ion microprobe (ims-4f) to further
address this issue.  

Well defined Al-Mg isotope systematic reported earlier for Eferemovka
(E40) and Leoville (USNM 3536-3b) indicate an initial 26Al/27Al value of
(3.4 ± 1.0) × 10−5 and (4 ± 0.2) × 10−5 respectively [9–10]. A well resolved
10Be/9Be initial value of (0.8 ± 1.2) × 10−3 has been reported for the Leoville
CAI  [10]. 

Akermanite content in thirteen out of 35 spots in melilite from these
CAIs lie within the range of closed system crystal fractionation inferred from
the Be content vs. k plot [8]. Concentration of Li, Be, B in melilite in these
CAIs are: [Li] ~0.001–0.3 ppm, [Be] ~0.03–0.12 ppm and [B] ~0.004–
0.25 ppm. Data for Li-Be isotope systematics obtained so far do not reveal
presence of radiogenic 7Be; the weighted average value from about a dozen
analyses yielded initial 7Li/6Li of 11.84 ± 0.10. Li isotope data obtained in
this study, along with data obtained earlier in E-40 [11], are shown in Fig. 1.
The low initial 7Li/6Li compared to the solar system value suggest possible
heterogeneity in Li isotopic composition in the proto solar molecular cloud. 

References:  [1] McKeegan K. D. et al. 2000. Science 289:1334–1337.
[2] Sugiura N. et al. 2001. Meteoritics & Planetary Science 36:1397–1408.
[3] Marhas K. K. et al. 2002. Science 298:2182–2185 [4] MacPherson G. J.
2003. Geochimica et Cosmochimica Acta 67:3165–3179 [5] Desch S. J. et al.
2004. APJ 602:528:542 [6] Goswami J. N. et al. 2001. APJ 549:1151–1159
[7] Gounelle M. et al. 2001. APJ 548:1051–1070 [8] Chaussidon M. et al.
2006. Geochimica et Cosmochimica Acta 70:224–245 [9] Goswami J. N. et
al. 1994. Geochimica et Cosmochimica Acta 58:431–447 [10] MacPherson G.
J. et al. 200.1 32nd LPSC #1882.  [11] Goswami J. N. et al. 2006. Meteoritics
& Planetary Science, abstract #5342.

5424
GLASS SPHERULES FROM DUBCI (CROATIA)—POSSIBLE
EVIDENCE OF A LOWER PLEISTOCENE IMPACT 
Lj. Marjanac1 and T. Marjanac2. 1Institute of Quaternary paleontology and
geology, CASA, Ante KovaËica 5, 10000 Zagreb, Croatia. E-mail:
ljerka@hazu.hr. 2Department of geology, Faculty of Science, University of
Zagreb, Horvatovac 102a, 10000 Zagreb.

Dubci site is an outcrop of Lower Pleistocene (Cromerian) deposits
exposed in a road cut on the saddle between the mountains Omiška Dinara
and Biokovo, 404 m a.s.l. The road cut exposed a cross section through a
paleocave buried with coarse clastic sediments in alternation with paleosols.
The age of determined on the basis of fossil fauna found in bone breccias [1]. 

More recent sedimentological investigation of the geosite on refreshed
cross sections performed after road reconstruction, revealed new data [2].
Three sedimentary units were recognized: 1) paleocave infill unit that
consists of in situ massive stalagmite covered with coarse-grained stratified
cave deposit and clay, 2) lacustrine unit that consists of stratified fine gravel
and laminated sand, silt and clay, 3) alluvial unit that consists of an older
sequence (debris-flow sediments) and a younger sequence (stratified breccias
in alternation with paleosols).

Sediments of the lacustrine unit 2 and the alluvial unit 3 contain
particles which may be of impact origin and thereafter an evidence of a
Lower Pleistocene impact, but of unknown location and no relation to a
known impact, so far. These particles are transparent glass spherules,
vesicular glass, high temperature bipyramide quartz crystals (ß-quartz),
microtektites, black glass shards and carbonaceous lava-like shards.

The debris-flow sediment contains well preserved (empty) tests of
modern planktonic foraminifers and microscopic fish bones which may have
been emplaced by a tsunami surge.

Glass spherules and some mineral grains, found in sand fraction (sieve
0.90 mm), were analyzed by SEM coupled with EDAX in the electron
microscopy lab of the Geological Department of the Faculty of Science in
Zagreb. Further analyses are in process.

References:  [1] Malez  M. 1967: Donjopleistocenska fauna koštane
breèe kod sela Dubci u Dalmaciji, Rad Jugoslavenske akademije znanosti i
umjetnosti, 345, 55–100. [2] Marjanac Lj. et al. 2008. Paleokarst and
associated sediments at Dubci geosite in Dalmatia, Southern Croatia. 16th
International Karstological school “Classical Karst”—Karst Sediments –
Postojna (CD—Short scientific papers).

Fig 1. Li-Be isotope data from CV3 CAIs.
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EFFECT OF SODIUM ON PHASE RELATIONSHIP: APPLICATION
TO CHONDRULE FORMATION 
R. Mathieu1, G. Libourel1,2, E. Deloule1, L. Tissandier1, 1CRPG-Nancy
Université-INSU-CNRS, UPR2300, BP 20, 54501 Vandoeuvre-lès-Nancy,
France. 2ENSG-Nancy Université, 54500 Vandoeuvre-lès-Nancy, France.
Email: rmathieu@crpg.cnrs-nancy.fr).

In our quest to understand the formation of chondrules, alkalis received
much of the attention because of their complex behavior, i.e., lithophile but
incompatible at low temperature, they become volatile at high temperature
and/or under reducing conditions. With up to a tenth of % in chondrule
mesostases of several classes of chondrites, alkalis clearly may help to put
some valuable constraints on chondrule formation processes [1–4]. Even at
minor concentration levels, numerous experimental works [5] have yet
demonstrated that alkalis affect significantly the physicochemical properties
of silicate melts, including melting temperature, diffusion, viscosity, etc. This
feature is well explained in terms of structural changes occurring in the melt
structure in response to the dual role of alkalis in molten silicates, acting
either as network modifying cations and/or as charge compensating cations,
according to the melt composition. 

In order to document the behavior of alkalis in chondrule-like
compositions, we have developed a new device [6, 7] to control the sodium-
metal oxide activity in molten silicates (aNa2O) by equilibration of melts
with gaseous environment of known Na partial pressure (PNa) at high
temperature and fixed oxygen fugacity (PO2). This design allows to establish
a new set of phase diagrams in the system CaO-MgO-Al2O3-Na2O-SiO2 at
fixed oxygen fugacity and under isobaric isothermal iso-Na partial pressure
conditions. In this paper, we will show that this new approach is pertinent to
determine the effect of sodium on chondrule phase relationships and better
constrain Na crystal-melt partitioning.

References:  [1] Georges et al. 2000. Meteoritics & Planetary Science
35, 1183–1188; [2] Libourel et al. LPSC 2003. Abstract #1558; [3] Grossman
and Alexander 2004. Meteoritics & Planetary Science 39(8), A45;[3]
Alexander et al. 2008. Science 320(5883), 1617–1619.; [4] Borisov et al.,
Geochimica et Cosmochimica Acta. 2008. 72(22), 5558–5573; [5] Mysen
and Richet 2005. Silicates Glasses and Melts; Development in Geochemistry.
Elsevier. p.544.; [6]. Mathieu et al. 2008. JNCS 354, 5079–5083; [7] Mathieu
et al. Geochimica et Cosmochimica Acta, to be submitted.

5108
REEXAMINATION OF THE EFFECT OF PYRIDINE TREATMENT
ON PHASE Q IN ORGUEIL
J. Matsuda1 and S. Amari2. 1 Department of Earth and Planetary Science,
Graduate School of Science, Osaka University, Toyonaka1-1,Osaka560-
0043, Japan (e-mail: matsuda@ess.sci.osaka-u.ac.jp), 2Laboratory for Space
Sciences and the Physics Department,  Washington University, St. Louis, MO
63130-4899, USA.

Introduction: Most of the primordial noble gases in meteorites are
trapped in a poorly characterized carbonaceous carrier named “phase Q”.
Marrocchi et al. [1] reported that the HF/HCl residue of Orgueil (CI) lost the
low temperature fractions of heavy noble gases (36Ar, 84Kr, and 132Xe) in
phase Q upon pyridine treatment. As pyridine is known to induce the
swelling of the macromolecular network of organic matter, their result
indicates that the low temperature phase Q is macromolecular organic
carbon.However, Busemann et al. [2] showed that pyridine had no significant
effect on the noble gas contents of HF/HCl residues of Murchison (CM2),
Bells (C2 ungrouped), EET92042(CR2) and GRO 95577 (CR1).  

Thus we prepared the HF/HCl residue of Orgueiland its pyridine-
treated sample, and reexamined the results of Marrocchi et al. [1].We
measured the elemental abundances and isotopic compositions of all noble
gases bystepwise-heating method with five temperature steps.   

Sample Preparation: A 1.2602 g aliquot of Orgueil was dissolved
with HF/HCl.The obtained original HF/HCl residue was 43.4 mg. Eleven
percent of the original HF/HCl residue was further treated with fresh pyridine
for two days at room temperature.The noble gas measurements were carried
out with the mass spectrometer VG5400 installed at Osaka University.

Results and Discussion: Our obtained elemental concentrations of
noble gases of the original HF/HCl residue are slightly low compared to those
of Marrocchi et al. [1] and Huss et al. [3]. These latter two data sets show very
identical36Ar, 84Kr and 132Xe concentrations and Xe isotopic ratios.The total
elemental abundances of noble gases of our pyridine-treated residue were
slightly higher than those of Morrocchi et al. [1], but confirmed that pyridine
treatment surely decreased the noble gas concentrations in the original HF/
HCl residue. The lost fractions of the individual noble gases from the original
HF/HCl residue were 21% (4He), 26% (22Ne), 27% (36Ar), 40% (84Kr) and
45%.The lost fractions in Marrocchi et al. [1] are 58% (36Ar), 55% (84Kr) and
61% (132Xe).Thus our lost fractions are lower than those of Marrocchi et al.
[1]. Furthermore, lost fractions in our experiment are larger for the heavier
noble gas, suggesting that the dissolved noble gases are fractionated more
than that in the original HF/HCl residue, which is different from the result by
Marrocchi et al. [1] where the decreasing fractions were nearly the same
(about 60%) for all heavy noble gases.

The HF/HCl residue of type 1 and 2 carbonaceous chondrites generally
yields much hydrocarbon gas at the measurement, especially in low
temperature fractions. However, the gas released from the pyridine residue of
Orgueil was rather clean compared to that of the original HF/HCl residue in
our experiment. Thus it seems that the pyridine does not only induce swelling
of the macromolecular network of the organic matter but also destroyed some
kind of organic matter.  

References: [1] Marrocchi Y. et al. 2005. EPSL 236:569–578. [2]
Busemann H. et al. 2008. LPSC XXXIX, Abstract #1777.[3] Huss G. R. et al.
1996. Geochimica et Cosmochimica Acta 60:3311–3340.
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LASER MICROPROBE NOBLE GAS ANALYSIS OF CHONDRULES
IN THE MOORABIE L3.8 CHONDRITE 
S. Matsuda1, D. Nakashima1, 2, and K. Nagao1. 1Laboratory for Earthquake
Chemistry, Graduate School of Science, University of Tokyo, Tokyo 113-
0033, Japan. E-mail: matsuda@eqchem.s.u-tokyo.ac.jp. 2Department of
Geology and Geophysics, University of Wisconsin-Madison, Wisconsin,
USA.

Introduction: Trapped noble gases were discovered in chondrules by
laser microprobe noble gas analysis [1–3]. The observed noble gases were
explained by solar gas acquisition in dust grains before the chondrule
formation [1–3]. These results show importance of trapped noble gases in
chondrites to understand environment and formation processes of
chondrules. We performed the laser microprobe noble gas analysis on
chondrules of the Moorabie L3.8 chondrite, which characterized by solar free
and short cosmic-ray exposure age [4]. 

Experimental Method: A polished thick section (~350 µm thick) was
made from the Moorabie chondrite, and then observed by scanning electron
microscope (SEM). Noble gases in five chondrules and matrix of the section
were extracted by melting small portions with a Nd-YAG laser (50 µm in
diameter). Fused mass was approximately 12 µg for one measurement (5–6
fused spots) and the extracted noble gases were analyzed on a modified
VG5400 (MS-II) at the University of Tokyo. We analyzed –13 sites for
individual chondrules depending on their sizes.

Results and Discussion: All the five chondrules show porphyritic
texture and consist of Fe-rich olivine, Fe-rich pyroxene, and Ca-plagioclase.
He and Ne in these chondrules are composed of cosmogenic component and
radiogenic 4He. Average concentrations of cosmogenic 3He and 21Ne are
constant among the five chondrules and matrix (1.8–2.3 × 10-7 and 4.0–5.5 ×
10-8 cm3STP/g, respectively), indicating that the isotopes were produced in
space by galactic cosmic-rays. On the other hand, concentrations of
radiogenic 40Ar show wide variation (4.2–39 × 10-6 cm3STP/g), which would
reflect variation in K contents among the chondrules. Moreover, excess of
129Xe was detected in the chondrules with maximum ratio and concentration
of 129Xe/132Xe  = 21 ± 7 and ~1.5 × 10−9 cm3STP/g, respectively.

Three chondrules among the five ones are free from the trapped noble
gases, which would be attributed to complete degassing during the chondrule
formation. Other two chondrules, however, contain Xe-rich trapped noble
gases partially within their interior. The trapped 36Ar/132Xe and 84Kr/132Xe
ratios are 30 ± 4 and 0.44 ± 0.06, respectively, which are lower than those for
Q-gases (36Ar/132Xe  = 76 ± 7, 84Kr/132Xe  = 0.81 ± 0.05; [5]). Matrix
materials neighboring to the chondrules also contain the trapped noble gases
with similar ratios; 36Ar/132Xe  = 35 ± 6 and 84Kr/132Xe  = 0.65 ± 0.09. The
noble gas elemental ratios extracted by our laser heating method are
comparable to those of the bulk sample of Moorabie measured by
conventional total melting method; 36Ar/132Xe  = 28 ± 4 and 84Kr/132Xe  =
0.62 ± 0.09 [4]. We should emphasize that the concentrations of trapped 36Ar
in the chondrules (~2.8 × 10-7 cm3STP/g) are higher than those in matrix (1.1
± 0.1 × 10−7 cm3STP/g).

References: [1] Okazaki R. et al. 2001 Nature 412, 795–798. [2]
Nakashima D. et al. 2009. Abstract #1674. 40th LPSC. [3] Matsuda S. et al.
2009. Abstract #1628. 40th LPSC. [4] Yamamoto Y. et al. 2006. Abstract.
Symposium on Antarctic Meteorites, NIPR, Tokyo. XXX, 123–124. [5]
Busemann H. et al. 2000. Meteoritics &  Planetary Science 35, 949–973. 
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X-RAY AND MINERALOGICAL CHARACTERIZATION OF
OLIVINE IN OL-PHYRIC SHERGOTTITES 
M. Matthes1, A. Bischoff1, B. Heying2, U. C. Rodewald2, R.-D. Hoffmann2,
and R. Pöttgen2. 1Institut für Planetologie, WWU Münster, Wilhelm-Klemm-
Str. 10, 48149 Münster, Germany. E-mail: bischoa@uni-muenster.de.
2Institut für Anorganische und Analytische Chemie, WWU Münster,
Corrensstr. 36, 48149 Münster, Germany.

Introduction: The olivine-phyric shergottites Dar al Gani (DaG) 476
and Sayh al Uhaymir (SaU) 005 belong to the most strongly shocked basaltic
shergottites [1] as indicated from measurements of the refractive indices for
maskelynite and the presence of melt pockets (e.g., [1,2]). Several mm-sized
olivine megacrysts from DaG 476 and SaU 005 were studied in detail by light
and electron microscopy, microprobe and X-ray diffraction in order to find
out, why the centers of these olivines have a strong reduction of birefringence
combined with significant staining. Did the strong shock event eventually
transform the olivine into a high-pressure polymorph like ringwoodite or
wadsleyite?

Mineralogy: Olivine megacrysts are characterized by recrystallization,
staining, and reduced birefringence (especially in the cores of olivine from
DaG 476). In some crystals melt pockets were observed, as well as some
small pyroxenes and tiny chromites. The olivines are heavily fractured
preferentially within their cores. The crystals in DaG 476 are zoned having a
core of ~Fa22 and a rim of ~Fa38. The analyzed grains in SaU 005 have a core
of ~Fa28 and a rim of ~Fa36.

X-Ray Diffraction: The cores of typical olivines form DaG 476 and
SaU 005 were drilled out from the thin section and studied with a IPDS II
single-crystal diffractometer. The crystal data and structure refinement for the
DaG olivine revealed: Mg1.58(2)Fe0.42(2)SiO4; space group: Pnma; lattice
parameters: a  = 1024.4(3) picometer, b  = 602.0(2) pm, c  = 476.8(2) pm; cell
volume: 0.294 nm3. Similar results were obtained for the SaU crystal:
Mg1.47(1)Fe0.52(1)SiO4; space group: Pnma; lattice parameters: a  = 1030.5(2)
pm, b  = 601.9(12) pm, c  = 479.6(10) pm; cell volume: 0.297 nm3. The
structural X-ray data are in perfect agreement with chemical data obtained by
electron microprobe.

Discussion: Although the olivine-phyric shergottites are severely
shocked (>40 GPa [1]; formation of melt pockets within olivine), no
indication for the occurrence of high-pressure polymorphs within the olivine
was found. The reduced birefringence and staining of olivine has to be caused
by other processes. We suggest that these characteristics are caused by a
combination of (a) heavy shock-induced brecciation of the olivine cores and
(b) Fe-oxidation (Fe3+) at shock-pressures above 44 to 56 GPa [3,4].  We can
not be ruled out that nano-particles of Fe,Ni-metal as found in ALH 77005 [5]
or secondary terrestrial alteration (filling of fractures with very minor
amounts of calcites or other secondary minerals) are also responsible for the
dull, brownish appearance of the olivine cores.

References: [1] Fritz J. et al. 2005. Meteoritics & Planetary Science
40:1393–1411. [2] Bischoff A. and Stöffler D. 1992. European Journal of
Mineralogy 4:707–755. [3] Reimold W. U. and Stöffler D. 1978. Proc. 9th

LPSC, 2805–2824. [4] Ostertag R. et al. 1984. Earth Planet. Sci. Lett. 67:
162–166. [5] Kurihara T. et al. 2008. LPSC 39:#2478.
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MG ISOTOPE MEASUREMENTS OF A STARDUST CAI: NO
EVIDENCE OF 26AL
J. Matzel1, H. A. Ishii1, D. Joswiak2, I. Hutcheon1, J. Bradley1, D. Brownlee2,
P. Weber1, E. Ramon1, J. I. Simon3, N. Teslich1, G. Matrajt2, K. D.
McKeegan4, and G. MacPherson5. 1Lawrence Livermore National
Laboratory, Livermore, CA. E-mail: matzel2@llnl.gov. 2Univ. of
Washington, Seattle, WA. 3Univ. of California, Berkeley, CA. 4Univ. of
California, Los Angeles, CA. 5Smithsonian Institute, Washington, D.C.

The discovery of inner solar system materials in comet 81P/Wild 2 [1,
2] underscored the importance of radial transport of material over large
distances in the early solar nebula.  Key questions concern the relationships
between the inner solar system materials found in Wild 2 and other primitive
extraterrestrial objects, and the time scales of formation and processing of
Stardust materials.  Among the particles returned by Stardust, a few <15 µm
CAIs (Ca-Al-rich inclusions) were discovered.  We measured the Al-Mg
isotope systematics of a ~5 µm CAI nicknamed Coki to relate the time scales
of formation of cometary inclusions to their meteoritic counterparts.  

Coki’s mineralogy is dominated by anorthite and includes small
(<200 nm) spinel grains enclosed in Al-Si-rich glass and Al-rich diopside.
Mineralogy and chemical composition were determined by TEM.  In
preparation for the isotopic measurements, we used a FIB (focused ion beam
instrument) to selectively remove Mg-rich minerals surrounding the anorthite
grain and to back-coat the section with Pt as a stable substrate for the isotopic
measurements [3].  The Al-Mg isotope measurements were performed on the
NanoSIMS 50 at LLNL with a 3 pA O- primary beam focused to 200 nm
spatial resolution and an MRP of ~4000. All measurements were made in
isotope imaging mode.  Regions of interest (ROIs) were selected based on the
27Al/24Mg ratio; four ROIs span a 27Al/24Mg range of 8 to 564. The data for
all ROIs fail to show evidence of excess 26Mg at the 2σ uncertainty level and
define an upper limit of (26Al/27Al)o <7x10−6.  We interpret the lack of excess
26Mg as indicating that Coki formed >2 Ma after formation of CAIs with the
canonical 26Al/27Al ratio.

The anorthite-dominated mineralogy and lack of resolvable 26Mg
excess suggest that Coki is comparable to type C CAIs in chondritic
meteorites [4].  Type C CAIs are thought to form by mingling of CAI and
chondrule precursors during a late-stage melting event in a 16O-poor nebular
region [5].  The only other CAI described from Stardust (Inti) more closely
resembles type B CAIs in its mineralogy and 16O-rich isotope composition
[2].  Thus, further study (O isotope data from Coki or Mg data from Inti) may
indicate a different environment of formation for the two Stardust CAIs.  The
Coki Mg data offer the first chronologic information of any kind on cometary
material and provide insight into the formation of comets and the timing of
radial mixing in the solar nebula.  Large scale radial mixing from the inner
reaches of the solar system to the Kuiper Belt appears to have occurred as late
as several Ma following CAI formation.  

References: [1] Brownlee D. et al. 2006. Science 314:1711–1716. [2]
McKeegan K. D. et al. 2006. Science 314:1724–1728. [3] Ishii H. A. et al.
2009. Abstract #2288. 40th LPSC. [4 ]MacPherson G. 2008. Treatise on
Geochemistry 1:201–246. [5 ]Krot A.N. et al. 2007. Meteoritics & Planetary
Science 42:1197–1219.

5053
WATER IN THE INNER SOLAR SYSTEM: INSIGHTS FROM
ATOMISTIC AND ELECTRONIC-STRUCTURE CALCULATIONS 
Krishna Muralidharan1, Marilena Stimpfl2, Nora H. de Leeuw3, Pierre A.
Deymier1, Keith Runge1 and Michael J. Drake2; 1Material Science and
Engineering, University of Arizona, Tucson, AZ, 85721, USA, 2Lunar and
Planetary Laboratory, University of Arizona, Tucson, AZ, 85721, USA,
3Department of Chemistry, University College, London, 20 Gordon Street,
London WC1H 0AJ, UK.

Introduction: Water is ubiquitous in the inner solar system, but its
origins have not been well understood. Suggested sources of water include
comets, hydrous asteroids, and phyllosilicates migrating from the asteroid
belt; however, there are problems with each of these sources as discussed by
Drake [1], who in turn proposed that microscopic-level processes such as
molecular adsorption occurring during the early stages of planetary
formation could in fact lead to the delivery of water to the inner solar system
planets. In order to quantify this possibility, we carried out atomistic and
electronic-structure calculations examining direct adsorption of water on to
forsterite grains-the major silicate phase in the proto-planetary disk.
Specifically, we carried out kinetic Monte Carlo (kMC) simulations of water
adsorption on various surfaces of forsterite based on adsorption energetics
obtained from atomistic as well as first principles quantum chemical
calculations [2]. The kMC simulations were carried out at thermodynamic
conditions representative of the initial stages of planet accretion (pressure  =
10−8 bars, temperatures ranging between 700–1400 K). An equally important
issue that was also addressed in this work, was the possibility that atomistic-
level mechanisms could lead to a difference in the D/H ratio of earth-water
and nebular-water. Towards this end, we used density functional theory
(DFT) to calculate the activation barriers for adsorption (via dissociation) and
desorption (via recombination) of H2O and HDO molecules on forsterite
surfaces in order to see if this could lead to preferential retention of HDO. 

Results and Discussion: KMC simulations of water adsorption, show
that water could be retained even at conditions corresponding to the accretion
disk (high temperatures and very low partial pressures), leading to the
conclusion that adsorption of gaseous water onto dust grains could start from
the early stages of accretion, and a significant amount of water can be
delivered to the inner solar system via adsorption. Next, the DFT simulations
of  H2O and HDO dissociation showed that the dissociation (i.e. adsorption)
of H2O and HDO on forsterite surfaces were both exothermic, while the
reverse activation barrier (i.e., barrier to desorption) for H2O was around
0.6 KJ/mol (8 % of barrier height) lower than that of HDO. Since the
desorption rate is related to the activation energy barrier via a Boltzmann
equation, the probability of H2O desorption is incrementally higher, implying
that there could be preferential retention of HDO. 

Conclusion: Using atomistic and electronic-structure calculations, we
show that a significant amount of inner solar-system planetary water could be
delivered via adsorption. Further, using density functional theory we show
that HDO will be preferentially retained relative to H2O in adsorption/
desorption kinetics.  Significant work remains to quantify the magnitude of
these processes, but they must play a role in the origin and isotopic
composition of Earth’s water.

References: [1] M. J. Drake. 2005. Meteoritics & Planetary Science
40:519. [2] K. Muralidharan et al. 2008. Icarus 198:400.



72nd Meeting of the Meteoritical Society: Abstracts A137

5253
DO REDOX REACTIONS PLAY A ROLE IN THE FORMATION
HISTORY OF THE MESOSIDERITES?  
R. G. Mayne1 and T. J. McCoy1. 1Smithsonian Institution, Washington, DC
20560-0119.

Introduction: Recent work by [1] indicates that the mesosiderites are
isotopically identical to the HEDs, strongly suggesting that they originate
from the same parent body. One argument against this theory is the
differences between the silicates within the two meteorite groups.
Mesosiderite pyroxenes tend to have higher MgO concentrations and lower
Fe/Mn ratios, which show a positive correlation with Fe/Mg [2]. Previous
authors have suggested that these differences can be explained by oxidation-
reduction reactions between the metallic and silicate portion of the
mesosiderites [2, 3].

In order to test such models for mesosiderite formation complementary
data sets for both the silicate and metal are needed. However, while the
silicates have been widely studied, most studies of the metal have focused on
the large nodules within the mesosiderites and not the metal that co-exists
with the silicate in the matrix. In this study we focus on the relationship
between specific silicate grains within the mesosiderites and their
surrounding matrix metal in order to understand the nature of any reactions
that may have occurred. Here we present preliminary results from the
mesosiderite Crab Orchard.

Evidence for Redox Reactions from Silicate Clasts: In the first part
of this study we examined silicate clasts within Crab Orchard [4]. The
pyroxenes display overgrowths, which were formed during metal-silicate
mixing. One diogenite-like clast exhibited a complex overgrowth history
with a thin inner rim of augite between its Mg-orthopyroxene core and FeO-
rich orthopyroxene rim. We suggested that crystallization of the CaO-rich
inner rim preceded phosphate crystallization, with CaO, P2O5, and FeO
present in the melt as a result of redox reactions, including oxidation of P
from the metal [4].

Does the Metal Contain Evidence for Redox Reactions?: If the
silicates in mesosiderites are undergoing reduction of FeO due to interaction
with the metal, as predicted above, then we would expect the associated metal
to be depleted in readily oxidizable elements, e.g., P and W, relative to the
metal nodules with Crab Orchard and other iron meteorites of a similar
composition (Tagounite, Cumpas, and Casas Grandes). LA-ICP-MS was
performed on the matrix metal within Crab Orchard associated with the
silicate clasts studied in [4] and our analyses show no such depletions.  The
matrix metal within Crab Orchard has the same composition as measured for
its metal nodules [5] and the IIIAB irons given above [6,7], apart from slight
depletions relative to both Cu and Ga (lost as volatiles?). 

Conclusions: The data presented here argue against an oxidation-
reduction environment during the metal-silicate mixing stage for
mesosiderites. The overgrowths on the silicate clasts may instead represent
redistribution of FeO, CaO, and MgO between the different silicate
components.  However, more work is needed to fully understand how the low
FeO contents of the silicates and mesostasis minerals could have occurred in
the absence of redox reactions.

References: [1] Greenwood R. C. et al. 2006. Science 313:1763–1765
[2] Mittlefehldt D. W. 1990. Geochimica et Cosmochimica Acta 54:1165–
1173 [3] Nehru C. E. et al. 1980. 11th LPSC pp. 803–805 [4] Mayne R. G. and
McCoy T. J. Abstract #1728 40th LPSC [5] Hassanzadeh J. et al. 1990.
Geochimica et Cosmochimica Acta 54:3197–3208 [6] Wasson J. T. et al.
1998. Geochimica et Cosmochimica Acta 652:715–724 [7] Wasson J. T.
1999. Geochimica et Cosmochimica Acta 63:2875–2889.

5167
WHY AREN’T SHERGOTTITES VESICULAR? 
T. J. McCoy and M. E. Schmidt. Dept. of Mineral Sciences, NMNH,
Smithsonian Institution, Washington, DC 20560-0119 USA.

Introduction: Vesicular rocks are common on Earth, yet relatively rare
among extraterrestrial samples. Vesicles are found in Apollo lunar rocks,
angrites, and eucrites [1]. Interestingly, Martian basaltic shergottites lack
vesicles, surprising given inferred water concentrations ≥1.8 wt% [2] in
shergottite magmas at depth. Low water contents in bulk shergottites likely
result from degassing enhanced by the low degree of polymerization in these
Al-poor, Fe-rich melts. The discovery of vesicular basalts in the Columbia
Hills, Gusev crater [3] led us to re-examine whether volatile loss during
magma ascent and/or lava flow emplacement might explain the vesicle-free
nature of shergottites. 

Discussion: The concentration of dissolved volatiles in magma is a
function of pressure, viscosity, composition, crystallization history, and rate
of ascent. The smaller size, lower gravity and consequently lower confining
pressures of Mars result in deeper (~2X) volatile exsolution than in the Earth.
Calculated viscosities for bulk shergottite melts range from 0.7 to 9.4 Pa-s at
0.1 MPa, lower than average terrestrial basalt (~10 Pa-s). Thus, Martian
magmas more efficiently degas than comparable terrestrial basalts. Although
Mars is volatile-rich [4], alkali depletions among shergottites suggest prior
extraction of volatiles from their source. In contrast, Gusev vesicular basalts
and associated pyroclastics tend to be rich in alkalis [5] and likely also in
volatiles, perhaps sampling a primitive volatile-rich mantle domain.

The crystallization histories of the shergottites are complex as they are
holocrystalline and typically cumulates. As an example, [6] suggested a two-
stage magmatic history for the basaltic shergottite Zagami, of ~15%
crystallization at ~10 km, followed by emplacement as a thick flow (>10 m)
or near-surface intrusion. At 10 km depth, CO2 in excess of ~700 ppm
exsolves from the melt, while H2O up to ~2 wt% remains soluble. During
ascent, increased crystallinity roughly doubles the effective viscosity,
retarding gas loss. At 1.8 wt% H2O, exsolution may begin at ~4.3 km.
Continued exsolution occurs during ascent (1200 and 250 ppm soluble at
soluble at 100 and 10 m, respectively at equilibrium). Thus, exsolution and
degassing may be a continuous process up to the near-surface emplacement.
In contrast, the vesicular basalts of Gusev Crater contain few conspicuous
phenocrysts and exhibit spectral evidence for a glass component [7]. Rapid
ascent of these magmas from their source to the surface without an
intermediate magma chamber would allow gas over-pressurization and
vesicle formation to occur at the surface.

The last dissolved volatiles in shergottite magmas may have been lost
during emplacement. Thick terrestrial lava flows have a reverse S-shaped
vesicle distribution [7], and shergottites may sample massive flow interiors.
Cumulate textures indicate settling of higher density crystals and
displacement of lower density melt (± dissolved gases and bubbles) upward.
Vesicular portions may have been destroyed by weathering or during ejection
or might be sampled among the meteorite population in the future.

References: [1] McCoy T. J. et al. 2006. EPSL 246:102–108. [2]
McSween H. Y. Jr. et al. 2001. Nature 409:487–490. [3] Crumpler L. S. et al.
2007. Abs. #2298. 38th LPSC. [4] Dreibus G. and Wänke H. 1985.
Meteoritics 20:367–381. [5] McSween, H. Y. Jr. et al. 2006. JGR E09S91. [6]
McCoy T. J. et al. 1992. Geochimica et Cosmochimica Acta 56:3571–3582.
[7] Schmidt, M. E. et al. 2008. JGR 113:E06S12. [8] Aubele J. C. et al. 1988.
JVGR 35:349–374.
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THE DAWN MISSION AT VESTA 
H. Y. McSween, Department of Earth and Planetary Sciences, University of
Tennessee, Knoxville, TN 37996, USA.

     The Dawn spacecraft [1] now en route to asteroid 4 Vesta will be
placed into orbit in August 2011.  Science objectives at Vesta include (a)
mapping 80% of the surface in 8 filters with 100 m spatial resolution to
examine the geology and cratering history, (b) determining the mineral
composition of the surface at 800 m resolution, and selected areas at 200 m or
better, (c) performing detailed spectroscopic analyses of selected areas such
as the walls of the south pole crater, (d) measuring element abundances to
300 km resolution or better, and (e) resolving topography to 10 m height at
100 m spatial resolution.  Radio tracking will also be used to constrain the
bulk density and gravity field.  Dawn is powered by an ion propulsion system
and carries a Framing Camera (FC), Visible and Infrared Spectrometer
(VIR), and Gamma Ray and Neutron Detector (GRaND).  The spacecraft will
orbit for at least 9 months, shuttling between 3 orbital altitudes (3000, 900,
and 450 km above the asteroid’s center of mass), and the science plan dictates
which instrument is prime for each altitude.  Dawn should achieve complete
characterization of the equatorial region and southern hemisphere, but solar
illumination limits mapping of high northern latitudes.

     Vesta is thought to be the parent body for most HED meteorites, and
the mineralogy and chemistry of these samples is critical for instrument
calibrations and data interpretations. Because the footprints of the Dawn
instruments, at least at higher orbital altitudes, are larger than the spectrally
distinct regions mapped by HST [2], mixing models for howardites, eucrites,
and diogenites are necessary [3].  The huge crater at the south pole affords an
opportunity to examine the lower crust or mantle and may expose olivine-
bearing rocks [4].  Because most HEDs were probably excavated by this
impact, mapping other areas may reveal unsampled lithologies.  Dawn will
provide geologic context to test various petrogenetic models for HEDs, and
insights into the structure and geochemical evolution of one of the only
intact, differentiated planetesimals.

     References: [1] Russell C. T. et al. 2004. Planet. Space Sci. 52, 465–
489.  [2] Binzel R. P. et al. 1997. Icarus 128, 95–103.  [3] Usui T. and
McSween H. Y. 2007. Meteoritics & Planetary Science 42, 255–269. [4]
Thomas P. C. et al. 1997. Science 277, 1492–1495.
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LIGHT NOBLE GASES AND A COSMIC RAY EXPOSURE AGE
FOR THE BUNBURRA ROCKHOLE METEORITE 
M. M. M. Meier1, P. A. Bland2, K. C. Welten3, P. Spurný4, H. Baur1, R.
Wieler1. 1Institute of Isotope Geology and Mineral Resources, ETH Zurich,
Switzerland meier@erdw.ethz.ch, 2IARC, Department of Earth Science and
Engineering, Imperical College, London, UK, 3Space Sciences Laboratory,
University of California, Berkeley, USA, 4Astronomical Institute of the
Academy of Sciences, Ond¯ejov Observatory, Czech Republic.

Introduction: We measured He, Ne and Ar in two ~50 mg samples of
the Bunburra Rockhole meteorite. Preliminarily classified as a eucrite [1],
this ungrouped achondrite [2] was found in October 2008, following an
observation with the Desert Fireball Network (DFN) in the Nullarbor region
in Australia. It is the first achondrite with a known orbit and the first known
meteorite from an Aten-type orbit [2, 3]. We report light noble gas
concentrations and the cosmic ray exposure age of this meteorite.
Cosmogenic radionuclides are given in [4]. 

Experimental: The meteorite chips were wrapped in aluminum foil
and gases extracted at ~1800 °C for ~10 min. Ar was analysed separately
from He-Ne. Due to a high CO2 background in the mass spectrometer, the
CO2++ correction on mass 22 was ~4%, while corrections for H2

18O and
Ar40++ on mass 20 were <0.2%. 

Results and Discussion: Average gas concentrations are given in Table
1 only, as both samples are in good agreement. Assuming all 3He and 21Ne to
be cosmogenic and after a slight correction for trapped Ar, the following
cosmic ray exposure ages are obtained: 9.7 Myr (3He); 14.3 Myr (21Ne);
19.2 Myr (38Ar). These ages are based on shielding corrected (22Ne/21Ne  =
1.08) production rates from [5] and the (eucrite-like) elemental composition
given in [4]. We prefer the 21Ne-age, because plagioclase-rich meteorites of
eucritic composition are prone to He-loss on the order of 30% [5] and
because 38Ar exposure ages obtained on small samples are in general less
accurate than 21Ne ages due to heterogeneous Ca distribution. An exposure
age of ~14 Myrs is not atypical for HED meteorites but would not correspond
to a particularly pronounced exposure age peak observed for this clan. The
low 22Ne/21Ne ratio suggests a quite large preatmospheric object, in contrast
to the small radius derived from fireball data [3] and 36Cl [4]. Additional
radionuclide data [4] will be required to decide whether this may be
explained by a complex exposure history of Bunburra Rockhole.

References: [1] Bland P. et al. 2009. LPSC 40, #1664. [2] Bland P. et al.
2009. Meteorit. Planet. Sci., this issue. [3] Spurn˝ P. et al. 2009. LPSC 40,
#1489. [4] Welten K. C. et al. 2009. Meteorit. Planet. Sci., this issue. [5]
Eugster O. and Michel Th. 1995. Geochimica et Cosmochimica Acta, 59:
1,177–199. 

Table 1. All concentrations given in 10−10 ccSTP/g. Uncertainties: ~3% 
for concentrations, 0.5% for isotopic ratios.

3He 20Ne 21Ne 22Ne

BBR 1608 311.3 317.0 343.7

36Ar 38Ar 4He 40Ar

BBR 239 281 299300 144800
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AN ISOTOPIC CRISIS FOR THE GIANT IMPACT ORIGIN OF THE
MOON?
H. J. Melosh, Lunar and Planetary Laboratory, The University of Arizona,
Tucson, AZ 85721.  Email:  jmelosh@lpl.arizona.edu.

Introduction: Over the past decade the impressive increase in
precision of isotopic measurements, particularly for oxygen, have made it
clear that, at current precision, the Earth and Moon are isotopically
indistinguishable from one another at the level of five parts per million [1],
despite their profound chemical differences.  The current version of the giant
impact theory of the Moon’s origin, however, predicts that about 70% of the
Moon’s mass is inherited from the projectile, while only about 10% of the
Earth’s mass was contributed by this object [2]. Unless the isotopic
compositions of the proto-Earth and projectile were nearly identical by some
fortuitous coincidence, there should be detectable differences between the
isotopic composition of the present Earth and Moon, as argued persuasively
in [1].

Isotopic Equilibration in the Disk?  Pahlevan and Stevenson [1]
recently argued that turbulent convection in an “atmosphere” of vapor
common both to the orbiting disk and the proto-Earth could plausibly
equilibrate the isotopic composition of the disk and Earth.  However, it seems
inevitable that the exchange of enough material to equilibrate isotopic
compositions would inevitably also equilibrate angular momentum:  It seems
impossible to separate exchange of parcels of matter between the Earth and
disk from a concurrent exchange of angular momentum. However, the
angular momentum of the present Earth-Moon system is apparently too small
to support an extended disk if all parts of it shared angular their momentum:
The proto-Earth would rotate with a period of about 4 hours if all of the
angular momentum of the Earth-Moon system were concentrated in it, while
a comparable rotating sphere only begins shedding mass at its equator at a
period of about 1.5 hour.  Although the Earth-Moon system is estimated to
have lost about 20% of its initial angular momentum to solar tides, the present
angular momentum is believed to be close to its primordial value [2].

The Crisis: Without a plausible mechanism to strongly separate
angular momentum transport from mass exchange, the Pahlevan and
Stevenson mechanism [1] cannot explain the equilibration of isotopes
between the Earth and Moon.  So how do we account for the obvious isotopic
similarity?  We are not left with any highly plausible alternatives.  Perhaps the
Moon-forming impact was more central and the hot silicate gas was spun out
to form the Moon after complete mixing with the proto-Earth, in a sort of
return to the Darwin fission model (but with a much hotter initial Earth).  For
this to work, the angular momentum lost to solar tides must be much larger
than previously thought possible.  Perhaps the Q of a partly molten planet has
been greatly underestimated.  Or perhaps the SPH simulations of the Moon-
forming impact do not correctly reflect the actual mix of materials achieving
orbit: the SPH method is notorious for its underestimates of material mixing.
A computation of the giant impact by other techniques than SPH is urgently
needed.

In any case, the increasingly precise measurements of the isotopic ratios
of elements composing the Earth and Moon have brought us to a new crisis in
the still-unresolved problem of the Moon’s origin. New, bold ideas will be
required in the future.

References: [1] Pahlevan K. and Stevenson D. J. 2007. Earth and
Planetary Science Letters 262:438–449. [2] Canup R. 2004. Icarus 168:433–
456. 

5324
EVAPORATION OF CMAS-LIQUIDS IN VACUUM AND
HYDROGEN: SIMILARITIES AND DIFFERENCES
R. A. Mendybaev1,2, A. M. Davis1,2,3, and F. M. Richter1,2. 1Department of
the Geophysical Sciences, 2Chicago Center for Cosmochemistry, Enrico
Fermi Institute, University of Chicago, Chicago, IL. Email:
ramendyb@uchicago.edu.

Introduction: Evaporation of Mg- and Si-rich silicate melts that may
be precursors to the FUN CAIs Allende C1 and Vigarano 1623-5 is
characterized by a short initial stage when MgO evaporates faster than SiO2,
followed by a stage when MgO and SiO2 evaporate congruently as expected
for molten Mg2SiO4 [1]. Evaporation kinetics during the second stage was
essentially the same for both the very forsterite-rich FUN1 and the 1623-5-
like FUN2 melts despite their substantially different initial compositions.
Here we evaporated melts that were SiO2-enriched and SiO2-depleted relative
to Mg/Si ratio in Mg2SiO4 in vacuum and H2 in order to test whether CMAS
melts more varied than in our previous experiments [1] tend toward a “valley
of stability” in which a forsterite-like component evaporates.

Results and Discussion: We used two new starting materials: FUN3
(SiO2-enriched)—32 wt% MgO, 11% Al2O3, 49% SiO2 and 8% CaO; FUN4
(SiO2-depleted)—39% MgO, 18% Al2O3, 29 % SiO2 and 14% CaO. FUN3
evaporation residues (run in vacuum at 1900°C) initially dropped sharply in
SiO2 (from 49 to ~40%) within first 5 min, while MgO remained at ~32%.
Evaporation of Mg2SiO4-SiO2 melts also shows Si evaporating faster than
Mg [2]. As evaporation of FUN3 continues and its Mg/Si ratio becomes close
to that of Mg2SiO4, Si and Mg start to evaporate at the rate of molten
Mg2SiO4. Similar to FUN1 evaporated in vacuum at 1900°C, the SiO2-
depleted FUN4 composition initially loses Mg faster than Si until the “valley
of stability” is reached and Mg and Si evaporate at rates typical for molten
Mg2SiO4. 

Evaporation of FUN3 in 1 atm H2 at 1500 °C follows the same trend as
in vacuum at 1900 °C, but forsterite (~10 to 20 µm) was observed as
homogeneously distributed within the droplets in short runs or as ~20 µm
thick rim after 30 min of evaporation. 

When plotted on the Stolper diagram, all of the FUN evaporation
residues collapse to a single trajectory that passes through the middle of the
forsterite field and hits the melilite-forsterite join about half-way from the
bottom of the diagram.  Vigarano 1623-5 shows evidence for reaction at this
join in its exterior, where forsterite is pseudomorphically replaced by nearly
pure åkermanite [3]. Our experiments and phase relationships in MgO-SiO2-
CaO-Al2O3 system restrict the temperature of this evaporation episode to
~1300°C. A remaining puzzle is that the bulk composition of Vigarano 1623-
5 lies to the Si-poor side of the trajectories produced in our FUN evaporation
experiments.

Conclusion: After short initial stage with faster evaporation of Si from
SiO2-enriched or Mg from MgO-enriched melts, evaporation follow the trend
governed by congruent evaporation of molten Mg2SiO4, and their
evaporation trajectories continue toward the composition field of normal
CAIs. This makes possible formation of åkermanite pseudomorphically
replacing forsterite at lower temperatures.

References: [1] Mendybaev R. A. et al. 2009. Abstract #2461, 40th

LPSC. [2] Nagahara H. and Ozawa K. 1996. Antarctic Meteorites XXI, pp.
125–127. [3] Davis A. M. et al. Geochimica et Cosmochimica Acta 55:621–
637.
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POSSIBLE PRESENCE OF SPALLATION NEON IN THE OUTER
LAYER OF PARTICLE-FREE AEROGEL FLOWN ON BOARD OF
THE STARDUST MISSION 
A. Meshik1, C. Hohenberg1, O. Pravdivtseva1, D. Frank2, and M. Zolensky2.
1Washington University, Physics Department, Saint Louis, MO 63130
(am@physics.wustl.edu), 2NASA Johnson Space Center, Houston, TX
77058. 

Introduction: The purpose of this work is to estimate the possibility of
collecting gas-rich submicron particles with aerogel collector flown on the
Stardust mission. If these invisible particles were exposed to intense solar
and/or other open space irradiation in the comet-forming region and if they
somehow were incorporated into the comet Wild 2 before being pushed out
by radiation pressure or dragged in by the Poynting-Robertson effect, we may
have a chance to find them in the Stardust aerogel collectors. The best place
to look for submicron dust is in areas of the aerogel free of visible tracks
made by cometary particles. Since we cannot observe and analyze an
individual submicron particle we can only study them collectively. Noble
gases are similarly studied in invisible meteoritic nanodiamonds or the
elusive phase-Q. 

Experimental: A track-free aerogel block was cut into several 7 ×
6 mm slices, each 200 micron thick and placed between fused quartz slides.
This “sandwich” was then mounted into a laser extraction cell equipped with
two sapphire veiwports allowing any unabsorbed laser beam to leave the cell
(only ~7% of IR power is adsorbed by aerogel). The cell was kept for two
weeks at 175 °C in order to reduce noble gas blank. Each aerogel slide was
rastered with slightly defocused 1064 nm beam generated by Q-switched Nd-
YAG laser. Finally He and Ne isotopes were analyzed. No He anomalies were
found within experimental errors while Ne showed small but statistically
significant excesses of 21Ne in the 1st (outermost), 2nd and probably 3rd

aerogel layers:
Results: The spallogenic 21Ne excess observed in track-free aerogel is

depth-dependant: (19 ± 5) × 10−15 ccSTP/cm2 in layer 1, and (9 ± 6) × 10−15

ccSTP/cm2 in layer 2, and no statistically significant amounts in layers 3, 4
and 6. Considering the extremely low density of aerogel and short exposure
to energetic particles it is unlikely that 21Ne was produced in the aerogel
itself. Most probably it is carried by irradiated submicron dust grains. 

We plan more experiments to confirm this observation and more work
to understand the origin and behavior of submicron dust. This work is
supported by NASA grant NNX07AM76G.

5430
MINERALOGY AND PETROLOGY OF NWA 4290 (LL3.10), A NEW
UNEQUILIBRATED ORDINARY CHONDRITE 
M. Messaoudi-Belabbès1, B. Devouard2, and D. Belhaï1. 1 Sciences and
Technology Houari Boumediene University (USTHB). Bp 32 El Alia, 16012
Algiers (Algeria). E-mail: mouniamess@yahoo.fr. 2 Laboratoire Magmas et
Volcans, UMR 6524 Blaise Pascal University – CNRS, 5 rue Kessler, 63038
Clermont-Ferrand, France. 

Introduction: Among the most interesting and rarest of all meteorites,
unequilibrated ordinary chondrites (UOC) of petrologic type 3.0 to 3.2 give
us insights into the original materials and processes in the primitive solar
nebula. Different methods have been used to determine the petrological type
of these primitive chondrites. Very sensitive parameters have been recently
proposed to detect the onset of metamorphism [1, 2]. We describe here a
primitive ordinary chondrite collected in 2004 in the Sahara.

Results and Discussions: NWA 4290 (alias Kelb Ellouz) is a crusted
individual of 1101 g with some regmaglypts. In section, it shows well-
defined chondrules, surrounded by dark, thin fine-grained rims from 10 to
300 µm in diameter, exceptionally reaching 7 mm. Together with the scarcity
of metal and the abundance of sulfide, the chondrule size is indicative of an
LL ordinary chondrite. Mineralogy is unequilibrated, with compositions
from Fa% 0.4 to 47 for olivines and Fs% <1 to 35 for low-Ca pyroxenes.
Oxidized (type II) chondrules are predominant (c. 65%) and larger than
reduced (type I) chondrules. Olivines in type I chondrules have a mean
composition Fa1.2, typical of petrological types <3.2 [3], and do not show
zonations. Matrix is scarce, and is distributed either around chondrules as
dark rims, interstitially between chondrules where it is mostly clastic, or as
millimeter-sized, fine-grained lumps. Microprobe analyses of matrix sum up
from 87.03 to 95.85%, and contain minor elements (0.21–2.4 at% S, 0.25–
2.5  at% Ni, 0.03–1.31 at% Ca) in addition to Si, Mg and Fe. After correction
for sulfides and metal, the (Mg+Fe)/Si ratios of matrix analyses are close to
those of olivines with an average of 1.90. The distribution of Cr in olivines of
type II chondrules is characterized by a mean value of 0.38 wt% and a
standard deviation of 0.21. According to Grossman and Brearley (2005),
these values are indicative of a petrological subtype 3.10. Bonal et al. (2006)
proposed another method that is very sensitive for estimating low degrees of
metamorphism, using the maturity of the organic matter (OM) trapped in
matrices. Raman spectra of OM in NWA 4290 are characterized by a width
(FWHM) of the D band of 211.68 cm−1 and a ratio between the intensities of
the D and G bands of 0.84. These values place NWA 4290 between
Semarkona (LL3.00) and Bishunpur (L/LL3.15). 

Conclusions: Two independent methods place NWA 4290 among the
least metamorphosed UOCs, with a petrological type of 3.10. Considering
this low degree of metamorphism, and compared to other primitive UOCs,
matrix analyses suggest an unusually low degree of parent-body alteration.
This last point would need to be ascertained by further studies.

References: [1] Grossman J. N. and Brearley A. J. 2005. Meteoritics
and Planetary Science 40:87–122. [2] Bonal L. et al. 2006. Geochimica
Cosmochimica Acta 70:1849–1863. [3] Scott E. R. D. et al. 1994.
Geochimica Cosmochimica Acta 58:1203–1209.
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STARDUST ABUNDANCE VARIATIONS AMONG
INTERPLANETARY DUST PARTICLES
S. Messenger1, L. P. Keller1, K. Nakamura-Messenger1,2, A. N. Nguyen1,2

1Robert M Walker Laboratory for Space Science, ARES, NASA/JSC,
Houston, TX E-mail: scott.r.messenger@nasa.gov. 2ESCG/Jacobs
Technology, Houston, TX.

Introduction: Presolar grain abundances reflect the degree of
processing primitive materials have experienced. This is evidenced by the
wide range of silicate stardust abundances among primitive meteorites (~10
to 300 ppm) [1], attributable to parent body hydrothermal processing.
Stardust abundance variations are also pronounced in anhydrous
interplanetary dust particles (CP-IDPs), that have not experienced parent
body processing (300 to > 10,000 ppm) [2–4]. The large range in stardust
abundances among CP IDPs thus reflect nebular processing. Here we present
results of a systematic search for stardust among cluster CP IDPs. Our goals
are to establish mineralogical trends among IDPs with different stardust
abundances. This may shed light into the nature of isotopically normal
presolar grains (GEMS grains?; 5) if their abundances vary similarly to that
of isotopically exotic stardust grains.

Sample and Methods: 10 µm fragments of two cluster IDPs were
selected for this study: L2036 AA4 cluster #4, and L2005 AL5 cluster #13.
The samples were each embedded in elemental S, and 70-nm thick sections
were deposited onto Cu TEM grids.  Many of the sections were first fully
characterized by transmission electron microscopy (TEM) with a JEOL 2500
FESTEM, including quantitative chemical imaging (EDX) and mineralogy.
17 of these sections were then subjected to O and N isotopic imaging with the
JSC NanoSIMS 50L ion microprobe. In total we obtained O isotopic images
from 152 µm2 of L2005AL5 and 29 µm2 of L2036AA4.

Results and Discussion: We identified 3 presolar silicates in
L2005AL5 and 2 presolar silicates in L2036AA4. The AL5 grains were
identified as GEMS grains by prior TEM study [7]. 3 grains have δ17O
enrichments (300–1000‰) and normal/slightly depleted δ18O typical of
Group 1 grains from AGB stars [6]. The  other presolar silicates have δ17,18O
~200‰ and δ17O = 0, δ18O = 150‰ and their origins are likely high
metallicity stars or supernovae. Based on the areas of the presolar grains
relative to the search areas, we estimate the silicate stardust abundances of
these two IDPs to be 1,300ppm (L2005AL5) and 6,900ppm (L2036AA4).
Both IDPs contain typical IDP components: enstatite, forsterite, amorphous
silicates (GEMS grains), equilibrated aggregates, Fe-Ni sulfides, and
carbonaceous material. Interestingly, the stardust-rich IDP (L2036AA4) is
particularly fine-grained, whereas the other IDP contains larger crystalline
silicates and thermally modified grains (equilibrated aggregates).

Some interstellar dust models predict that isotopically homogenized
(perhaps GEMS) grains are much more abundant than stardust [6]. While the
most stardust-rich IDPs may thus contain abundant interstellar materials,
IDPs deficient in stardust (<1000 ppm) should have far less of this material
assuming equivalent destruction rates. The nature of this material is
unknown, but a leading candidate may be a subset of the ubiquitous GEMS
grains in IDPs.

References:[1] Nguyen A. et al. 2007. ApJ 656,1223 [2] Messenger S.
et al.2003. Science 300, 105 [3] Floss C. et al. 2006. Geochimica et
Cosmochimica Acta 70, 2371 [4] Nguyen A. et al. 2007. LPSC 38, 2332 [5]
Bradley J. P. and Dai Z. R. 2004. ApJ 617,650 [6] Nittler L. R. et al. 1997.
ApJ 483,475 [7] Keller L. and Messenger S. 2008. LPSC 39, #2347.

5340
OXYGEN ISOTOPE EVOLUTION IN INTERSTELLAR DUST 
B. S. Meyer, Department of Physics and Astronomy, Clemson Univ.,
Clemson, SC 29634-0978. E-mail: mbradle@clemson.edu.

Introduction: Standard galactic chemical evolution (GCE)
distinguishes “primary” from “secondary” nucleosynthesis products (e.g.,
[1]).  GCE models show that, to excellent approximation, the mass fraction of
a primary species in the interstellar medium (ISM) grows linearly in time
while that for a secondary species grows quadratically (e.g., [2]).  The ISM
mass fraction ratio of a secondary to primary species thus grows linearly with
time.

Old Dust:  Mass fraction ratios of secondary to primary species in
interstellar dust may differ from the corresponding ratio in the average ISM
[1].  It may be that stellar ejecta mix with the average ISM and then condense
onto pre-existing dust.  The isotopic signature of that dust, then, reflects the
composition of the ISM when that dust formed (at a time earlier than that
corresponding to the current ISM).  In this case, the mass fraction ratio of a
secondary species to a primary one in the dust is lower than that of the current
average ISM. To excellent approximation, 16O is a primary species while 17O
and 18O are secondary (e.g., [3]).  For the scenario in which gaseous, mixed
stellar ejecta condense onto pre-existing dust, then, the dust is expected to be
enriched in 16O compared to 17,18O [1, 4].

Young Dust:  A contrasting model is that isotopes condense into dust
that forms in stellar outflows (e.g., [5]) or condense onto pre-existing dust
grains before mixing with average ISM material. In this case, we use
Clayton’s standard GCE model 1 [6] to find that the mass fraction ratio of a
secondary species to that of a primary one in the bulk dust is a factor (k+2)/
(k+1) enriched relative to the average ISM, where k is Clayton’s infall
parameter with typical values ranging from k = 0 (closed box model) to k = 4.
In this model, such dust would be enriched in 17O and 18O by identical factors
ranging from ~1.2 to 2.  Sputtering and re-accretion processing of this dust in
the ISM would tend to reduce the 17,18O enrichments [7], but they may still be
substantial (and correlated) at the time of solar system formation.

Discussion:  Enrichments of 17O and 18O in the initial solar system dust,
as expected from the young-dust model, have been inferred to explain
isotopic signatures in CAIs and IDPs [8]. Enrichments in secondary-to-
primary species in dust may also explain the ε54Cr-∆17O correlation [9]. The
young-dust model presented here is clearly simplistic. It ignores stellar
lifetimes (by employing the instantaneous recycling approximation), the
details of dust condensation in the variety of stars that produce oxygen, and
the details of dust processing in the ISM.  Models that better account for these
effects are under construction.

References: [1] Clayton D. D. 1988. The Astrophysical Journal 334:
191–195. [2] Clayton D. D. and Pantelaki I. 1986. The Astrophysical Journal
307:441–448.  [3] Meyer, B. S. et al. 2008. Reviews in Mineralogy and
Geochemistry, vol. 68. pp. 31–53. [4] Jacobsen S. et al. 2007. Abstract #1804.
38th LPSC.  [5] Clayton D. D. and Nittler L. 2004.  Annual Reviews of
Astronomy and Astrophysics 42:39–78. [6] Clayton D. D. 1985. In
Nucleosynthesis: Challenges and New Developments, eds. W. D. Arnett and
J. W. Truran, Chicago: University of Chicago Press. pp. 65–88.  [7]  Liffman
K. and Clayton D. D. 1988.  Proc., 18th LPSC. pp. 637–657. [8]  Krot A. N.
et al. 2009.  This issue. [9] Yin, Q.–Z. et al. 2009.  This issue.
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A TEM STUDY OF GRV 024516, A UUREILITE FROM GROVE
MOUNTAINS: EVIDENCE FOR SHOCK-INDUCED ORIGIN OF
DIAMOND
B. Miao1, Y. Lin2, B. Wang1, and D. Wang3. 1Key Laboratory of Geological
Engineering Center of Guangxi Province, Guilin University of Technology,
Guilin 541004, China. Email: miaobk@glite.edu.cn. 2Key Laboratory of the
Earth’s Deep Interior, Institute of Geology and Geophysics, CAS, Beijing.
3Guangzhou Institute of Geochemistry, CAS.

Introduction: Ureilites are primitive achondrites and contain high
abundance of carbon [1]. Graphite is the most common polymorph of carbon.
Diamond and lonsdaleite have also been identified by electron diffraction.
Various models were proposed to explain formation of diamond, e.g., nebular
condensation, chemical vapor deposition, and shock transformation [2]. In
order to understand the process of transformation of graphite to diamond by
shock, we conducted Raman and TEM observations on a new ureilite (GRV
024516) found in Grove Mountains, Antarctica.

Results: GRV 024516 is a monomict ureilite with a S2/3 shock grade.
It contains 6.5 vol% carbonaceous materials, with occurrences of (a) irregular
patches and veins among coarse-grained silicates, (b) euhedral plates inside
pigeonite graines, (c) irregular patches inside olivine grains. All
carbonaceous grains are black under reflect light, indicating that they are
shocked and compressed. According to Laser microRaman spectrium, the
carbonaceous materials consist of diamond (with the peak of 1331 cm−1) and
intergrowth of graphite (with the peak of 1583 cm−1) and lonsdaleite (with the
peak of 1320 cm−1). TEM investigation shows that graphite is
polycrystalline, consisting of bright graphite layers and dark lonsdaleite
blocks (Fig. 1). 

Discussion: The occurrence of euhedral graphite plates embedded in
pigeonite suggests crystallization of graphite from a primary magma. The
occurrence of diamond and lonsdaleite in graphite confirms a shock-induced
origin of diamond. The relation between lonsdaleite and graphite reveals that
lonsdaleite should have been transformed directly from graphite by shock,
and the former was possibly further transformed to diamond. However, more
evidence for the relationship between diamond and lonsdaleite are required. 

Acknowledgements: The sample was supplied by the Polar Research
Institute of China. This study was supported by the National Natural Science
Foundation of China (40673055, 40473037) and the Director Fund Project of
Key Laboratory of Geological Engineering Centre of Guangxi Province (Gui
ke Neng 07109011–Z010, K024).

References: [1] Goodrich C. A. 1992. Meteoritics 27:327–353. [2]
Mittlefehldt W. D. et al. 1998. In Planetary materials, RIM vol. 36. pp. 4-1–
4-195.
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MARCO POLO: A SAMPLE RETURN MISSION TO A PRIMITIVE
NEAR-EARTH OBJECT IN ASSESSMENT STUDY IN THE ESA
PROGRAM COSMIC VISION 2015–2025 
P. Michel1, A. Barucci2, D. Koschny3, M. Yoshikawa4, H. Boenhardt5, J.
Brucato6, E. Dotto7, I. Franchi8, S. Green8, J. L. Josset9, J. Kawagushi4, K.
Muinonen10, J. Oberst11, H. Yano,4 R. Binzel12, D. Agnolon3, and J.
Romstedt3. 1Unive. Nice-Sophia Antipolis, Côte d’Azur Observatory, France
E-mail: Patrick.michel@oca.eu. 2Paris Observatory, France, 3ESA/ESTEC,
Netherlands, 4JAXA/JSPEC, Japan, 5MPI Lindau, Germany, 6INAF-OAA,
Florence, Italy, 7INAF-OAR, Rome, Italy, 8Open University, Uk, 9Space
Exploration Institute, Switzerland, 10Univ. Helsinski Observatory, Finland,
11DLR, Germany, 12MIT, USA.

Marco Polo is a sample return mission to a near-Earth object (NEO). It
has originally been proposed to be performed in collaboration between the
European Space Agency (ESA) and the Japanese Space Agency (JAXA).
Both JAXA and ESA are currently performing Phase-A studies for this
mission; within ESA, the mission is studied as part of the Cosmic Vision
2015–2025 Program.

The main objective of the mission is to return unmodified material from
a primitive NEO to the Earth to allow its accurate analysis in ground-based
laboratories. These primitive NEOs are part of the small body population that
represents the leftover building blocks of the solar system formation process.
They offer important clues to the chemical mixture from which the planets
formed about 4.6 billion years ago and carry records both of the solar
system’s birth and early phases. In addition, the mission will allow studying
the geological evolution and physical properties of small bodies. Marco Polo
will provide the first opportunity for detailed laboratory study of the most
primitive materials that formed the terrestrial planets and advance our
understanding of some of the fundamental issues in the origin and early
evolution of the solar system, the Earth and possibly life itself. Determining
the physical properties of a NEO will also help assessing mitigation strategies
for the impact risk of such an object on the Earth.

This presentation will expose the current state of the assessment study.

Fig. 1. TEM micrograph of graphite, the dark blocks are lonsdaleite, width is
750 nm.
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NWA 5029 BASALTIC SHERGOTTITE: A CLONE OF NWA 480/
1460?  
T. Mikouchi1 and J. A. Barrat2. 1Dept. of Earth and Planet. Sci., University of
Tokyo, Hongo, Tokyo 113-0033, Japan. E-mail: mikouchi@eps.s.u-
tokyo.ac.jp. 2CNRS UMR 6538, UBO-IUEM, Place Nicolas Copernic,
29280 Plouzané Cedex, France.

Introduction: NWA 5029 is a 14.67 g individual stone with 60% fusion
crust found in Morocco in 2003. It is mainly composed of 78% pyroxenes and
18% plagioclase (maskelynite), thus can be classified as a basaltic shergottite.
Here we report its mineralogy and petrology, and discuss its crystallization
history in comparison with NWA 480/1460.

Petrology and Mineralogy: NWA 5029 pyroxenes show an elongated
euhedral to subhedral texture reaching up to 5 mm long with the width of
~0.5  mm. They have large Mg-rich low-Ca pyroxene cores (Mg78Fe19Ca3)
partly mantled by thin ragged augite rims (Mg46Fe22Ca32). Some pyroxene
grains (albeit rare) further extend to Fe-rich pigeonite edges (Mg13Fe72Ca14).
Plagioclases are completely transformed to maskelynite, showing an
interstitial lath texture (1 × 0.3 mm) to pyroxenes. They are usually present as
clusters of several grains parallel to each other. Maskelynite is weakly zoned
(An55−45Ab43−51Or2−4). Si, Al-rich glass is occasionally associated with
maskelynite. Minor phases are Ca phosphates (merrillite and apatite), silica,
ilmenite, chromite, and Fe sulfide. They are typically present in the
mesostasis areas. Shock metamorphism is extensive as suggested by the
presence of maskelynite and undulatory extinction of pyroxene.

Relationship to NWA 480/1460: NWA 5029 is most similar to NWA
480/1460 in both texture and mineralogy [1,2]. However, there are clear
differences between them. The maskelynite abundance of NWA 5029
(18 vol%) is lower than that of NWA 480 (25 vol%), and its shape is thinner.
Furthermore, NWA 5029 has larger Mg-rich low-Ca pyroxene cores than
NWA 480/1460. The mineral compositions of NWA 5029 are close to those
of NWA 480/1460, but the most Fe-rich pigeonite in NWA 5029 has an
atomic Fe/(Fe+Mg) ratio (Fe#) of up to 0.9, which is lower than that of NWA
480/1460 (Fe#~1). Therefore, NWA 5029 is probably not paired with NWA
480/1460 although it is likely that they originated from the same igneous
body on Mars (geochemical work is required to conclude this). 

Crystallization History: A unique pyroxene zoning of NWA 5029 is
similar to QUE 94201 and NWA 480 [1,3], suggesting its crystallization from
a melt by a single-stage cooling episode (cooling rate: 0.5–1 oC/h) [1, 3].
However, NWA 5029 may be a pyroxene cumulate because of its large size of
pyroxene cores and small abundance of maskelynite. The MELTS calculation
shows that low-Ca pyroxene (Mg78Fe19Ca3) crystallizes from the bulk
composition of NWA 480 [1], which matches the pyroxene core
compositions of both NWA 5029 and NWA 480. This result suggests that
they have experienced slightly different crystallization stages although they
crystallized from the same parent melt. NWA 480 rapidly crystallized from
the beginning to its final solidification [1]. In contrast, NWA 5029 cooled
slowly at first and Mg-rich pyroxenes were accumulated (now represented by
large pyroxene cores), and then rapidly crystallized to form unique chemical
zoning of pyroxene similar to NWA 480. 

References: [1] Barrat J. A. et al. 2002. Meteoritics & Planetary
Science 37:487–500. [2] Irving A. J. and Kuehner S. M. 2003. Abstract
#1503. 34th LPSC. [3] Mikouchi T. et al. 1998. Meteoritics & Planetary
Science 33:181–189.
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CALCIUM SILICO-PHOSPHATE IN ANGRITE REVISITED 
T. Mikouchi1, K. Sugiyama2, Y. Kato2, A. Yamaguchi3, and K. Kaneda4,
1Dept. of Earth and Planet. Sci., Univ. of Tokyo, Hongo, Tokyo 113-0033,
Japan. E-mail: mikouchi@eps.s.u-tokyo.ac.jp. 2Inst. for Materials Res.,
Tohoku Univ., Sendai, Miyagi 980-8577, Japan. 3Natl. Inst. Polar Res.,
Tachikawa, Tokyo 190-8518, Japan. 4Japan Coast Guard, Tsukiji, Tokyo 104-
0045, Japan.

Calcium silico-phosphate (CSP) is an enigmatic component of angrites
that has not been well characterized, but is important to understand the
crystallization of angritic magma [1]. CSP usually occurs as a tiny euhedral
or lathy grain (mostly up to several tens of µm in size) at the Fe-rich rim of
fassaitic clinopyroxene in quenched angrites [1, 2]. CSP is associated with
late-stage crystallization phases such as troilite, ulvöspinel, and Fe, Ca-rich
olivine. Its chemical composition is fairly homogeneous and the cation
proportion is possibly Ca9Fe(P,Si)7 or Ca27Fe3P14Si7, which is close to the 1:
1 mixture of wollastonite (CaSiO3) and merrillite (Ca3(PO4)2) although no
intermediate phase is known in this system. We studied its crystal structure by
SEM-EBSD and Raman spectroscopy, and discuss its formation process. 

We analyzed CSP in D’Orbigny by FEG-SEM equipped with an EBSD
detector and could obtain Kikuchi bands. The chemical composition of CSP
is most similar to those of silicocarnotite (Ca5(PO4)2SiO4) and
nagelschmidtite (Ca7(SiO4)2(PO4)2), but their structures (detailed structure is
not known for nagelschmidtite) did not match with the observed EBSD
pattern. Instead, we found that the obtained EBSD pattern well matches with
that by the apatite structure. The britholite (REE-bearing Ca silico-
phosphate) structure also gave a good match although REEs were not
detected in CSP by SEM-EDS. These structures are known as a graserite
structure in general (hexagonal, space group: P63/m) in which the cations and
anions are arranged in two types of columns in a hexagonal arrangement
[e.g., 3]. Thus, it is assumed that CSP in angrites is isostructural with
graserite. We also analyzed CSP by micro Raman spectroscopy to further
characterize it. The obtained spectrum shows a sharp peak around 958 cm-1

and two broad peaks around 844 and 1048 cm–1. This spectrum is broadly
similar to that of apatite although the 844 cm–1 peak is not obvious in apatite. 

Because CSP in angrites occurs at the Fe-rich fassaite rim, it formed at
the late stage of the crystallization. There are two possible scenarios for its
formation. The residual melt became enriched in Ca, Si and P, and CSP
directly crystallized from the melt. Another scenario is that it is a product of
the reaction between fassaite and merrillite. Although no silico-phosphates
are known in other achondrites, similar phase is found in experimentally
heated eucrite (Hammadah al Hamra 262) at 1070 oC for 24 h (logfO2 =
IW-1) [4]. At this condition, Ca phosphates, ilmenite and silica (plus minor
pyroxene and plagioclase) melted and a CSP-like phase formed whose
composition is close to that in angrites (although it is unclear whether it is
crystalline or amorphous). Therefore, the angritic magma at the last
crystallization stage may have a similar composition to this partial melt.

References: [1] Kaneda K. et al. 2001. Abstract #2127. 32nd LPSC. [2]
Mittlefehldt D. W. et al. 2002. Meteoritics & Planetary Science 37:345–369.
[3] Mathew M. and Takagi S. 2001. Journal of Res. of National Inst. of
Standards and Technology 106:1035–1044. [4] Yamaguchi A. and
Mikouchi T. 2005. Abstract #1574. 36th LPSC.
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60FE AND 26AL RECORDS IN UOC CHONDRULES: EVIDENCE
FOR THEIR CONTEMPORANEOUS INJECTION INTO EARLY
SOLAR SYSTEM 
R. K. Mishra and J. N. Goswami. Physical Research Laboratory, Ahmedabad
380009, India. E-mail: ritesh@prl.res.in.

Introduction: Fossil records of short-lived now-extinct nuclides (SLN)
present in primitive meteorites provide important clues for understanding the
early evolution of the solar system. Some of the SLN, such as 60Fe, are
distinct product of stellar nucleosynthesis and can serve as marker nuclides to
infer the stellar source and its contribution towards the inventory of the other
SLN present in the early solar system. Previous Fe-Ni isotope studies of
sulfide and oxide phases in UOC matrix and silicate phases in UOC
chondrules yielded initial 60Fe/56Fe values in the range of (1–3.7) × 10−7 [1,2]
and ~9 × 10−7 [3] at the time of their formation. Assuming a plausible time
difference of 1–2Ma for the formation of the analyzed objects, relative to
CAIs, solar system initial (SSI) 60Fe/56Fe values in the range of (2–16) × 10−7

were inferred. We have initiated a combined study of Fe-Ni and Al-Mg
isotope systematics in UOC chondrules to obtain a more precise value of
(SSI) 60Fe/56Fe. 26Al data are used to obtain the time of formation of the
chondrules to remove the ambiguity present in previous studies. Such an
approach also allows us to check the validity of the proposed delayed
injection of 60Fe into the early solar system, relative to 26Al, from the same
stellar source [4]. 

Samples: Semarkona and LEW 86134, UOCs belonging to the lowest
petrologic grade (3.0), were chosen for this study. Chondrules from these
UOCs are expected to preserve pristine isotope records. Silicate phases with
high Fe/Ni and Al-rich mesostasis were analyzed for their Fe-Ni and Al-Mg
isotope records, respectively, following procedures described earlier [5–6].
Some initial results were reported previously [6]. We have now analyzed
another more than a dozen chondrules to increase the data base. 

Results and Discussion: The initial 60Fe/56Fe values at the time of
formation of the analyzed chondrules vary from 2.3 to 5.2 (×10–7); the
corresponding initial 26Al/27Al values range from 0.7 to 1.6 (×10–5).
Although the inferred initial values have relatively large errors, primarily due
to low counting statistics, a clear trend between initial 60Fe/56Fe and 26Al/27Al
is seen, if we use 26Al records for inferring the time of formation of the
chondrules. This argues against the proposal for a late injection of 60Fe,
relative to 26Al, by more than a million year, into the early solar system from
the same stellar source [4]. The observed trend suggests a SSI 60Fe/56Fe value
of >5 × 10–7. This will rule out a TP-AGB star and argues for a high mass
supernova as the most probable source of 60Fe and several other SLN present
in the early solar system. Our data also strengthen the role of 60Fe as an
important heat source, following 26Al, during the early evolution of
planetesimals. 

References: [1] Tachibana S. and Huss G. R. 2003. The Astrophysical
Journal 588:L41–L44. [2] Tachibana S. et al. 2006. The Astrophysical Journal
639:L87–L90. [3] Mostefaoui S. et al. 2005. The Astrophysical Journal 625:
271–277. [4] Bizzarro M. et al. 2007. Science 316:1178–1181. [5] Mishra R. K.
and Goswami J. N. 2008. Meteoritics & Planetary Science 43:A99. [6] Mishra
R. K. et al. 2009. Abstract #1689. 40th LPSC.
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FRACTIONATION OF IMPACTOR COMPONENTS WITHIN
IMPACT SPHERULES FROM LONAR CRATER, INDIA 
S. Misra1 and H. Newsom2.1Indian Institute of Geomagnetism, Navi Mumbai
410218, India. E-mail: misrasaumra@gmail.com. 2Institute of Meteoritics,
University of New Mexico, NM 87131, USA.

Introduction: Evidence of fractionation of impactor components
between impact melts and spherules are known from some impact craters [1,
2]. In this study we report a similar fractionation seen within the spherules of
different size ranges from Lonar crater (52 ± 6 ka, ~1.8 km diameter), India,
which is the only known terrestrial impact crater excavated in basaltic target
rocks and most likely was formed by a chondritic impactor [3]. 

Experimental Procedures: Analyses with a JEOL 8200 microprobe,
with a special H-type and large PET crystal spectrometers, at Univ. of New
Mexico, used a 15 µm beam, 15 kev accelerating voltage, and 20 nA sample
current. Analytical uncertainties for minor and trace elements were better
than 4% except P that was ~8%. 

Spherule Morphology and Geochemistry: The impact spherules
recovered from within the ejecta from SE of crater rim can be classified into
two size fractions. The mm-sized spherules have variable aerodynamic
shapes (e.g., ellipsoidal, spheroid, rod, conical and teardrop) with highly
vesicular surfaces. The sub-mm sized spherules are mostly spherical in shape
with relatively smooth surface texture. Both types of spherules show target
basalt dominated bulk chemistry except for their characteristic depletion in
Na2O and P2O5 by ~0.5 to 1 wt% and 0.15 wt% respectively. The sub-mm
sized spherules show high abundances of Cr (~2.5 times), Co (~6 times) and
Ni (~13 times) over average target basalt, whereas Co is the only transitional
metal present in high proportion (~5 times) within mm-sized spherules. The
impact spherules show significant variations in Cu (~25 to 400 ppm) and Zn
(~10–350 ppm) compared to restricted occurrences of these elements in
target basalt (~220 and 130 ppm respectively). Additionally, both types of
spherules are highly enriched in Pb (~5 to 150 times) over the unshocked
basalt.

Discussion: Impactor components (Cr, Co, Ni) are only found within
the aerodynamically shaped impact-spherules suggesting the impactor
chondrite was completely vaporized.  The smaller sub-mm sized spherules
show a greater preference for impactor components (Cr, Co, Ni) compared to
mm-sized spherules, and the very high and variable abundances of
moderately volatile Cu, Zn, and Pb within impact-spherules over target-
basalts suggest these could be the components of the impactor incorporated
within the spherules from impact plume.

References: [1] Mittlefehldt et al. 1992. Meteoritics 27:361–370. [2]
Mittlefehldt and Hörz. 1998. 29th Lunar Planetary Science Conference,
abstract no. 1771. [3] Misra et al. 2009. Meteoritics and Planetary Sciences
(in press).
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DETAILED FIB-TEM STUDY OF RINGWOODITE LAMELLAE IN
INDIVIDUAL OLIVINE GRAINS IN SHOCK-MELT VEINS OF
YAMATO 791384 L6 CHONDRITE 
M. Miyahara1, E. Ohtani1, M. Kimura2, A. El Goresy3, S. Ozawa1, and T.
Nagase4, 1Graduate School of Science, Tohoku University, Sendai, 980-8758,
Japan, 2Faculty of Science, Ibaraki University, Mito, 310-8512, Japan,
3Bayerisches Geoinstitut, Universität Bayreuth, 95447 Bayreuth, Germany,
4The Tohoku University Museum, Tohoku University, Sendai 980-8578,
Japan. E-mail: m-miyahara@m.tains.tohoku.ac.jp

Introduction: Phase transformation mechanism of olivine to the high-
pressure polymorphs, ringwoodite (Rgt) and/or wadsleyite (Wds) were
studied with multi-anvil techniques and HRTEM to explore the nature of
mechanisms prevailing in the Earth’s interior transition zone. Several
laboratory experiments demonstrated that ringwoodite lamellae (or platelets)
were coherently formed in original olivine grains along their stacking faults
[1]. Here, we report the first natural occurrence of coherent ringwoodite
lamellae (<~100 nm) in single olivine grains in shock-melt veins of Y791384
(L6) previously studied by [2]. We studied ringwoodite lamellae in olivine in
the shock-melt veins of Y791384 chondrite with a FE-SEM and FIB-TEM
techniques.

Results and Discussion: Most original olivines (Fa24-26) entrained in
the shock-melt veins are completely transformed to polycrystalline
ringwoodite. In comparison, olivines adjacent to the shock-melt veins
revealed heterogeneous olivine to ringwoodite transformation. We encounter
in these olivines two distinct textures: (1) polycrystalline growth, and (2)
oriented sets of lamellae. The polycrystalline parts are near the shock-melt
veins (<~30 µm from the vein wall). In contrast, the ringwoodite lamellae are
more dominant with increasing distance from the veins. They are thinner with
increasing distance from the veins. The lamellae have a boudinage structure.
Lamellae appear to occur along or parallel to fractures. We surgically
extracted slices from each part, using FIB and studied each slice with TEM.
TEM studies show that the polycrystalline regions consist of ringwoodite
(grain-size <~300 nm). Most thick lamellae also consist of polycrystalline
ringwoodite crystallites [3; 4]. This occurrence implies incoherent
mechanism along fractures. Their crystallites become coarser near the shock-
melt veins, suggestive of coarsening induced by annealing. Few very thin
ringwoodite platelets (width <~100 nm) are present near the lamellae
dominated part of olivine. The ringwoodite platelets <~100 unambiguously
depict coherent crystallographic orientation: (100)Ol//{111}Rgt. This is the
first report of the natural occurrence previously produced experimentally [1].
This intergrowth implies a coherent mechanism predicted by [1].

Conclusions: Both incoherent and coherent olivine-ringwoodite
mechanisms were recognized in the same original olivine grains. This allows
a realistic estimate of the P-T conditions and the time scale of the shock
event.

References: [1] Kerschhofer et al. 1996. Science 274:79–81. [2] Ohtani
et al. 2004. EPSL 227:505–515. [3] Chen et al. 2007. EPSL 264:277–283. [4]
Sharp et al. 2009. LPSC 2009, #2541.

5421
ACFER 370: AN ANOMALOUS CHONDRITE RELATED TO THE
CUMBERLAND FALLS BRECCIA 
V. Moggi-Cecchi1, G.Pratesi2, I. A.Franchi3, R. C.Greenwood3. 1Museo di
Scienze Planetarie, Provincia di Prato, e-mail: v.moggi@pratoricerche.it, Via
Galcianese, 20/h, I-59100 Prato, Italy, 2Dipartimento di Scienze della Terra,
Università di Firenze, Via La Pira, 4, I-50121, Florence, Italy, 3PSSRI, The
Open University, Milton Keynes, MK7 6AA, UK.

Introduction: Acfer 370 is a small meteorite, weighing 129 g, lacking
fusion crust, recovered in November 2002 in Algeria (Acfer area) by
Filiberto Ercolani, an Italian meteorite “hunter” who was tragically killed in
a car accident. After splitting the sample into two end cuts (67 and 62 g
respectively) both the cut surfaces showed the presence of two areas with
different weathering grades. Both specimens and a PTS are on deposit at the
Museo di Scienze Planetarie (inv. MSP 2277).

Description: The thin section displays a chondritic texture, with
several chondrules and chondrule fragments (rather common), set in a very
fine-grained interchondrule matrix. Chondrules range in size from 150 to
>2000 µm (mean = 460 µm) and account for more than 80 % of the total
volume. Chondrule types are various: PO, POP, PP, GOP-pk [1], RP, BO and
C. A compound BO chondrule is also present. Mineral fragments (mainly
large orthopyroxene crystals) are rare. Opaque phases are clearly
distinguishable in the less weathered area as distinct large (100–300 µm)
aggregates of both kamacite and taenite associated with troilite and Fe,Ni
phosphides, with minor weathering products. In the more weathered area
remains of Fe,Ni alloys are visible as extremely fine-grained spots inside PP
chondrules. EMPA analyses performed on olivine (inside and outside
chondrules) and low-Ca pyroxene provided the following results: Fa5.65
(mean on 20 analyses, PMD = 3.82%), Fs6.94 – 22.63  (mean = 15.64 on 20
analyses). Clinopyroxenes display an augitic composition
(Fs11.5En48.9Wo32.6). Metal is kamacite (Fe93Ni7), while Cr content of troilite
is 0.3 wt%. Phosphides are both melliniite (Ni,Fe)4P [2] and a probable new
phase (Fe,Ni)4P, the Fe-rich equivalent of melliniite. Weathering grade
changes in the two areas from W1 to W3. Oxygen isotope analyses performed
at the OU on a bulk sample from the less weathered area gave the following
results: δ17O  =  2.67‰; δ18O  =  4.17‰; ∆17O  =  0.50‰.

Conclusions: Although texturally similar to UOCs, olivine in Acfer
370 is homogeneous, with Fa contents similar to the chondritic portion of
Cumberland Falls (CF) [3]. The variable opx composition and Cr content of
troilite also confirm these similarities to CF, although no daubreelite has been
detected in this meteorite.

Oxygen isotope data also suggest affinities with CF [4,5].
References:  [1] Moggi Cecchi et al. 2006.  Per. Min. 75:217. [2]

Pratesi et al. 2006. Am. Min. 91:451. [3] Neal and Lipschutz. 1981.
Geochimica et Cosmochimica Acta 45:2091. [4] Verkouteren and Lipschutz.
1983. Geochimica et Cosmochimica Acta 47:1625. [5] Newton et al. 2000.
Meteoritics & Planetary Science 35:689.
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MICROCHEMICAL ANALYSIS OF SMALL-SCALE
PSEUDOTACHYLITIC BRECCIA ZONES FROM THE CENTRAL
UPLIFT OF THE VREDOFORT IMPACT STRUCTURE, SOUTH
AFRICA 
T. Mohr-Westheide and W. U. Reimold. Museum für Naturkunde—Leibniz
Institute at Humboldt University Berlin, Invalidenstrasse 43, 10115 Berlin,
Germany. E-mail: Tanja.Mohr@mfn-berlin.de.

Pseudotachylitic breccias (PTB) are the most prominent impact-
induced deformation in the central uplift of the Vredefort Impact Structure [1,
2]. However, controversy remains about the genesis of these melt breccias,
with the most popular hypotheses being genesis by (1) shearing (friction
melting); (2) shock compression melting; (3) decompression melting
immediately after shock propagation through the target; (4) combinations of
these processes, or (5) intrusion of allochthonous impact melt. Resolving this
problem requires detailed multidisciplinary analysis in order to characterize
the nature of different occurrences and to identify the exact melt-forming
process. Here, the results of detailed microchemical and micro-petrographic
analysis of small- to meso-scale PTB in Archean gneiss from several
dimension stone quarries (Rand Granite Quarry, National Sun, Kudo and
Leeukop) in the core of the Vredefort Dome are reported. 

PTB matrices were analysed in polished thin sections by image
analysis, optical and scanning electron microscopy (SEM), and electron
microprobe analysis (EPMA). Selected bulk samples of pseudotachylitic
breccia and host rock were analysed by X-ray fluorescence spectrometry for
major and trace element abundances.   

None of the analyzed veinlets give textural evidence supporting a
significant influence of shearing/faulting. Electron microprobe in situ and
XRF bulk chemical analysis (of both pseudotachylitic breccias and their host
rocks) revealed that pseudotachylitic breccia generally displays a close
chemical relationship to its direct wall rock, indicating that melt was formed
from material of the same composition. Compositions of centimeter wide
PTB veins are predominantly the same as those of the rocks in which they
occur, when the entrained microclast content is corrected for. In contrast,
<1mm wide PTB veinlets have locally heterogeneous compositions, which
can be related directly to the respective compositions of immediately
adjacent host rock mineral grains. 

Conclusions: For very small veinlets (<1 mm) local melt formation
could be confirmed in this study. Variable and localised chemical
composition in very thin pseudotachylitic breccia veinlets provides strong
evidence for local origin of these melts as well, in agreement with the
conclusions earlier findings of Mohr-Westheide et al. (2009). At least for the
smallest (mm) veinlets an origin by local shock melting at the mineral grain
scale is indicated.

References: [1] Dressler B. O. and Reimold W. U. 2004. Earth-Science
Reviews 67:1–60. [2] Reimold W. U. and Gibson R. L. 2006. Geological
Society of America Special Paper 405. 407 p. [3] Gibson R. L. and Reimold
W. U. 2005. Large Meteorite Impacts III. Geological Society of America
Special Paper 384. pp. 329–349.

5235
PARTIAL MELTING OF LODRAN PROTOLITH 
Moine B. N.1, Dobrica E.1,2, Hammouda T.1, Boyet M.1, Poitrasson F.3
1Magmas et Volcans, UMR6524 CNRS St-Etienne/Clermont Ferrand.
2CSNSM-IN2P3-CNRS- Orsay; 3OMP-UMR5562 CNRS Toulouse.

Lodran is interpreted as a residue of partial melting of a chondritic
protolith known to resemble iron-rich H-chondrites in terms of their chemical
and mineralogical compositions [1]. The principal arguments are the likely
removal of plagioclase and the depletion of most incompatible trace
elements. However its magmatic history is not clear. If the protolith is an
iron-rich H chondrite, the silicate mineralogy, before melting, will be
dominated by olivine, low-Ca pyroxene and albitic plagioclase. However
previous authors have not successful interpreted petrographic systems
between albite and anorthite. To understand the partial melt process in
chondritic protolith, one has to focus on the Fo-Ab-SiO2 system [2, 3]. In this
system, melting begins at 1062 °C for the En-Ab-SiO2 eutectic. Melting then
progresses along the En-Ab cotectic until it intersects the Fo-En peritectic at
1098 °C. Then all remaining albitic plagioclase is consumed and the melt
fraction is around 15 wt%. The melt produced is not basaltic but dacitic (65%
SiO2). This composition is hardly controlled by the albitic component which
itself is controlled by sodium volatility during melting [4]. Melting can
continue along the En-Fo peritectic but the melt stays silica-rich (60 wt%
SiO2 for 50 wt% melt fraction). For Lodran the questions are: When or at
what temperature the plagioclase component is removed or extracted from
the crystal mush? Does melting continue beyond? To obtain the same Fo-En
modal proportion with batch melting, the temperature needs to reach more
than 1350 °C at 50–55 wt% melt fraction. But can such melt fraction be
preserved during melting related to volatiles overpressure in the Lodran
protolith [5]? Probably it occurs as fractionated melting with the latest melts
highly depleted in volatile components. Indeed, the occurrence of numerous
olivine inclusions associated with diopside in low-Ca pyroxenes seems
illustrate that after have reach the thermal maximum, a silicate melt is present
and reacts with olivine phenocryst along the peritectic reaction Liq + Fo =
>En. With regards to these petrologic arguments, new analyses by
femtosecond laser ablation coupled with ICPMS have been done on silicates
and phosphates. Lodran whole-rock has been reconstructed using these data
and the modal abundances, and is in a good agreement with previous study
[6]. New insights in the petrology and trace element contents in silicates of
Lodran show that the behavior of some  trace elements (particularly HFSE)
during partial melting seems different to that we know from the earth’s
mantle.

References: [1] Palme H. et al. 1981. Geochimica et Cosmochimica
Acta 45:727–752. [2] Schairer and Yoder. 1960. Carnegie Inst. Wash. Yrbk.,
59:69–70. [3] Fogel R. et al. 1988. LPSC XIX, 342–343. [4] Jurewicz A. et
al. 1995. Geochimica et Cosmochimica Acta 59:391–408. [5] Kiel and
Wilson. 1993. EPSL 117:111–114. [6] Fukuoka T. et al. 1978. LPSC IX, 356–
358.
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CHARACTERIZATION OF WATER DISTRIBUTION IN GEO-
MATERIALS AND THEIR THERMO-REACTIVITY BY USING
INFRARED MICROSCOPY COUPLED TO A VACUUM-
TEMPERATURE DRYING CELL
G. Montes-Hernandez1, 2, A. Pommerol2, E. Quirico2, P. Beck2, O. Brissaud2,
F. Renard1, 3.1University Joseph Fourier, Laboratoire de Géodynamique des
Chaînes Alpines, OSUG-CNRS-INSU, BP 53, 38042 Grenoble Cedex 9,
France. 2University Joseph Fourier, Laboratoire de Planétologie de Grenoble,
OSUG-CNRS-INSU, BP 53, 38041 Grenoble Cedex 9, France. 3Physics of
Geological Processes, University of Oslo, Norway. E-mail:
german_montes@hotmail.com.

The qualitative/quantitative characterization of the water distribution in
solids (molecular water “H2O” and hydroxide ions “OH”) gives an important
information on the aqueous mineral alteration (e.g., olivine and pyroxene
hydrolysis), on the physicochemical nature of solids (e.g., hydrophilic or
hydrophobic properties, mineral composition and nature of interlayer or
charge-compensator cations) and on the solid textural properties (e.g.,
external surface area, grain particle size and porosity). In the present study,
we propose a novel method to characterize the water distribution in inorganic
solids (terrestrial or extraterrestrial origin) by using an infrared microscope
coupled to a vacuum-temperature drying cell. Compared with classic infrared
measurements, the present method offers various advantages; for example,
the in-situ drying of solids at the grain/aggregate scale can be performed,
controlling the vacuum pressure (until 10−5 mbar) and temperature (from 25
to 300 °C). Herein, the water desorption as a function of temperature can be
measured, allowing a clear differentiation between molecular water (H2O)
and hydroxide ions (OH) in inorganic solids. For this study, 8 geo-materials
(synthetic minerals: calcite, portlandite, ferrihydrite and carbonate/iron
oxide/montmorillonite composite; natural minerals: gypsum, Wyoming
bentonite, chrysotile and Fe-Cronstedtite) were preliminary investigated.
Moreover, the thermo-reactivity of fragile minerals can be also studied. For
example, in this study, the decomposition of iron carbonate (siderite type)
contained on a hematite/montmorillonite composite, the dehydration of
natural gypsum and its respective hydration at the room relative humidity and
the dehydration of synthetic ferrihydrite are reported.

Measuring the water distribution in most complex solids (e.g.,
extraterrestrial objects), in particular hydroxide ions in chondrites materials is
an important challenge for near future studies in our laboratory. For example,
these investigations may help to understand the chemical alteration processes
into these complex materials. 

5450
WHERE DO METEORITES ULTIMATELY COME FROM?
A. Morbidelli. OCA. Dep. Cassiopee E-mail: morby@oca.eu.

There are little doubts that meteorites come from the main asteroid belt,
mostly from asteroids located in the vicinity of the powerful resonances nu6
and 3:1 [1]. But where do these asteroids come from? It is generally
considered that main belt asteroids formed approximately where they are
now. Thus, they are supposed to be the relic of the planetesimal population
that accreted between 2 and 4 AU. This may still be true for many of them.
But there is growing evidence that several of the asteroids that we see today
in the main belt did not form there. The parent bodies of iron meteorites might
have formed in the terrestrial planets region [2]. C-type asteroids might have
formed in the Jupiter zone [3] and D-P type asteroids might come from the
transneptunian region [4, 5]. All these bodies could have been captured into
the asteroid belt during the violent events that characterized giant planet
formation, terrestrial planet formation and the LHB. Therefore, the view that
emerges from these recent dynamical studies is that the asteroid belt is the
repository of rogue planetesimals coming from much wider regions of the
solar system. This may explain the diversity among asteroids, the lack of
transition objects between S- and C-type bodies, the confusing similarity
between some asteroids and comets. Moreover it has profound implications
for the use of meteorite compositions to reconstruct the thermal and chemical
properties of the proto-planetary disk. 

References: [1] Morbidelli A., Gladman B. 1998. Meteoritics and
Planetary Science 33:999–1016. [2] Bottke W.-F., Nesvorn˝ D., Grimm R.
E., Morbidelli A., O’Brien D. P. 2006. Nature 439:821–824. [3] Raymond S.
N., Mandell A. M., Morbidelli A. 2009. in preparation [4] Morbidelli A.,
Levison H.-., Tsiganis K., Gomes R. 2005. Nature 435:462-465. [5] Levison
H. F., Bottke W. F., Gounelle M., Morbidelli A., Tsiganis K. 2009. Nature, in
press.
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AQUEOUS ALTERATION OF CR CHONDRITES AS ANALOGUE
FOR CORROSION PROCESSES: FIRST FIB/TEM RESULTS 
A. Morlok1, 2, 3H. Leroux, 4D. Troadec G. Libourel1, 1CRPG-Nancy
Université-INSU-CNRS, UPR2300, BP 20, 54501 Vandoeuvre-lès-Nancy,
France. 2ANDRA-DS/CM, 1/7 rue Jean Monnet, 92298 Châtenay-Malabry
France. amorlok@crpg.cnrs-nancy.fr 3 Laboratoire de Structure et Propriétés
de l’Etat Solide 59655 Villeneuve d’Ascq, France 4IEMN 59652 Villeneuve
S`Asqe, France.

Introduction: In France, fission products and minor actinides resulting
from the reprocessing of nuclear spent fuel are incorporated in a nuclear
boro-silica glass in steel containers. The waste material has to be stored
safely for a time frame of at least 105–106 years in a clay-rich geological
repository. 

The long term evolution of these materials in laboratory is difficult to
simulate. As analogues, CR chondrites are used, since they contain abundant
metal grains which underwent corrosion over long time periods [1]. 

Since CR chondrites show alteration over the whole range from type 3
to 1, they allow the investigation of all alteration steps [2, 3]. The physico-
chemical environment of the parent body during the alteration is sufficiently
similar to that expected in the disposal facility with a temperature range of
50–150 °C, Water/Rock ratios of 0.4–1.1 and low fO2 [1–4]. Earlier parts of
these studies based on SEM, EMPA, and RAMAN analyses already show the
development of a corrosion sequence around metal in chondrules and metal
grains mainly consisting of magnetite and sulfide [5–7]. 

Here we show first results of TEM analyses of samples cut from the
most interesting spots from Renazzo and Al Rais (CR2) and GRO 95577
(CR1). The samples have been prepared by FIB (focused ion beam)
technique and studied by TEM at the University of Lille. 

Techniques: To cut small slices of materials from the bulk samples, a
FEI Strata DB 235 FIB/SEM at Lille University was used. Following a
standard procedure, the area of interest was protected by ion beam platinum
deposition before milling sample and lift out TEM lamella by in-situ
micromanipulator to stick on specific TEM grid. The resulting slices were
analyzed with TEM and EDS at Lille University. 

Results: EDS analyses on spots of two samples covering the extensive
corrosion rim (50 microns thick) around a metal grain in contact with the
phyllosilicate-rich matrix in Al Rais confirm the earlier results from EMPA
and Raman measurements [5–7]. The TEM analyses show that the metal
grain is surrounded by several sequences of alternating magnetite/sulfide
rims. Also the occurrence of Ca-phosphates an outer (older) magnetite layer
is confirmed. However, diffraction patterns indicate that most of the
corrosion layers are not homogenous, as SEM images suggest. They are very
fine grained mixtures of several phases. Magnetite dominated rims usually
have significant contents in S or Si/Mg, indicating smaller amounts of
sulfides and silicates. Sulfide-rich areas also show Si/Mg, but also O
contents.

References: [1] Weisberg et al. 1993. Geochimica et Cosmochimica
Acta 57:1567 [2] Abreu. 2007. Ph.D. thesis. [3] Weisberg M. K. and Huber H.
2007 Meteoritics & Planetary Science 42:1495. [4] Zolensky M. et al. 1993
Geochimica et Cosmochimica Acta 57:3123. [5] Morlok and Libourel. 2008.
Meteoritics & Planetary Science 43:A104. [6] Morlok and Libourel. 2008.
Meteoritics & Planetary Science 43. [7] Morlok et al. 2009. Abstract #1296,
40th LPSC.
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THERMAL HISTORIES OF CHONDRULES IN SOLAR NEBULA
SHOCKS 
M. A. Morris1, S. J. Desch1, and F. J. Ciesla2. 1School of Earth and Space
Exploration, Arizona State University.  Email: melissa.a.morris@asu.edu.
2Department of the Geophysical Sciences, University of Chicago.

Introduction: Chondrule formation is a long-standing problem in
meteoritics.  Furnace experiments designed to reproduce chondrule textures
constrain their cooling rates between their liquidus and solidus temperatures
to be in the range 10–1000 K/hr [1].  This constraint is satisfied if chondrules
were melted by passage through solar nebula shocks, as are nearly all other
known constraints on chondrule formation [2–4, 8].  Models show that after
passing through the shock, chondrules are heated by thermal exchange with
the shocked gas, by absorption of radiation from dust and other chondrules,
and by supersonic drag heating.  As such, accurate calculation of the gas
temperature is crucial, in order to determine chondrule temperatures.   While
the nebular shock model successfully explains many aspects of chondrule
formation, there remain differences between the models [2–4, 8] that predict
moderately different physical conditions at the site of chondrule formation, as
reviewed by [5]. These differences all involve the calculation of the effects of
radiation, especially the radiative losses from molecular line emission, the
opacity of solids, and the input radiation field.  Here, we present the first
complete calculations of chondrule thermal histories that include all of the
corrections to the chondrule shock model deemed necessary by [5]: dust
opacity, appropriate radiation field boundary conditions, and line cooling
from moderate optical depths of water molecules.  We use updated rates of
line cooling as calculated by [6–7].

Discussion: Among the effects caused by emission of radiation by
water molecules is an overall decrease in temperatures.  Slightly higher shock
speeds of 9 km/s are needed for consistency with chondrule melting (as
compared to previous estimates of 7 km/s [2–4]). Cooling rates of chondrules
through their crystallization range (approximately 1400–1800 K) are not
significantly altered, compared to the case without line cooling, and the
shock model remains consistent with known constraints on chondrule
melting.  These results, and others, will be presented at the conference.

References: [1] Hewins R. H., Connolly H. C. Jr., Lofgren G. E. and
Libourel G. 2005. In Chondrites and the protoplanetary disk, ASP
Conference Series 341, p. 286. [2] Iida A. Nakamoto T. Susa H. and
Nakagawa Y. 2001. Icarus 153, 430. [3] Desch S. J. and Connolly H. C. 2002.
Meteoritics & Planetary Science 37:183–207. [4] Ciesla F. J. and Hood L. L.
2002. Icarus 158, 281. [5] Desch S. J., Ciesla F. J., Hood L. L. and Nakamoto
T. 2005, In Chondrites and the Protoplanetary Disk, ASP Conf Series 341, p.
849. [6] Morris M. A., Desch S. J., and Ciesla F. J. 2007. Meteoritics &
Planetary Science 42, Abstract 5214. [7] Morris M. A., Desch S. J, and
Ciesla F. J. 2009. ApJ 691, 320. [8] Miura, H. and Nakamoto T. 2006. ApJ
651, 1272.
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A NEW PROMISING NANOSIMS METHOD OF STUDYING 60FE-
60NI SYSTEM IN METEORITES 
S. Mostefaoui and M. Bourot-Denise. Muséum National d’Histoire Naturelle.
LMCM UMR CNRS –7202. Case 52, 57 Rue Cuvier 75321 Paris Cedex 05.
E-mail: smail@mnhn.fr.

Introduction: Studies of 60Fe-60Ni in primitive meteorites revealed the
importance of this chronometer to constrain early solar system events and
initial 60Fe/56Fe ratio [1–5]. The SIMS measurements of in situ mineral
phases with high Fe/Ni ratios such as silicates and troilite [1, 4] show
evidence of 60Ni-excess attributed to the decay of 60Fe. However, as Ni
isotopes are measured as positive secondary ions using a primary O- beam,
technical problems, e.g., low Ni ion yields, large beam size, cratering effects
are real limitations. This made it difficult to get, under reasonable analytical
conditions, precise Ni isotopic ratios. Here, we present the first NanoSIMS
study using primary Cs+ ions to access high-precision/high-spatial-resolution
Ni isotopic ratios of metal and troilite standards; chondrite measurements are
in progress.

Experiment: In situ isotopic measurements were conducted with the
NanoSIMS-50 using a primary Cs+ of ~10–40pA on sample surface.
Negative secondary ions of 56Fe–, 60Ni– and 62Ni– were simultaneously
measured in a multi-detection mode at HMR ~7000–10000, sufficient to
separate isobaric interferences. For 62Ni, despite its peak-to-peak resolution
with 46TiO we found as in previous studies [2] the tail of 46TiO can contribute
to the 62Ni signal. This effect is measured in a Ni-free rutile (TiO2) in which
a count rate of 27 cps at 60Ni peak position corresponds to the tail of 46TiO.
We verified the metal and troilite we measured have no 46TiO interference at
the 62Ni mass region.

Results: Thin sections of a synthetic metal (Ni = 30.5 wt%), NBS-663
(Ni = 0.32 wt%) and a Canyon-Diablo troilite (Ni = 0.08 wt%) were prepared
for NanoSIMS. Using Cs+, the ion yield for Ni is clearly improved. The
sensitivities of Ni on metal (~120 cps/nA/ppm) and troilite (~10 cps/nA/ppm)
are high by factors of ~3 and of ~100 respectively relative to what we
obtained using O– [2, 5]. The average δ60Ni value of 12 CD troilite spots (1 h
measurement each) relative to the metal standard is essentially zero with a 2
sigma error of ~5‰. Under these conditions we achieved a spot size of less
than 1µm, representing an improvement of the spatial resolution by at least a
factor of 5 compared to previous studies using O– [2–5]. The Fe/Ni relative
sensitivity factor is ~60 times higher in favor of Fe for the CD troilite than for
the metal standards. Reproducibility for the Fe/Ni ratio is about 9% in the
metallic standards while it is about 40% in the CD troilite suggesting a
probably microscopic heterogeneity in the troilite.

Discussion: The present preliminary results show that the Fe-Ni system
is better studied using Cs+ than using O−. At least two advantages are in favor
of the Cs+ study. 1) The Ni sensitivity is higher and thus a higher precision of
Ni isotopic ratios can be achieved. 2) The possibility of decreasing the spot
size to 1µm opens a new way of measuring small mineral phases that are not
accessible using primary O−. Continuing improvements as well as
measurements of chondritic troilite are now in progress.

References: [1] Shukolyukov A. and Lugmair G. W. 1993. Science 259:
1138. [2] Mostefaoui S. et al.2005. The Astrophysical Journal 625:271–277.
[3] Tachibana S. and Huss G. R. 2003. The Astrophysical Journal 588:L41–
L44. [4] Tachibana et al. 2006. The Astrophysical Journal 639:L87–L90. [5]
Mostefaoui et al. 2004. New Astron. Rev. 48:155–159. 

5147
ISOTOPIC FRACTIONATION OF CHALCOPHILE ELEMENTS IN
TEKTITES 
F. Moynier1, C. Koeberl2, P. Beck3, and F. Jourdan4. 1Department of Earth
and Planetary Sciences, Washington University in St Louis, One Brookings
Drive, St. Louis, MO 63130, USA; 2Department of Lithospheric Research,
University of Vienna, Althanstrasse 14, A-1090 Vienna, Austria3Laboratoire
de Planetologie, Universite Joseph Fourier, CNRS/INSU, Bat. Physique D,
BP 53, 38041 Grenoble cedex 9, France 4Western Australian Argon Isotope
Facility, Department of Applied Geology and JdL-CMS, Curtin university of
Technology, GPO Box U1987, Perth, WA 6845; Australia.

Tektites are terrestrial natural glasses produced during a hypervelocity
impact of an extraterrestrial projectile onto the Earth’s surface. The similarity
between the chemical and isotopic compositions of tektites and terrestrial
upper continental crust implies that the tektites formed by fusion of such
target rock. Tektites are among the driest rocks on Earth. Although
volatilization at high temperature may have caused this extreme dryness, the
exact mechanism of the water loss and the behavior of other volatile species
during tektite formation are still debated. Volatilization can fractionate
isotopes, therefore, comparing the isotope composition of volatile elements
in tektites with that of their source rocks may help to understand the physical
conditions during tektite formation. 

Interestingly, volatile chalcophile elements (Cd and Zn) seem to be the
only elements isotopically fractionated by volatilization in tektites [1, 2].
Here, we extended this study to Cu, another volatile chalcophile element, by
measuring the Cu isotopic composition of 20 tektites from the four different
strewn fields. All the tektites (except the Muong Nong-type) are enriched in
the heavy isotopes of Cu (1.99 < δ65Cu < 6.98) in comparison to the terrestrial
crust with no clear distinction between the different groups. Muong Nong-
type tektites and a Libyan Desert Glass sample are not fractionated at all
(δ65Cu ≈ 0) in comparison to crustal composition. To refine the Cu isotopic
composition of the terrestrial crust we also present data fort 3 geological
reference materials (δ65Cu ≈ 0). The correlation of δ65Cu with the Cu
abundance probably reflect that the isotopic fractionation occurred by
evaporation during heating. 

A simple Rayleigh distillation cannot explain the Cu (and Zn) isotopic
data. We have developed a more realistic model of evaporation of Cu and Zn
from a molten sphere: during its hypervelocity trajectory, the molten surface
of the tektite will be entrained by viscous coupling with air that will then
induce a velocity field inside the molten sphere. This velocity field induces
significant radial chemical mixing within the tektite that accelerates the
evaporation process. Our model, albeit parameter dependent, shows that both
the isotopic composition and the chemical abundances measured in tektites
for both Cu and Zn can be produced by evaporation in a diffusion-limited
regime. 

References: [1] Wombacher F. et al. 2003. Geochimica et
Cosmochimica Acta 76:4639–4654. [2] Moynier F. et al. 2009. Earth and
Planetary Science Letters 277:482–489.
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WEATHERING OF ORDINARY CHONDRITES FROM THE
ATACAMA DESERT, CHILE, BY SYNCHROTRON X-RAY
DIFFRACTION AND MÖSSBAUER SPECTROSCOPY 
P. Munayco1, R. R de Avillez2, J. Brant de Campos2, E. Dos Santos1, M.
Valenzuela3 and R. B. Scorzelli1. 1Centro Brasileiro de Pesquisas Físicas, RJ,
Brazil. 2DCMM, PUC/Rio, RJ, Brazil. 3Universidad de Chile, Santiago,
Chile.

The study of meteorites depends largely on finding samples that may
have been under the influence of the environment for over hundred years. An
interdisciplinary study is under way with meteorite samples from the
Atacama Desert, one of the oldest and driest desert of the world, in an attempt
to understand the weathering processes acting on these primitive materials
and the conditions of the accumulation surfaces that have preserved them.
Those samples may have undergone weathering processes that may result in
large changes of their original phases. Oxidation is certainly the most
important reaction to consider and their products are usually crystalline
oxides associated to the iron matrix.

This paper reports the results obtained by synchrotron radiation X-ray
diffraction (SR-XRD) and Mössbauer spectroscopy (MS) investigation on
ordinary chondrites from different areas of the  Atacama Desert, Chile.  X-ray
diffraction is a natural choice to study crystalline materials but some attention
must be paid to the experimental setup. To avoid the fluorescence from iron,
one needs to use a monochromator, or a wavelength that reduces the iron
fluorescence. Further, the small amount of the weathered phases requires
very large acquisition times with normal laboratory diffractometers. Finally,
many iron related oxides show very large peak superposition that makes very
difficult their separation.

The present research employs synchrotron light to enhance the
intensity, to choose a wavelength that reduces iron fluorescence and to
provide a very monochromatic X-ray. The SR-XRD was carried out at the
Brazilian Synchrotron Light Laboratory in Campinas, Brazil. The D12A-
XRD1 X-Ray Powder Diffraction beamline was used with wavelength
1.96888 Å and Bragg-Brentano geometry. The data was recorded using 2θ
range from 15° to 100° with the acquisition time determined by the total
photon arriving at a calibration monitor. Rietveld refinement was done with
the TOPAS-Academic software with the fundamental parameters approach.
The pyroxene and olivine phases have the scattering factors for the sites with
iron and magnesium calculated with mean compositions of these elements
obtained from the microprobe. Preferred crystallographic orientation was
partially accounted for with March-Dollase or Spherical Harmonics.
Crystallites sizes were estimated with a lorentzian curve. 

Mössbauer measurements had also been performed in those samples
with the quantification of total iron content inside each iron phase. The
comparison between Rietveld and Mössbauer phase quantification had been
done with the necessary conversion of the percentage of phase to molar
percentage of iron in the specified phase. This conversion was calculated
using the iron occupancy factor of the appropriate sites for each crystalline
phase system, the number of molecules inside the unit cell and total cell mass
of each phase. 

5058
JODIA (L5) AND MAHADEVPUR (H4/5): TWO RECENT
ORDINARY CHONDRITE FALLS IN INDIA 
S. V. S. Murty1, R. R. Mahajan1, A. D. Shukla1, A. C. Mazumdar2, P. N.
Shukla1, K. Durga Peasad1, V. K. Rai1, D. Panda1, Z. G. Ghevaria3 and J. N.
Goswami1,1Physical Research Laboratory, Ahmedabad, India; 2Guwahati
University, Assam; 3GSI, Gandhinagar, Gujarat.

Introduction: We report the chemical, petrological and isotopic
investigations on Jodiya and Mahadevpur, two recent ordinary chondrite falls
in India. Both these meteorites have been investigated for mineral chemistry,
petrology (by EPMA), chemical composition (XRF and ICP-MS for major
trace elements), oxygen isotopes, noble gases and cosmogenic radioactivities
(Mahadevpur only). Nuclear track studies are in progress.

Jodia: Fell as a shower on July 31, 2006, in the region of Jodia, Gujarat,
India [1]. The general features of Jodia meteorite reveal brecciated nature
with porphyritic chondrules of olivine and low Ca pyroxenes and low amount
of metal. The average contents (in mol%, Fa (in olivine)  = 25.15, Fs (in low
Ca pyroxene)  = 21.2 suggest that Jodia is an L chondrite. Chemical
composition (Fe: 18.6%, Ni: 1.14%, Co: 407 ppm) as well as O isotopes [in
‰] δ18O = 4.09(6), δ17O = 3.27(8) and ∆17O = 1.16 further confirm this
classification. Trapped noble gas amounts for Jodia fall in the range of the
metamorphic grade 5. The cosmogenic ratio (22Ne/21Ne)  = 1.04 for the
sample suggests that it comes from a large shielding depth. We derive a 21Ne
based exposure age of 26 Ma. There are clear excesses 82Kr and 128Xe from
(n,γ) reactions on 81Br and 127I respectively indicating a pre-atmospheric
radius of >20 cm for Jodia. 

Mahadevpur: Fell near Assam, Arunachal Pradesh border on Feb. 21,
2007. At least four large fragments (3.4, 60.2, 3.8, and 3.1 kg) have been
collected and our sample comes from the 3.4 kg fragment [1]. The matrix is
a heterogeneous mixture of chondrule fragments, olivine, ortho-pyroxene
and plagioclase. Olivine in chondrules and matrix do not show compositional
variation, suggesting that Mahadevpur is an equilibrated H-chondrite [in
mole%, Fa:18–20, Fs:14–16]. O isotopes [in ‰] δ18O = 3.82(6), δ17O =
2.82(12) and ∆17O = 0.86 and chemical composition (Fe: 26%, Ni: 1.86%,
Co: 970 ppm) confirm this classification. Moderate amounts of trapped noble
gases suggest the metamorphic grade as 4/5. Based on 21Ne, we derive an
exposure age of 6 Ma. 

Cosmogenic Radionuclides: Eight cosmogenic radionuclides 26Al,
60Co, 22Na, 54Mn, 57Co, 46Sc, 56Co, 58Co were measured in a 200 g fragment
of the Mahadevpur meteorite, using a 148 cm3, low background, high purity
germanium gamma ray spectrometer located in a 10 cm thick lead shield. The
activities of these radionuclides were estimated using 40K (K = 800 ppm) as
an internal standard. Comparing the measured 26Al activity (62.7 dpm/kg)
with the production rate depth profiles of 26Al for spherical meteoroids of
various sizes [2] the pre-atmospheric radius of Mahadevpur meteoroid must
be in the range of 30–40 cm. The ratio (22Na/26Al) = 1.23 is nearly
independent of shielding depth and expected to anti correlate with the solar
activity cycle with a phase shift [3]. Lower value of this ratio as compared to
Torino (H6) value of 1.48 [4] which fell at solar minimum (May 18, 1988)
and also that of more recent fall (Nov. 20, 2008) Buzzard Coulee (H4) value
of 1.41 [5] suggest extended solar cycle 23. 

References: [1] Weisberg M. K. et al. 2008. MB94, Meteoritics &
Planetary Science 43:1551–1558; [2] Leya I. et al. 2000. Meteoritics &
Planetary Science 35:259–286;[3] Bhandari N. et al. 1993. Geochimica et
Cosmochimica Acta 57:2361–2375; [4] Bhandari N. et al. 1989. Meteoritics
24:29–34; [5] Walton E.L. et al. 2009. LPSC 40, CDROM#2072.
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SULAGIRI, THE LARGEST METEORITE FALL IN INDIA
S. V. S. Murty1, Basab Chattopadhyay2, Suruchi Goel1, R. R. Mahajan1, P. N.
Shukla1, K. Durga Prasad1, A. D. Shukla1, V. Krishnan2, K. Nagarajan2, J. B.
Ghosh2, P. K. Mondal2 and  J. N. Goswami1, 1Physical Research Laboratory,
Ahmedabad, India; 2Central Petrological Laboratory, GSI, Kolkatta.

The fall: On Sept. 12, 2008, around 8:30 h. local time, the Sulagiri
meteorite fell in the Krishnagiri district of Tamil Nadu, India. The meteorite
was fragmented at least once on the transit and led to multiple fall around a
cluster of villages near Sulagiri, defining an elliptical shaped strewn field of
3 km along NW-SE direction and 1 km across. The size of the collected
fragments increases from W to E. Seven pieces of the meteorite were
collected, totalling ~110 kg, making Sulagiri, the largest meteorite fall so far
in India. The largest fragment weighed 50 kg and made a crater of ~1.5 m on
impact, on the main road.

Petrology, Mineral and Chemical Composition: Petrological
investigation by optical and electron microscopy shows that Sulagiri is
composed of orthopyroxene (Opx) and olivine. Clinopyroxenes are rare and
mostly occur as patches within Opx. Troilites are more frequent than Fe-Ni
metal, which are present in moderate amount. Feldspar grains are frequent.
Chondrules in varying shapes, sizes (200–500 µm) and textures are present,
but chondrule boundaries are mostly poorly defined and often homogenized
with coarse to moderately recrystallized matrix indicating highly equilibrated
petrologic type. EPM studies of thin section gave average Fa content of
olivine 25.4 and Fs content of Opx 21.9, which fall at the extreme end of L-
chondrites. But, bulk chemical composition by wet chemistry, on a
homogenized sample gave Ni  = 0.72% and Co  = 340 ppm, putting Sulagiri
in LL class [1]. Uniform Fa content of olivine in matrix and chondrules and
the poorly defined chondrule boundaries suggest the metamorphic grade as 6.
The shock stage is S2. 

Cosmogenic Radionuclides:  A 96 g piece was counted for 20 days
using a 148 cm3, low background, high purity germanium gamma ray
spectrometer located in a 10 cm thick lead shield. The specific activities of
the radionuclides 26Al, 60Co, 22Na, 54Mn, 57Co, 46Sc, 56Co, and 58Co have
been calculated using 40K as internal standard (determined against a lab
standard, counted in same geometry) and have been decay corrected to the
time of fall. Assuming a spherical shape, the recovered radius is ~20 cm and
the pre-atmospheric radius is expected to be ~42 cm (for about ~90% mass
ablation). 26Al (58.5 ± 3.1 dpm/kg) also suggests the meteoroid radius to be
>40 cm [2]. The activity ratio 22Na/26Al is nearly unaffected by shielding and
expected to anti-correlate with solar activity (with a phase shift) [3]. Lower
value of this ratio for Sulagiri (1.17) as compared to the values of 1.4 for
Innisfree (LL5, fell in Feb. 1977) and 1.6 for Alta’ameem (LL5, fell in Aug.
1977) which fell at solar minimum, suggest that minimum of solar cycle 23
has not been attained at the fall time of Sulagiri.  Low activity of the thermal
neutron product 60Co (6.4 ± 2.2dpm/kg) suggests that our samples come from
a shallow depth. Noble gases, nuclear tracks and oxygen isotopic studies are
in progress.

References: [1] Kellemeyn G. W. et al. 1989. Geochimica et
Cosmochimica Acta 53, 2747–2767; [2] Leya I. et al. 2000. Meteoritics &
Planetary Science 35, 259–286; [3] Bhandari N. et al. 1993. Geochimica et
Cosmochimica Acta 57, 2361–2375. 
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A MARTIAN CRUSTAL COMPONENT OF NITROGEN AND
NOBLE GASES IN MIL 03346 
S. V. S. Murty and R. R. Mahajan, Planetary Sciences Division, Physical
Research Laboratory, Ahmedabad, India.

Introduction: Martian meteorite studies have provided information on
the composition of noble gases and nitrogen in the atmosphere and interior of
planet Mars [1]. Two interior components (Chass-S, Chass-E) in Chassigny
[2,3]; a mixture of interior (Chass-S) and modern Mars atmosphere in
Shergottites [4], elementally fractionated atmosphere in Nakhlites [5] and
ancient Mars atmosphere in ALH84001 [6] have so far been identified.
Contamination from elementally fractionated terrestrial atmosphere,
particularly in Martian meteorites from hot deserts pose a serious problem in
identifying genuine Martian components [7].  Here we discuss N, Ar and Xe
data from falls and/or Antarctic finds to evaluate the Martian interior
components. Nakhla, Y000593, and MIL03346 have been studied for noble
gases and nitrogen by vacuum crushing (VC) and/or step-wise pyrolysis (P)
and some of the data have been reported earlier [8]. The low temperature
releases are the focus of discussion here.

Results:  The low temperature (up to 400 °C) steps of two bulk samples
of Nakhla (NK-30, NK-34) released N (26%, 41%) with δ15N of ~20‰, 36Ar
(2.3%, 6.5%) with 40Ar/36Ar ~3000 and negligible amounts of Kr and Xe.
The Mars atmospheric component in Y000593 is very minor [8], making it a
good candidate to look for interior components. The gases released in VC
account for <3% N, with δ15N(-12.5‰), while the low T (300–400 °C) steps
account for 55% N, 46% Ar and 69% Xe with δ15N(25‰), (40Ar/36Ar  = 181)
and (129Xe/132Xe)  = 1.039. This low T release is a clear interior component,
similar to Chass-E [3], except for heavier δ15N. For MIL 03346 the low T (up
to 400 °C) release  accounts for 85% of N (+30‰) and is accompanied by
only 10% of Ar, Kr, Xe having 129Xe/132Xe  = 1.989, 136Xe/132Xe  = 0.3695
and 40Ar/36Ar  = 135000. This component is distinct from the low T release of
Y000593. The ratio 129Xer/136Xef  = 12.7 is distinct from that observed in
Nakhla (~6) and the Mars modern atmosphere, as observed in shergottites [1].

Discussion: The composition of gases released at low T in the three
nakhlites are different and can not be explained either as terrestrial
contamination or as a mixture of earlier identified components.  The low T
component of Y000593 has Xe ratios similar to Chass-E but δ15N (25‰) is
heavier. The low T component in MIL 03346 on the other hand has very high
40Ar/36Ar ratio. It is neither Martian atmosphere (modern or ancient) nor
interior (mantle) component, as both 129Xe and 136Xe are in excess. Such high
40Ar/36Ar has not been observed in the low T release for any nakhlite. This
high 40Ar is not due to in situ decay of 40K  (peak radiogenic 40Ar release in
nakhlites is observed at  800 °C) and is excess 40Ar (from a trapped
component), which is accompanied by excesses in 129Xe and 136Xe. This
suggests a source where the parent isotopes 40K, 129I, and 244Pu are
concentrated by chemical differentiation, pointing to the early crust that
contributed to the Mars atmosphere by degassing. Preservation of diverse
trapped components in nakhlites suggests a heterogeneous magma source.

References: [1] Bogard D. D. et al. 2001. SSR 96:425–458; [2] Ott U.
1988. Geochimica et Cosmochimica Acta 52:1937–1948; [3] Mathew K. J.
and Marti K. 2001. JGR E106:1401–1422; [4] Mathew K. J. et al. 2003.
EPSL 214:27–42; [5] Drake M. J. et al. 1994. Meteoritics 29:854–859; [6]
Murty S. V. S. and Mohapatra R. K. 1997. Geochimica et Cosmochimica Acta
61:5417–5428 [7] Mohapatra R. K. et al. 2009. Geochimica et Cosmochimica
Acta 73:1505–1522; [8]  Murty S. V. S. and Mahajan R. R. 2004. Meteoritics
& Planetary Science 39:A75.
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HETEROGENEOUS NOBLE GAS DISTRIBUTION IN THE NWA
2737 CHASSIGNITE 
K. Nagao1 and J. Park2. 1Laboratory for Earthquake Chemistry, Graduate
School of Science, University of Tokyo, Bunkyo-ku Tokyo 113-0033, Japan.
2ARES, code KR, NASA, Johnson Space Center, Houston, TX 77058, USA.

Introduction: NWA 2737 is the second chassignite, whose brown
colored appearance different from Chassigny would be due to shock
metamorphism. Noble gas compositions so far reported for the NWA 2737
[1, 2] are largely different from those of Chassigny. High 129Xe/132Xe up to
~2 observed in NWA 2737 might be shock-implanted Martian atmospheric
Xe. Common ejection event at ∼11 Myr was suggested for NWA 2737,
Chassigny and nakhlites [2]. Strong degassing occurred at ~160–170 Gyr was
suggested by Ar-Ar dating [3]. 

Experimental Method: We measured noble gases several times for
NWA 2737 by total melting on 27.9 mg and 26.3 mg, and stepwise heating on
221.9 mg (13 steps), 109.3 mg (7 steps) and 210.7 mg (17 steps). Extraction
temperatures were from 400 to 1850 °C. The samples were taken from a
small chip of NWA 2737 weighing 1.0 g. 

Results and Discussion: Appreciable amounts of noble gases were
released at >1600 °C, suggesting high retentivity for noble gases in olivine
crystals of this meteorite. Calculated cosmic-ray exposure ages showed
relatively wide variation from 9 to 15 Myr. Fig. 1 is a plot of 129Xe/132Xe
versus 40Ar/36Ar corrected for cosmogenic 36Ar. All the samples show high
129Xre/132Xe (∼2) and 40Ar/36Ar (∼1500) at high temperatures, which might
be shock-implanted Martian atmosphere. This is clearly different from the
low 129Xe/132Xe (<1.1) observed for Chassigny as indicated in Fig. 1. The
observation is consistent with the reported ones [1, 2]. The 40Ar/36Ar ratios at
low temperatures, however, are variable from 700 to 3300, implying
heterogeneous distribution of K among the samples, or variable
concentrations of Ar derived from Martian interior as pointed out by [3].  

References: [1] Mohapatra S. A. et al. 2006. Abstract #1840. 37th
LPSC. [2] Marty B. et al. 2006. Meteoritics & Planetary Science 41:739–
748. [3] Bogard D. D and Garrison D. H. 2006. Abstract #1108. 37th LPSC.
[4] Mathew K. J. and Marti K. 2001. Journal of  Geophysical Research 106,
E1:1401–1422.
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O-ISOTOPE IMAGING OF REFRACTORY INCLUSIONS WITH
CAMECA IMS-1280 COMBINED WITH SCAPS 
K. Nagashima1, A. N. Krot1, G. R. Huss1, and H. Yurimoto2. 1University of
Hawai’i, USA. 2Hokkaido University, Japan.

Most Ca-, Al-rich inclusions (CAIs) from CV chondrites are isotopically
heterogeneous, with melilite and anorthite being systematically 16O-depleted
relative to spinel and fassaite [1]. Although there is a general agreement that
this heterogeneity is due to isotopic exchange between the initially 16O-rich
CAIs and 16O-poor gaseous reservoir, the nature of this exchange remains
controversial. Gas-solid or gas-melt exchange in the solar nebula regions
experienced rapid fluctuations in O-isotope compositions [2] and exchange
during fluid-assisted thermal metamorphism on the CV asteroidal body [3] are
being discussed. Unlike CAIs from metamorphosed CVs, most CAIs from
CR2 chondrites are uniformly 16O-rich and show no evidence for post-
crystallization isotope exchange. O-isotope heterogeneity found only in rare
igneous CAI-chondrule compound objects could be due to incomplete
homogenization between 16O-enriched relict CAIs and 16O-depleted chondrule
precursors during chondrule melting [4]. To understand the nature of O-isotope
exchange in CAIs, we initiated O-isotope imaging analyses of a suite of CAIs,
including CV CAIs and CAI-chondrule compound objects from primitive
chondrites, using the UH isotope microscope—Cameca ims 1280 combined
with two-dimensional ion detector SCAPS [5,6]. 

The analytical procedure for O-isotopography is similar to that
described in [7,8]. A ~200 pA Cs+ primary beam in aperture illumination
mode was used to achieve uniform secondary ion emission from a sample
area of ~70 µm in diameter. The typical mass sequence for acquiring
secondary ion images was 27Al–, 28Si–, 16O–, 18O–, and 16O– for one cycle. 

A BSE image of a region of a Efremovka (CV) CAI E60 composed of
melilite, anorthite, fassaite, and spinel, and distribution of δ18O in this region
are shown below. A boundary of anorthite grain is outlined in δ18O image
having ~4‰ (1σ) analytical uncertainty and lateral resolution of 1−2 µm.
This image clearly demonstrates O-isotope heterogeneity among CAI
minerals and within anorthite. Similar heterogeneity has been previously
observed in a Type B CAI from Vigarano [9]. O-isotope distribution in CAIs
mapped by SCAPS and possible mechanism of O-isotope exchange will be
discussed in detail at the meeting.

References: [1] Yurimoto H. et al. 2008. In Reviews in Mineralogy
and Geochemistry, vol. 68. pp. 141−187. [2] Itoh S. and Yurimoto H. 2003.
Nature 440:728–731. [3] Krot A.N. et al. 2008. Geochimica et
Cosmochimica Acta 72:2534–2555. [4] Makide K. et al. 2009. Geochimica
et Cosmochimica Acta, in press. [5] Yurimoto H. et al. 2003. Applied
Surface Science 203–204:793–797. [6] Nagashima K. et al. 2009
Abstract#2066. 40th LPSC. [7] Nagashima K. et al. 2004 Nature 428:921–
924. [8] Kunihiro T. et al. 2005 Geochimica et Cosmochimica Acta 69:
763–773. [9] Nagashima K. et al. 2004 Abstract #9072, Workshop on
Chondrites and Protoplanetary Disk.

Fig. 1. Plot of 129Xe/132Xe vs. 40Ar/36Artrap for NWA2737 chassignite. The
ratios were obtained by stepwise heating experiments.Data for Chassigny are
from [4].

Fig.
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POROSITY CHANGE IN PARENT BODIES DUE TO IMPACT 
A. M. Nakamura Graduate School of Science, Kobe Univerisyt,
amnakamu@kobe-u.ac.jp.

Introduction: Observations of asteroids show they have a range of
porosity, with typical value of 20–40 % [1]. The internal structure of asteroids
has been evolved through collision processes. Therefore, it is of importance
to investigate in detail the porosity change in impact processes. The purpose
of this study is to compile the results of laboratory impact experiments from
the view of porosity evolution of meteorite parent bodies.

Porosity Increase: Mutual collisions in the asteroid main belt occur
with relative velocity of several km/s. Such a collision results in between
catastrophic disruption of the colliding bodies and cratering of the surface of
the larger body. Part of the ejecta from the catastrophic disruption or the
cratering subsequently re-accumulates each other or onto the surface. The re-
accumulation of ejecta into rubble-pile brings or increases macro porosity.
For example, the porosity of asteroid 25143 Itokawa is considered to be about
40% and be due to re-accumulation process [2]. The high-velocity collisions
also increase the internal porosity of parent bodies by creating and growing
cracks and flaws [3], although by only a few percent in basalt impact
experiments. 

Porosity Decrease: Cratering impact onto the surface of porous bodies
compresses the material under the impact point and thus decreases the
porosity [4]. Low-velocity laboratory collision experiments of porous
gypsum spheres show that compaction occur at collision velocity of about
10 m/s. The decrease of the porosity was found to be about 15% [5]. The re-
accumulation velocity should be less than the escape velocity and of the order
of m/s—tens m/s for asteroids of tens km in diameter. Therefore, such
compaction and decrease of porosity at low-velocity collision may play a role
as well as the ones by high-velocity collision at velocities of km/s.

References: [1] Britt D. T. et al. 2002. in Asteroids III, Univ. of Arizona
Press, Tucson, pp. 485–500. [2] Fujiwara A. et al. 2006. Science 312:1330–
1334. [3] Nakamura A. M. et al. ASP Conference Series 63, pp. 237–241.
[4] Housen K. and Holsapple K. A. 2003. Icarus 163:102–119.  [5] Fujii Y.
and Nakamura A. M. 2009. Icarus, in press.
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ADDITIONAL EVIDENCE FOR THE PRESENCE OF
CHONDRULES IN COMET 81P/WILD 2
T. Nakamura1, T. Noguchi2, A. Tsuchiyama3, T. Ushikubo4, N. T. Kita4, J. W.
Valley4, N. Takahata5, Y. Sano5, M. E. Zolensky6, Y. Kakazu1, K. Uesugi7,
and T. Nakano8. 1Kyushu University, Fukuoka 812-8581, Japan
(tomoki@geo.kyushu-u.ac.jp), 2Ibaraki University, Mito 310-8512, Japan,
3Osaka University, Toyonaka 560-0043, Japan, 4University of Wisconsin-
Madison, WI 53706-1692, USA, 5University of Tokyo, Tokyo 164-8639,
Japan, 6 NASA/JSC Houston, TX 77058, USA, 7Japan Synchrotron
Radiation Research Institute, SPring-8, Hyogo 679-5198, Japan, 8Geological
Survey of Japan, Tsukuba 305-8567, Japan.

Wild 2 particles include a variety of crystalline particles and show a
wide range of oxygen isotope ratios [e.g., 1–4]. These facts suggest that
individual crystals might have formed from multiple oxygen reservoirs at
high temperatures. The high-temperature components in Wild 2 are similar to
CAIs and chondrules in chondrites [1, 5], which indicates material continuum
between asteroids and Kuiper-belt objects [6]. We found two Wild 2 particles,
in addition to four particles already reported [5], that are similar to
chondrules.

C2081,1,108,2,0 and C2081,1,108,3,0 are terminal particles of a large
1.3 mm long track. Synchrotron XRD and CT analysis indicates that
C2081,1,108,2,0 consists of two different fabrics: the poikilitic portion made
of olivine, low-Ca pyroxene, and FeNi metal and the dendritic portion made
of high-Ca pyroxene, plagioclase, and SiO2-rich glass. Polishing of this
particle allows the poikilitic portion to appear on the flat surface and the
dendritic portion remains below the surface. Electron microscopy of the
poikilitic portion reveals that it contains rounded olivines in low-Ca pyroxene
and both have similar Mg/(Mg + Fe) ratios at Fo96 and En 97. FeNi metal is
kamacite. Oxygen isotope measurement using an approximately 2 micron
Cs+ diameter beam shows that isotope ratios of olivine and pyroxene make a
cluster at around +2 permil in δ18O slightly above CCAM line but below TF
line in the oxygen three isotope diagram. C2081,1,108,3,0 shows internal
structure and mineral composition similar to C2081,1,108,2,0, but the former
contains a smaller dendritic portion. Oxygen isotope ratios of olivine and
low-Ca pyroxene also similar to those in C2081,1,108,2,0.

Oxygen isotope ratios of silicates in C2081,1,108,2,0 and
C2081,1,108,3,0 and those of three other chondrule-like objects in Wild 2 [5]
distribute within the compositional field of carbonaceous chondrite (CC)
chondrules, suggesting a similarity between Wild 2 and CC chondrules.
Some olivine and pyroxene in the other particles seem to have oxygen
composition above TF line, although 2 sigma error bars encompass the field
of CC chondrules [3].  If the Wild 2 chondrules are really similar only to CC
chondrules, it is suggested that transportation of chondrules in the
protoplanetary disk was spatially or temporally limited.

References: [1] Brownlee D. E. et al. 2006. Science 314, 1716–1716.
[2] McKeegan K. D. et al. 2006. Science 314, 1724–1728. [3] Messenger S.
et al. 2008. Met. Planet. Sci. 43, #5308. [4] Leroux H. et al. 2008. Met.
Planet. Sci. 43, 97–120.[5] Nakamura T. et al. 2008. Science 321, 1664–1667.
[6] Ishii H. et al. 2008. Science 319, 447–450.
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COORDINATED STEM AND NANOSIMS ANALYSIS OF
ENSTATITE WHISKERS IN INTERPLANETARY DUST
PARTICLES
K. Nakamura-Messenger1, , S. Messenger1, L.P. Keller1. 1Robert M. Walker
Laboratory for Space Science, ARES, NASA/JSC, Houston, TX 2ESCG/
Jacobs Technology, Houston, TX. Email: keiko.nakamura-1@nasa.gov.

Introduction: Enstatite whiskers (<10 µm length, <200 nm width)
occur in chondritic-porous interplanetary dust particles (CP IDPs) [1], an
Antarctic micrometeorite [2] and a comet 81P/Wild 2 sample [3]. The
whiskers are typically elongated along the [100] axis and contain axial screw
dislocations, while those in terrestrial rocks and meteorites are elongated
along [001]. The unique crystal morphologies and microstructures are
consistent with the enstatite whiskers condensing above ~1300 K in a low-
pressure nebular or circumstellar gas [1].  To constrain the site of enstatite
whisker formation, we carried out coordinated mineralogical, chemical and
oxygen isotope measurements on enstatite whiskers in a CP IDP.

Sample and Methods:  The IDP sample, L2055N1 (8 µm in size) from
cluster #7 of comet 26P/Grigg-Skjellerup dust stream collection was
embedded in epoxy and 70 nm thick sections were obtained. Following the
mineralogical and chemical identifications using a JEOL 2500SE field-
emission scanning TEM (FE-STEM), the sample was analyzed for O isotopic
compositions by isotopic imaging with the JSC NanoSIMS 50L ion
microprobe.

Results: L2055N1 is a typical anhydrous IDP dominated by very
porous fine grained aggregates. No well-developed magnetite rims on
mineral grains were observed, suggesting little heating during atmospheric
entry.  L2055N1 contains abundant GEMS (glass with embedded metal and
sulfides) grains, and 20–200 nm sized enstatite and sulfide grains bound
together by carbonaceous material. An enstatite whisker occurs in two thin
sections.  In one section the whisker is 1.4 µm long and 0.1 µm wide and in
the adjacent section it is 0.5 µm long. Both fragments are composed of En100
and display a fine-scale intergrowth of clino- and orthoenstatite with stacking
disorder along [100]. O isotopic images revealed that enstatite whiskers have
δ17O  =  −75 ± 101 ‰, δ18O  = −117 ± 37‰ (1σ), whereas the bulk IDP is
very near the terrestrial value: ä17O = 15 ± 14, δ18O = 6 ± 11‰.

Discussion: The O isotopic composition of the whisker falls within the
range of solar system materials.  However, the δ18O value (−117±37‰) is
consistent with a 16O-enrichment at a level comparable to refractory
inclusions in meteorites and comet Wild-2 samples [4]. If this is the case, the
whisker may have also formed in the inner solar system. The O isotopic data
for most other sub-µm grains in the IDP do not have resolvable O isotopic
anomalous, and the bulk IDP composition indicates that the remaining
silicate material in the IDP (mineral and GEMS grains) are not similarly 16O-
rich. Enstatite whiskers are observed only in the primitive dust particles—
their absence in meteorites is likely due to destruction during parent body
thermal/ aqueous alteration.

References: [1] Bradley J. P., Brownlee D. E. and Veblen D. R. 1983.
Nature 301:473–477 [2] Noguchi T. et al. 2008. Meteoritics & Planetary
Science 43, abst.# 5129 [3] Ishii H. A. et al. 2008. Science 319:447–450   [4]
McKeegan K. et al. 2006. Science 314:1724–1728.
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NOBLE GAS RETENTION AGES OF ANGRITES NWA 1296, NWA
2999/4931, NWA 4590 AND NWA 4801 
D. Nakashima1, 2, K. Nagao1, and A. J. Irving3. 1Laboratory for Earthquake
Chemistry, University of Tokyo, Tokyo 113-0033, Japan; 2Dept. of Geol. and
Geophys., University of Wisconsin, Madison, USA. E-mail:
naka@geology.wisc.edu; 3Dept. of Earth and Space Sci., University of
Washington, Seattle, USA.

Introduction: It has been reported that three angrites NWA 2999/4931
(N29/49), NWA 4590 (N45), NWA 4801 (N48) contain 244Pu-derived Xe
(T1/2 ~80 Myr) [1], indicative of very ancient formation. Here we report new
noble gas data for angrite NWA 1296 (N12), and calculate Pu-Xe ages and U/
Th-4He ages based on noble gas data and chemical compositions [2–4].

NWA 1296: He, Ne and Ar are dominated by spallogenic and
radiogenic components. The 3He exposure age (0.6 Ma) is shorter than those
of 21Ne and 38Ar (2.3 Ma on average), suggesting 3He loss during the transit
to the Earth. Kr may be affected by terrestrial contamination, and 81Kr
exposure age cannot be estimated. Xe is dominated by spallogenic and 244Pu-
derived Xe. No 129Xe excess from 129I decay (T1/2 ~16 Myr) is observed,
despite the fact that this angrite has an Al-Mg age of 4561 Ma [5].

U/Th-4He Ages: The U/Th-4He ages of the four angrites studied are
estimated as 170—4480 Ma (<3 % contribution of α-decay of 244Pu),
indicating radiogenic 4He loss. Given the 3He exposure ages comparable to
those of 21Ne, 38Ar and 81Kr (except for N12), the radiogenic 4He would have
been lost by parent body processes. For N12, the radiogenic 4He loss could
have also occurred with spallogenic 3He loss during the meteoroid flight.

Pu-Xe Ages: The 244Pu-136Xe ages relative to Angra dos Reis (ADOR)
are estimated in two ways: method (i) using 150Nd as proxy for the primordial
244Pu content [6] and method (ii) using spallogenic 126Xe as proxy for 150Nd
[7]. The Pu-Xe ages of N12 estimated by the both methods and those of N29/
49 estimated by method (i) are almost zero within the errors, suggesting
contemporaneous formation with ADOR. Method (ii) gives extremely old
ages for N29/49, because of high Ba content due to terrestrial contamination
[8]. The Pu-Xe ages of N45 and N48 obtained by the two methods exceed
zero even if taking 2σ errors. Given the Pb-Pb ages of N45 and N48
comparable to that of ADOR (~4558 Ma; [9]), the old Pu-Xe ages are
attributed to overabundant fission 136Xe, i.e., parentless fission Xe. The
parent body processes may not have affected fission Xe, but may have led to
significant loss of radiogenic 4He.

Acknowledgements: We are grateful to N. Shirai for his help and
constructive discussion.

References: [1] Nakashima D. et al. 2008. Meteoritics & Planetary
Science 43:A112. [2] Shirai N. et al. 2008. Meteoritics & Planetary Science
43:A144; Shirai N. et al. 2009. LPSC XL, #2122. [3] Jambon A. et al. 2005.
Meteoritics & Planetary Science 40:361–375. [4] Gellissen M. et al. 2007.
LPSC XXXVIII, #1612. [5] Baker J. et al. 2005. Nature 436:1127–1131. [6]
Lugmair G. W. and Marti K. 1977. Earth & Planetary Science Letters 35:
273–284. [7] Eugster O. et al. 1991. Geochimica et Cosmochimica Acta 55:
2957–2964. [8] Al–Kathiri A. et al. 2005. Meteoritics & Planetary Science
40:1215–1239. [9] Amelin Y. and Irving A. J. 2007. LPI Workshop on
Chronology of Meteorites, abstract #4061.
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MINERALOGICAL AND CHEMICAL VARIATIONS RECORDED
IN DEHYDRATED CARBONACEOUS CHONDRITES
A. Nakato1, T. Nakamura1 and T. Noguchi2. 1Kyushu University, Fukuoka,
812-8581, Japan. E-mail: aiko@geo.kyushu-u.ac.jp. 2Ibaraki University,
Ibaraki, 310-8512, Japan.

Dehydrated carbonaceous chondrites provide evidence for thermal
evolution of primitive hydrous asteroids [e.g., 1]. It is important to
understand mineralogical and chemical variations of carbonaceous
chondrites that experienced dehydration, because the variation reflects
diversity of the asteroids that underwent thermal metamorphism. For this
purpose, various carbonaceous chondrites, Dhofar 735, Yamato (Y-) 86695,
WIS 91600, MAC 88107, EET 87522, and PCA 91008, which were
suggested to have been heated based mainly on reflected spectra [e.g., 2],
were studied by synchrotron XRD and electron and Raman spectroscopy.

Fine-grained phyllosilicate-rich matrix is a sensitive indicator of
heating. The degree of decomposition and dehydration of matrix
phyllosilicates is estimated by XRD and compared with experimentally
heated Murchison and naturally heated Belgica (B)-7904 [3]. The results are
following: Murchison heated at 900 °C = B-7904 > Dhofar735 = PCA 91008
> Murchison heated at 600 °C > MAC 88107 > Y-86695 > EET 87522 = WIS
91600. The maturation glade of organics in matrix is estimated by micro-
Raman spectroscopy as following: MAC 88107 > Dhofar735 > B-7904 =
Murchison heated at 900 °C > PCA 91008 > Murchison heated at 600 °C > Y-
86695 = WIS 91600 = EET 87522.

The six chondrites show a wide variation in overall textures, chemical
composition of matrix, and the presence/absence of PCPs. Y-86695 and EET
87522 are typical CMs, Dhofar 735 is similar to B-7904 dehydrated CI/CM,
and WIS 91600 is similar to Tagish Lake chondrite. MAC 88107 and PCA
91008 are not similar to any hydrous carbonaceous chondrites. 

Matrix serpentine in Y-86695 and EET 87522 is decomposed but does
not transform to secondary olivine. Therefore, the degree of heating of the
two meteorites is lower than Murchison heated experimentally at 600°C/1h
[3]. Matrix of Dhofar735 consists of decomposed saponite, serpentine, and
PCPs, which is similar to B-7904. Like Tagish Lake, WIS 91600 contains
saponite and Mg-Fe carbonate, but shows depletion of interlayer water
molecules in saponite and no other evidence of heating. Therefore, it
experienced very weak heating. PCA 91008 has been heated to form
secondary silicates, but abundant jarosite formed in matrix due to heavy
terrestrial weathering, which makes it difficult to clue original mineralogy.
Phyllosilicate in chondrule-rims in MAC 88107 decomposes and forms low-
crystalline olivine. But the organics maturation grade is very high and
corresponds to typical CO chondrite [5], suggesting long-duration low-
temperature heating. This supports the classification of this meteorite to CM-
CO clan [4]. All results taken together, the degree of heating and original
mineralogy prior to heating vary greatly among six hydrous carbonaceous
chondrites, thus suggesting that dehydrated primitive asteroids have a wide
variation in mineralogy and organic chemistry. 

References: [1] Hiroi T. et al. 1993. Science 261:1016–1018. [2]
Moroz L. V. et al. 2006. Meteoritics & Planetary Science 41:1123–1268 [3]
Nakato A. et al. 2008. Earth, Planets and Space 60:855–864 [4] Krot A. N.
et al. 2000. Meteoritics & Planetary Science 35:1365–1386. [5]
Busemann H. et al. 2007. Meteoritics & Planetary Science 42:1387–1416. 
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GAMMA IRRADIATION EFFECTS IN MARS ANALOGUES
A. W. Needham1, C. L. Smith1, K. T. Howard1, G. K. Benedix1, M. A.
Sephton2, Z. Martins2, N. J. Foster3, I. A. Franchi4, S. S. Russell1, 1IARC,
Department of Mineralogy, The Natural History Museum, London, SW7
5BD, UK. E-mail: A.W.Needham@open.ac.uk. 2IARC, Department of Earth
Science and Engineering, Imperial College, London, UK. 3Centre for
Astrophysics and Planetary Sciences, School of Physical Sciences, Ingram
Building, University of Kent, Canterbury, Kent, CT2 7NH, UK.4PSSRI, The
Open University, Milton Keynes, MK7 6AA, UK.

Introduction:  The search for life on Mars is a primary focus of sample
return missions planned for the coming decades. Although the chance of
finding extant life in returned samples is small, it is non-zero, and suitable
precautions must be taken. Mars sample return (MSR) missions will be
designated COSPAR category IVb-c [1], and sterilization of Martian material
will be essential prior to removing samples from biocontainment. Previous
studies indicate that gamma irradiation with doses exceeding 30 Mrad may
provide a suitable method of biological sterilization due to the limited
alteration it produces in the host sample [2, 3]. The present study provides
further information regarding gamma irradiation effects on petrological,
chemical, isotopic, and organic properties in a range of Martian analogue
material.

Methods: A 60Co radiation source was used to expose the samples to 30
Mrad. A broad range of analytical techniques have been employed to analyse
irradiated and unirradiated samples; these include electron, optical and IR
microscopy, XRD, Raman spectroscopy, ICP-MS, light stable isotope
analyses (C, N, O), and analyses of organic compounds.

Results:  The effects of gamma irradiation on mineralogical, chemical
and isotopic properties are limited. XRD results demonstrate that gamma
irradiation has no obvious systematic effects on crystal structure. Optical
properties of most minerals are unaffected, though halite is a significant
exception, as discussed in detail by [2]. Preliminary electron microscopy
investigation (secondary electron imaging) revealed no significant surface
alteration effects. The finest-scale features are under investigation by field
emission SEM (and TEM where appropriate). Detailed results from major
and trace element, stable isotope, organic, and Raman spectroscopy analyses
will also be presented at the conference.

Implications:  Samples returned from Mars may require sterilization
prior to removal from biocontainment and distribution to the scientific
community, at least in the case of the initial sample aliquots released. The
results of this study continue to support gamma irradiation as a preferred
sterilization technique. In comparison with chemical or UV techniques
(which only sterilize surface materials), or dry heating (which causes
significantly more damage to key scientific records), gamma irradiation
represents an excellent combination of effective sterilization and sample
preservation.   

References: [1] Rummel et al. 2002. Report of the COSPAR/IAU
Workshop on Planetary Protection. [2] C. C. Allen et al. 1999. Journal of
Geophysical Research 104. [3] A. W. Needham et al. 2008. Meteoritics &
Planetary Science 43, Abstract #5279.
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AQUEOUS ALTERATION PROCESSES ON MARS
A. W. Needham1, 2, T. Tomkinson1 and M. M. Grady1, 2, 1 PSSRI, The Open
University, Walton Hall, Milton Keynes, MK7 6AA, UK. (A.W.
Needham@open.ac.uk). 2 IARC, Department of Mineralogy, The Natural
History Museum, London, SW7 5BD, UK.

Introduction: The search for life beyond Earth is the driving
motivation for present and planned missions to Mars by both NASA and
ESA. Developing a full understanding of the aqueous history of the Martian
surface and sub-surface is essential because of the key role water plays in the
history of life. In lieu of a sample return mission, and assuming that such a
mission will excavate samples from only near-surface lithologies, Martian
meteorites continue to provide unique records of sub-surface aqueous
activity on Mars. 

As part of a continuing investigation of aqueous flow on Mars, we have
undertaken systematic analyses of the secondary mineral assemblages within
nakhlites. These assemblages are complex mixtures of clay minerals,
carbonates, sulfates, oxides and iron oxy-hydroxides [1–3], and are indicative
of alteration sequences that may be related to different fluid flow regimes
(groundwater, hydrothermal, crater lake) including evaporation of fluids and
interaction with the atmosphere and bedrock [2,3].

Samples and Methods: The alteration assemblages are very fine
grained mixtures of several minerals and poorly crystalline ‘gels’ which lack
resolvable crystal structure. Advances in analytical instruments (FIB
extraction, TEM, NanoSIMS, AFM, Tip-Enhanced Raman Spectroscopy)
allow more detailed mineralogical, chemical and isotopic analyses than has
been possible in earlier studies of these mineral assemblages.

Terrestrial Analogues: Detailed petrologic, chemical and isotopic
analyses of Martian meteorites will only provide an accurate picture of Mars’
history if the results can be reliably interpreted. For this reason it is essential
to analyse a range of suitable terrestrial analogues for comparison. The
detailed geologic and climate history of terrestrial samples can be defined in
a way that is impossible for meteorites excavated from unknown localities on
Mars. Characterization of systematic structural, chemical and isotopic
variations associated with analogous terrestrial environments will enable us
to discriminate between putative aqueous systems on Mars e.g.,
hydrothermal cells, groundwater seepage, transient/seasonal melt waters,
crater-floor lakes and brines. 

Implications: Accurately identifying the geological setting of aqueous
alteration of Martian meteorites will not only elucidate Mars’ geologic and
climate history but will also provide valuable input for current and future
Mars missions. For example, if aqueous activity in nakhlites was identified as
resulting from long-term ambient conditions suitable for liquid water ~1.3 Ga
this would have significant implications for the habitability of Mars and the
evolution of life. Alternatively, the identification of transient, impact-related,
aqueous activity would suggest that outcrops of phyllosilicates identified by
recent orbiter missions [4–6] do not require a warm and wet climate late in
Mars’ history. 

References: [1] Gooding. J. L. et al. 1991. Meteoritics 26:135–143. [2]
Bridges. J. C and Grady. M. M. 2000. EPSL 176, 267–279. [3] Grady M. M.
et al. 2007. LPSC XXXVIII, 1826. [4] Poulet et al. 2005. Nature 438, 623–
627. [5] Bibring. J.-P. et al. 2006. Science 312, 400–404. [6] Mustard. J. F.
et al. 2008. Nature 454, 305–309.
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EVIDENCE FOR AT LEAST TWO SOURCE MELT
COMPOSITIONS FOR THE LOWER YAXCOPOIL-1 IMPACT
MELT BRECCIAS
H. E. Newsom, M. J. Nelson, and M. N. Spilde.  Univ. of New Mexico,
Institute of Meteoritics, Dept. of Earth and Planetary Sciences, Albuquerque,
NM  87131 USA. E-mail: newsom@unm.edu. 

Introduction: The Yaxcopoil-1 drill core, in the annular trough of the
crater, consists of layered impactites with an upper “reworked suevite”, and
lower “impact melt breccia” [1–5]. We find that the elemental signatures in
the lower impact melt breccia cannot be explained by any one unaltered
parent lithology, and favor an explanation for the Mg and K signatures by a
combination of aqueous alteration and at least two compositionally distinct
impact melts.

Results: The lower units at a depth below ~847 m, and presumably
deposited first, contain an impact melt breccia. Microprobe, SEM, and X-ray
diffraction analyses indicate that the matrix of the breccias is physically
distinct from the melt clasts and locally exhibits flow texture around clasts,
and alteration to smectite clay. K-enrichment is seen on puzzle-like angular,
silicate melt clast rims in element maps, while the matrix material consists of
a separate Mg-rich (20% or greater), lithology with no K-enrichment. In
contrast, the K-enrichment is present only in the rims of the Si-, Al- rich melt
clasts. XRD analyses did not detect the presence of chlorite or other
hydrothermal minerals.

Conclusions: These results support the following sequence of events to
form the lower portion of the Yax-1 breccias: (1) Impure dolomite and
silicate basement lithologies were melted and ejected during crater
formation, consistent with the model of Stöffler et al.[6], (2) The silicate melt
was quenched, brecciated, and enriched in potassium by seawater, or another
K-rich fluid during transport or shortly after deposition, and (3) This deposit
was later permeated by Mg-rich dolomitic melt, possibly from melt bodies in
the ejecta deposit that were not as well mixed as seen in the upper ejecta
material. Dual melts have also been identified at the Ries crater [7, 8] and at
the Haughton structure, Canada [9, 10].

Acknowledgements: Yaxcopoil-1 samples provided by the Chicxulub
Scientific Drilling Project, and funding provided by NASA Planetary
Geology and Geophysics grants NNG05GJ42G, and NNH07DA001N (H.
Newsom). 
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IDENTIFICATION OF AN EXTREMELY 18O-RICH PRESOLAR
SILICATE GRAIN IN ACFER 094
A. N. Nguyen1, 2 and S. Messenger1. 1Robert M Walker Laboratory for Space
Sciences, NASA/JSC. 2ESCG/Jacobs Technology, Houston, TX.  lan-
anh.n.nguyen@nasa.gov.

Introduction: Presolar silicate grains have been abundantly identified
since their first discovery less than a decade ago [1, 2, 3]. The O isotopic
compositions of both silicate and oxide stardust indicate the vast majority
(>90%) condensed around O-rich asymptotic giant branch (AGB) stars.
Though both presolar phases have average sizes of ~300 nm, grains larger
than 1 µm are extremely uncommon for presolar silicates. Thus, while
numerous isotopic systems have been measured in presolar oxide grains [4],
very few isotopic analyses for presolar silicates exist outside of O and Si [2,
5]. And still, these measurements suffer from isotopic dilution with
surrounding matrix material [6]. We conduct a search for presolar silicates in
the primitive carbonaceous chondrite Acfer 094 and in some cases obtain
high spatial resolution, high precision isotopic ratios.

Experimental: A grain-size separate of Acfer 094 containing matrix
silicate grains of diameters ~100–500 nm was analyzed by raster ion imaging
in the JSC NanoSIMS 50L ion microprobe. Raster fields of 20 × 20 µm2 were
first scanned for all O and Si isotopes, and 24Mg16O was also measured for
the majority of these regions. The primary beam size (spatial resolution) was
~120 nm. Eleven anomalous grains were subsequently analyzed for O and Si
isotopes with higher spatial resolution (~70 nm) to reduce contributing signal
from surrounding grains.

Results: A total of 47 presolar silicate grains were identified. As
expected, all of them likely condensed in AGB stars save for 6 grains that are
enhanced in one or both of the heavy O isotopes. Supernova are favored over
high metallicity stars as the parent sources of these rare grains [4, 7], as in the
case for three presolar silicates that have extreme 18O enrichments but solar
or sub-solar 17O/16O [4,5,8,9]. We identified one grain with one of the highest
enhancements of 18O (18O/16O  = 0.013) found in a presolar silicate to date
and normal 17O/16O. A SN origin for this grain is highly probable, but
unfortunately its Si isotopic composition is not diagnostic. The NanoSIMS
images show the grain contains Mg and we plan to measure Mg/Al isotopes
in this unusual grain to better constrain its source. We note that two SN oxide
grains were observed to be depleted in 25Mg and enhanced in 26Mg [4].

The O isotopic anomalies of grains re-measured under high spatial
resolution are larger than in the original measurements, indicating the
reduced contribution from surrounding grains. For many grains, too little
material remained for acquisition of higher precision Si isotopic ratios.
However, two of three 18O-rich silicate grains with relatively low
measurement errors show slight enhancements in 30Si, though this does not
necessarily require a high metallicity source [4]. 

References: [1] Messenger S. et al. 2003. Science 300:105–108. [2]
Nguyen A. N. and Zinner E. 2004. Science 303:1496–1499 [3] Nagashima K.
et al. 2004. Nature 428:921–924 [4] Nittler L. R. et al. 2008. The
Astrophysical Journal 682:1450–1478. [5] Mostefaoui S. and Hoppe P. 2004.
The Astrophysical Journal 613:L149–L152 [6] Nguyen A. N. et al. 2007. The
Astrophysical Journal 656:1223–1240 [7] Choi B.–G. et al. 1998. Science
282:1284–1289 [8] Messenger S. et al. 2005 Science 309:737–741 [9] Bland
P. A. et al. 2007. Meteoritics & Planetary Science 42:1417–1427.
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SHOCK METAMORPHISM ON BADDELEYITE: IMPLICATION
FOR U-PB ISOTOPIC SYSTEMATICS OF SHERGOTTITES 
T. Niihara1, H. Kaiden1, 2, K. Misawa1, 2, and T. Sekine3, 1The Graduate
University for Advanced Studies, Tachikawa, Tokyo 190-8518, Japan. E-
mail: niihara@nipr.ac.jp, 2Antarctic Meteorite Research Center, NIPR,
Tachikawa, Tokyo 190-8518, Japan, 3National Institute for Materials
Science, Tsukuba, Ibaraki 305-0044, Japan.

Introduction: The age significance of isotope chronometers in basaltic
shergottites is not agreed yet [1–3]. Bouvier et al. [3] argued that
crystallization ages of shergottites were old (~4.1 Ga), and suggested that
young ages of shergottites (i.e., ~180 Ma) represent reset by shock
metamorphism. Baddeleyite (ZrO2) is an important mineral for U-Pb dating
of basaltic shergottites. By compression, monoclinic baddeleyite shows
sequential transition to two orthorhombic phases up to 70 GPa [4]. Shock
recovery experiments on baddeleyite were performed at the shock pressures
of 24, 34, 47, and 57 GPa using a propellant gun at NIMS [5], to understand
the shock effects on baddeleyite.

Samples and Analytical Techniques: We used coarse-grained
baddeleyite from Phalaborwa, South Africa, (2059.8 Ma) as a starting
material. The baddeleyite is mixed with a coarse-grained basalt from North
Kona, Hawaii [6] with a weight ratio of 1:2. In situ U-Th-Pb isotopic analysis
of shocked baddeleyite was carried out with the SHRIMP II at NIPR [7].

U-Pb Isotopic Systematics: There is no correlation between shock
pressures and degrees of U-Pb discordancy. Lead loss from baddeleyite was
observed for none of the experimentally shocked samples. In addition, the U-
Pb and 207Pb-206Pb ages of shocked baddeleyites are indistinguishable from
those of starting baddeleyite within errors. 

Discussion: U-Pb and 207Pb-206Pb systematics of naturally shocked
eucritic zircon and experimentally shocked zircon were not disturbed by
shock metamorphism [7, 8]. 

There are no published experimental data for the effect of Pb or U
diffusion in baddeleyite. If the U-Pb systematics of shergottites were
disturbed at the time of shock metamorphism as Bouvier et al. [3] suggested,
it means that the Pb diffusion in baddeleyite is faster than that in zircon. A
knowledge of diffusivites of Pb or U in baddeleyite is needed for further
discussion.

Although our shock experiments are different in temperature, duration
of peak shock pressure, and grain size from shergottites, it is possible that the
U-Pb system of baddeleyite is not disturbed by shock metamorphism.  

References: [1] Herd C. D. K. et al. 2007. Abstract #1664. 38th LPSC.
[2] Misawa K. and Yamaguchi A. 2007. Meteoritics & Planetary Science 42:
A108. [3] Bouvier A. et al. 2008. Earth and Planetary Science Letters 266:
105–124. [4] Ohtaka O. et al. 2001. Physical Review B 63:174108-1–174108-
8. [5] Sekine T. et al. 1987. Journal of Materials Science 22:3615–3619. [6]
Yokose H. et al. 2005. Marine Geology 219:173–193. [7] Misawa K. et al.
2005. Geochimica et Cosmochimica Acta 69:5847–5861. [8] Deutsch and
Schärer. 1990. Geochimica et Cosmochimica Acta 54:3427–3434.
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EXPOSURE HISTORIES OF CM2 CARBONACEOUS
CHONDRITES—AN UPDATE 
K. Nishiizumi1 and M. W. Caffee2. 1Space Sciences Laboratory, University of
California Berkeley, CA 94720–7450, USA. e-mail: kuni@ssl. berkeley. edu.
2Department of Physics, Purdue University, West Lafayette, IN 47907–1396,
USA.

Introduction: The cosmic ray exposure (CRE) age distribution of CM2
carbonaceous chondrites is distinctly different from all other classes of
meteorites, including classes of carbonaceous chondrites [e.g., 1].  Many
CM2 chondrites show evidence of low-temperature aqueous alteration in the
early solar system.  Some of the hydrous CM2s were heated after aqueous
alteration but there is no chronological record for the post hydration heating
[e.g., 2].

Results and Discussion:  As an extension of our previous work [1], we
determined CRE ages of 103 CM2 chondrites based on measurements of
cosmogenic 10Be, 26Al, 36Cl, and 41Ca in conjunction with noble gas data
from the literature.  Figure 1 shows a histogram of exposure ages (<2 Myr) of
45 CM2 chondrites, excluding possible pairs.  Some significant features are
already described in previous work [1].  The most remarkable features are (1)
distinct clusters of collisional events 0.2 Myr and 0.6 Myr ago, and (2) a wide
gap between 0.7 and 1.2 Myr containing no members.  In stark contrast to
other meteorites, the CM2 parent body has experienced catastrophic
collisional events within last 0.7 Myr that have delivered material to Earth.
Although exposure ages of only several CM2’s were measured by both
radionuclides and noble gases, the two methods are in good agreement for
most cases.  We don’t find clear evidence of complex exposure history for
CM2.  Four meteorites (Belgica 7904, LEW 90500, Sayama, and Yamato
82042) have shorter noble gas exposure ages than those based on
radionuclides, presumably indicating depletion of cosmogenic noble gases.
Recent (less than a few Myr) heating event(s) might explain this depletion of
noble gases.

Acknowledgments: This work was supported by NASA
Cosmochemistry program.

References: [1] Nishiizumi K. and Caffee M. W. 2002. Meteoritics &
Planetary Science 37:A109. [2] Nakamura T. 2005. Journal of Mineralogical
and Petrological Sciences 100:260–272.
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GALACTIC CHEMICAL EVOLUTION, PRESOLAR GRAINS, AND
THE SOLAR 18O/17O RATIO
L. R. Nittler. Dept. of Terrestrial Magnetism, Carnegie Institution of
Washington, Washington DC, 20015; lnittler@ciw.edu.

Introduction: On the basis of radio measurements, it has been known
for close to 30 years that the 18O/17O ratio is some 25% lower in the
interstellar medium (ISM) than in the solar system [1, 2]. Recent infrared
observations of protostars confirm this low ratio in the local ISM [3]. Models
of Galactic Chemical Evolution (GCE) have predicted that 18O/17O should
remain constant as the Galaxy evolves [4], and this was supported by the
original radio data, which showed no sign of a galactic radial gradient for this
ratio [1]. A popular explanation for the discrepancy has long been local
enrichment of the Sun’s progenitor cloud by one or more supernovae (SNe)
[3, 4]. However, a number of theoretical and observational considerations
indicate that local enrichment by SNe is not needed to explain solar 18O/17O. 

Galactic Chemical Evolution: A strictly constant 18O/17O ratio during
GCE is expected only if both isotopes are produced primarily in Type II SNe
so that stellar evolutionary time scales are unimportant. The widely-used SN
yields of [5] showed significant production of both isotopes, and GCE
models based on these yields do indeed predict a flat 18O/17O ratio in time and
space [4]. However, more recent calculations [6], taking into account updated
nuclear reaction rates, show that SNe cannot be the main source of 17O.
Rather, this isotope is probably made primarily in classical novae and AGB
stars. Because these sources have much longer evolutionary time scales than
SNe, this implies that 17O production should come later than that of 18O and
the 18O/17O ratio should decrease with time, providing an alternative
explanation for the discrepancy between the Sun and the present-day ISM.
One study [7] took into account both novae and AGB stars in modeling the
evolution of 16O and 17O, but did not discuss 18O. Thus, a quantitative model
of O-isotope GCE taking into account current understanding of
nucleosynthesis is still lacking. However, an apparent 18O/17O gradient
observed in the most recent radio survey [2] supports that this ratio changes
with time. An alternative suggestion for the Sun’s 18O/17O ratio is a presolar
merger of the Milky Way with a dwarf galaxy [8].

Presolar Grains: A majority of presolar O-rich grains in meteorites are
believed to have formed in low-mass AGB stars and their O isotopes reflect
both GCE and internal nuclear processes in the parent stars [9]. The existence
of many grains from long-lived (low-mass) stars with 18O/17O ratios higher
than the local ISM value as well as the results of simple Monte Carlo
simulations [10] argue that the solar 18O/17O ratio was not atypical in the
Galaxy for several Gyr prior to solar formation.

References:  [1] Penzias A. A. 1981. The Astrophysical Journal 249:
518–523. [2] Wouterloot J. G. A. et al. 2008. Astronomy & Astrophysics 487:
237–246. [3] Young E. D. et al. 2009. Abstract #1967. 40th LPSC. [4]
Prantzos N. et al. 1996. Astronomy & Astrophysics, 309:760–774. [5]
Woosley S. E. and Weaver T. A. 1995. The Astrophysical Journal (Supp.)
101:181–235. [6] Rauscher T. et al. 2002. The Astrophysical Journal 576:
323–348. [7] Romano D. and Matteucci F. 2003. Monthly Notices of the
Royal Astronomical Society 342:185–198. [8] Clayton D. D. 2004. Abstract
#1045. 35th LPSC. [9] Nittler L. R., et al. 1997. The Astrophysical Journal
483:475–495. [10] Nittler L. R. 2009. Publications of the Astronomical
Society of Australia, in press.
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SM-ND AND RB-SR AGES AND ISOTOPIC SYSTEMATICS FOR
NWA 2977, A YOUNG BASALT FROM THE PKT
L. E. Nyquist 1, C.-Y. Shih2, Y. D. Reese3, and A. J. Irving4. 1NASA Johnson
Space Center, Houston, TX 77058. E-mail: laurence.e.nyquist @nasa.gov.
2ESCG Jacobs-Sverdrup, Houston, TX 77058. 3Mail Code JE-23, ESCG/
Muniz Eng, Houston, TX, 77058. 4Dept. Earth and Space Sci., Univ. Wash.,
Seattle.

Introduction: NWA 2977 lacks the regolith breccia lithology present in
the other stones of its type [1, 2] making it more favorable for isotopic
studies. The 39Ar-40Ar age is 2.77 ± 0.04 Ga based on the last ~57% of the gas
release [3]. The age and gas release are similar to those of NWA 773 [4]. A
Sm-Nd age of 2.865 ± 0.031 Ga and εNd = −7.84 ± 0.22 for NWA 773
reported by [5] has been revised to T  = 2.993 ± 0.032, εNd  = −4.5 ± 0.3 [6].

147Sm-143Nd Isochron for NWA 2977: Whole rock, pyroxene, olivine,
plagioclase, whole rock leachate (~phosphate) and the combined leachates
from the mineral separates yield a well-defined Sm-Nd isochron for an age T
= 3.10 ± 0.05 Ga and εNd,CHUR  = –3.74 ± 0.26 [7], or εNd,HEDR  = −4.61 ± 0.26
[8]. 

87Rb-87Sr Isochron: NWA 2977 contains only a modest amount of Rb
and/or Sr contamination for which the Sr-isotopic composition closely
resembles that of seawater. The whole rock residue after leaching combined
with leach residues for plagioclase and pyroxene defines an isochron age of
3.29 ± 0.11 Ga for initial 87Sr/86Sr  = 0.70287 ± 18.  The olivine residue, with
lower Sr abundance, is only slightly displaced from the isochron. The
relatively small uncertainties of the Rb-Sr isochron parameters and near-
concordancy with the Sm-Nd age show that both the Rb-Sr and the Sm-Nd
ages are reliable.

Discussion: The somewhat older Rb-Sr and Sm-Nd ages of NWA 2977
compared to its 39Ar-40Ar age [3] suggests some unrecognized radiogenic
40Ar* loss from the sample analysed by [3]. Initial εNd for NWA 2977, when
combined with εNd for KREEP-rich samples defines a line that when
extrapolated passes between the CHUR and HEDR values at 4.568 Ga ago.
Both types of samples lie within error limits of Nd-isotopic evolution for
147Sm/144Nd ~0.177 characteristic of KREEP-rich sources. ε142Nd for NWA
2977 is the same within error limits as that of KREEP basalt 14310, also [9].
The 142,143Nd isotopic evolution can be modeled for: (a) 50 Ma with
chondritic 147Sm/144Nd (µCHUR)  = 0.1967, (b) 168 Ma with µmoon = 0.205, (c)
1250 Ma with source region µS = 0.173 (all present-day values). A simple
two-stage model for Sr-isotopic evolution gives 87Rb/86Sr ~0.207 in the NWA
2977 source, similar to that in the basalt itself, and greater than that in the
source regions of A14 and A15 KREEP basalts. Thus, the source contained
highly evolved TIRL (Trapped Instantaneous Residual Liquid [10]). The age,
isotopic characteristics and ITE abundances suggest an origin in the PKT.

References: [1] Jolliff B. L. et al. 2007. Abstract #1489. 38th LPSC.
[2] Zeigler R. A et al. 2007. Abstract #2109. ibid. [3] Burgess R. et al. 2007.
Abstract #1603. ibid. [4] Fernandes V. A. et al. 2003. Meteoritics &
Planetary Science 38, 555–564. [5] Borg L. et al. 2004. Nature 432, 209–
211. [6] Borg L. et al. 2009. Geochimica et Cosmochimica Acta, in press. [7]
Jacobsen S. B. and Wasserburg G. J. 1984. Earth and Planet. Sci. Lett. 67,
137–150. [8] Nyquist L. et al. 2006. Geochimica et Cosmochimica Acta, 70,
5990–6015. [9] Touboul M. et al.  2009. Abstract # 2269. 40th LPSC. [10].
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CHEMICAL COMPOSITION OF THE GALACTIC COMIC RAYS
BY THE TRACK INVESTIGATION IN OLIVINE CRYSTALS FROM
THE MARJALAHTI PALLASITE 
N. M. Okat’eva1, N. G. Polukhina1, A. B. Alexandrov1, A. V. Bagulya1, M. S.
Vladimirov1, L. A. Goncharova1, A. I. Ivliev2, G. V. Kalinina2, L. L.
Kashkarov2, N. S. Konovalova1, A. S. Roussetski1, N. I. Starkov2. 1Lebedev
Physical Institute, RAS, Moscow 119991 Russia. E-mail:
poluhina@sci.lebedev.ru. 2Vernadsky Institute of Geochemistry and
Analytical Chemistry, RAS, Moscow 119991 Russia. E-mail:
leokash@mail.ru. 

Introduction: In the framework of OLYMPIA project [1] there was
developed a basic method for the heavy and super heavy galactic cosmic ray
(GCR) nuclei charge determination. The preliminary experimental results of
the determined nucleus charges were presented in [2, 3]. 

Method of the Nuclei Charge Determination: Geometrical (track-
length L) and dynamical (track-etch rate VTR) parameters of chemically
etched tracks in non-annealed olivine crystals from the Marjalahti pallasite
are analyzed [4]. The method for identification of GCR heavy and super-
heavy nuclei includes precise measurements of the L and VTR for step-by-
step chemical etching of the olivine crystals. Parameters of individual tracks
are recorded with a help of a unique highly effective measuring facility
PAVICOM [5]. For the calibration of track parameters the olivine crystals
from Marjalahti pallasite were exposed with Xe and U beams of UNILAC
accelerator in Durmstadt. 

Results: There was held the detailed analysis for 853 registered tracks.
The distribution for the identified charge values of the registered nuclei in
comparison with the data of apparatus measuring [6, 7] shows the trend lines
are in good agreement and coincidence with accuracy (1–2) charge unit.

Relative abundance of some groups of the GCR super-heavy (Z > 56)
nuclei detected for tracks from the Marjalahti pallasite olivine crystals is
given in the table.

Conclusions: The obtained by now data of the GCR super-heavy nuclei
group (Z > 50) charge spectrum bring to following conclusions. (1) In the
total number of the 853 registered tracks with the charge Z > 50 four of them
must correspond to Th-U nuclei group. (2) The ratio of up to day registered
nuclei with Z > 50 to nuclei of iron group (23 < Z < 28) makes ~1.2 × 10−6 and
~6×10-7 for the Pt-Pb and Th-U groups correspondingly.

This work was supported by RFBR grant No 06-02-16835.
References: [1]. Ginzburg V. L. et al. 2005. Doklady Physics 50:283-

288. [2]. Goncharova L. A. et al. 2007. Abstr. #1575. 38th LPSC. [3]
Alexandrov A. B. et al. 2009. Abstr. #1407. 40th LPSC. [4] L. Kashkarov et
al. 2008. Radiation Measurements 43:S266–S268. [5] Feinberg E. L. et al.
2004. Physics of Particles and Nuclei 35:409–414. [6] Shapiro M. M.,
Silberberg R. 1974. Phil. Trans. R. Soc. A277:319–348. [7] W. R. Binns et al.
1989. Astrophys. J. 346:997–1009.

Table 1. 
Charge group NZ (*)

Track density 
(cm−3)

Relative
abundance

23 ≤ 28 ~3000 (1–5) × 109 1
56 ≤ 59 133 6.0 × 104 2 × 10−5

60 ≤ 69 282 1.3 × 105 4.3 × 10−5

70 ≤ 79 146 6.6 × 104 2.2 × 10−5

80 ≤ 89 8 3.6 × 103 1.2 × 10−6

90 ≤ 92 4 1.8 × 103 6 × 10−7

 (*)Number of tracks registered in ~2.2 mm3 of 27 olivine crystals.
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OXIDATION DEGREE OF SULFUR AND OXYGEN ORGANIC
FUNCTIONS IN THE IOM OF AQUEOUSLY ALTERED
CHONDRITES
F. R. Orthous-Daunay1, E. Quirico1, L. Lemelle2, P. Beck1, V. de Andrade3,
A. Simionovici4, S. Derenne5, B. Schmitt1. 1L.P.G. CNRS/UJF BP53 38041
Grenoble Cedex9 France E-mail: forthous@ujf-grenoble.fr 2E.N.S. CNRS 46
allée d’Italie 69009 Lyon France 3ID21 Beamline ESRF BP220 38043
Grenoble 4LGCA CNRS/UJF BP53 38041 Grenoble 5BioEMCo CNRS/
UPMC 4 place Jussieu 75252 Paris Cedex5 France.

Introduction: Carbonaceous chondrites of types 1 and 2 like CIs, CMs,
CRs and Tagish Lake contain a few percent of insoluble organic matter
(IOM) which could provide clues on the organic chemistry of nebular and/or
protostellar environments. These chondrites also have experienced complex
hydrothermal processes on parent bodies [1–3]. A major issue is the
understanding of IOM compositional and structural changes due to
hydrothermalism. Chemical variability has been reported among various
IOMs, and so far interpreted as the consequence of oxidation processes [4–5].
Nevertheless, it cannot be excluded that chemical diversity of organic
precursors might contribute in the IOMs observed differences.

Methods: We extracted eleven IOMs from three CI1: Ivuna, Orgueil,
Alais; six CM2: Murchison, Cold Bokkeveld, QUE99355, QUE97990,
Mighei, Murray; one CR2: Renazzo; and one C2 ungrouped: Tagish Lake.
We used a HF/HCl treatment adapted for a continuous flux filtration process
to remove most of minerals and soluble organic molecules. IOM grains are
picked and flattened on BaF2 windows or Ultralene® foils for measurement.
We acquired mid-infrared (IR) spectra from 700 to 4000 cm−1 with a Bruker
Hyperion3000 microscope at the L.P.G. and Sulfur K-edge X-ray absorption
near edge structure (XANES) spectra from 2450 to 2500 eV on the ID21
beamline at the ES.R.F. in Grenoble, France. We have probed the mean
functional composition by using beam sections up to 100*100 µm² for IR and
50 µm in diameter for XANES.

Results: XANES spectra reveal an increasing trend of sulfur oxidation
with increasing petrological alteration degree. Highly oxidised groups (as –
SO– and –SO3H) are specifically found in C1 IOMs whereas reduced groups
(as –SH and –S–) are both in C1 and C2 IOMs. Reduced sulphide minerals
contribution seems to decrease with increasing alteration degree as
previously reported [6]. Cold Bokkeveld appears as a peculiar object
showing abnormally oxidised sulfur that could be related to brecciation or
heterogeneous alteration. IR spectra confirm the oxidation trend by detecting
more oxygenated (carbonyl and carboxyl) groups in C1 than in C2 IOMs.
Enrichment in CH2 and CH3 of CI1 toward CM suggested by IR is consistent
with previous IR and NMR studies [5; 7] and cannot be attributed exclusively
to oxidation processes.

References: [1] Rubin A. E. et al. 2007. Geochimica et Cosmochimica
Acta 71:2361–2382. [2] Fredriksson K. and Kerridge J. F. 1988. Meteoritics
23:35–44. [3] Bischoff A. 1998. Meteoritics & Planetary Science 33:1113–
1122. [4] Alexander C. M. O’D. et al. 2007. Geochimica et Cosmochimica
Acta 71:4380–4403. [5] Cody G. D. and Alexander C. M. O’D. 2005.
Geochimica et Cosmochimica Acta 69:1085–1097. [6] Burgess R. et al. 1991.
Meteoritics 26:55–64. [7] Gardinier A. et al. 2000. Earth and Planetary
Science Letters 184:9–21.
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MAJOR INCREASE IN TOTAL KNOWN WEIGHT FOR DANBY
DRY LAKE (H6) CALIFORNIA METEORITE 
R. S. Verish1. 1Meteorite-Recovery Lab. E-mail: bolidechaser@yahoo.com. 

Introduction: The first mass of Danby Dry Lake (131 g) was found
2000 September 17th by Mr. Bill Peters of Phoenix, AZ in an area that would
be best described as a prior shoreline of Danby Lake.  A partial type specimen
was submitted to ASU and after being classified (H6 breccia with rounded
clasts) Danby Dry Lake first appeared in Meteoritical Bulletin (MetBull) No.
85 [1]. The coordinates listed in MetBull No. 85 were incorrect; the correct
ones appeared in MetBull No. 86 [2]. 

Recovery Information: On May 2nd of 2008, while searching in the
area of these coordinates for more masses of this meteorite, this author found
several small fragments in a recently dug pit.   After some investigation it was
discovered that the area around this pit was the site where over 526 fragments
of the Danby Dry Lake chondrite were previously recovered [3]. Although
the recovery of these fragments was documented by the finder in the
referenced publication, the actual locality name was not mentioned. The
finder has subsequently confirmed that his find location is 500 m from the
original Danby Dry Lake locality [4].

Discussion: This abstract documents that additional masses of the
Danby Dry Lake meteorite were found on two occasions in November of
2006, which now raises the total known weight (TKW) to over 8991 grams.
A cluster of over 526 fragments was centered on N34°13.237′ W,
115°03.178′ along with an individual mass of 732 grams located a short
distance to the southwest at  N34°13.220′ W115°03.204′. A more exact set of
coordinates for the original 131 g mass is N34°12.954′ W115°03.112′.  Along
with the original partial type specimen at ASU, an additional 16 grams (from
the November 2006 main mass location) have been donated by Rob Matson
to the UCLA collection.

References: [1] Grossman J. N. et al. 2001. Meteoritics & Planetary
Science 36:A306. [2] Russell S. S. et al. 2002. Meteoritics & Planetary
Science 37:A158. [3] Garcia R. 2007. Article in Meteorite 13(1). [4]
Garcia R., personal communication. 
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STUDY OF RHABDITES EXTRACTED FROM SIKHOTE-ALIN
METEORITE USING XRD, MAGNETIC MEASUREMENTS AND
MÖSSBAUER SPECTROSCOPY WITH HIGH VELOCITY
RESOLUTION 
M. I. Oshtrakh1, M. Yu. Larionov1, V. I. Grokhovsky1, V. A. Semionkin1,2,
and O. B. Milder1,3. 1Faculty of Physical Techniques and Devices for Quality
Control, 2Faculty of Experimental Physics, 3Radio-Technical Department,
Ural State Technical University–UPI, Ekaterinburg, 620002, Russian
Federation. E-mail: oshtrakh@mail.utnet.ru.

Introduction: Rhabdites are iron nickel phosphides (Fe,Ni)3P which
were found in the form of prismatic idiomorphic crystals precipitated in
meteorite kamacite. Previous Mössbauer study with high velocity resolution
showed that rhabdites extracted from Sikhote–Alin meteorite were in the
superparamagnetic state at room temperature [1–3]. However, for further
study it takes to measure low temperature Mössbauer spectra to analyze
structural peculiarities of rhabdites in relation to X-ray diffraction and
magnetic data.

Materials and Methods: Samples of rhabdites were extracted from
iron meteorite Sikhote-Alin IIB by electrochemical method. X–ray
diffraction (XRD) study was made using STADI-P diffractometer with Cu
Kα1 radiation. Magnetic measurements were made using magnetometer
MPMS-5XL. Mössbauer spectra were measured with the constant acceleration
computerized high precision, sensitive and stable spectrometer SM–2201
using temperature variable liquid nitrogen cryostat with moving absorber at
temperatures of 295, 220, 150, and 90 K. All Mössbauer spectra were
measured in 4096 channels and presented in 1024 channels.

Results and Discussion: XRD study of extracted rhabdites showed that
parameters of the unit cell a = 9.029(3) Å, c = 4.461(5) Å. XRD data
demonstrated three crystallographically non-equivalent sites for Fe and Ni
(M1, M2 and M3). The results of magnetization measurements for rhabdites
demonstrated that the value of Curie temperature for rhabdite was 345 K.
Mössbauer results confirmed that at room temperature rhabdite microcrystals
were in superparamagnetic state with full magnetic transition at a temperature
less than 90 K. Approximation of low temperature Mössbauer spectra of
rhabdites sample revealed superposition of six sextets and small
paramagnetic doublet with parameters different from those of room
temperature doublet. The reason of superparamagnetic state of rhabdite
particles was small particle size. As for magnetic sextets, couples of sextets
were related to correspondent M1, M2, and M3 sites. This was based on
suggestion about the magnetic moment splitting of about 0.1 µB for each site
in phosphide as a reason of two sextets related to each site in Fe3P [4]. Values
of hyperfine magnetic field for each sextet increased with temperature
decrease. It was interesting to observe redistribution of relative areas of
sextets for M1 site below 220 K. It was also observed that relative part of iron
for M1 and M3 sites was changed from 220 down to 150 K while relative part
of iron for M2 sites remained the same.

References: [1] Grokhovsky V. I. et al. 2008. The Phys. Metals
Metallogr. 105:177–187. [2] Oshtrakh M. I. et al. 2008. Hyperfine Interact.
186:53–59. [3] Grokhovsky V.I. et al. 2009. Eur. J. Mineral. 21:51–63. [4]
Lisher E. J. et al. 1974. J. Phys. C: Solid State Phys. 7:1344–1352.
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CLASSIFICATION OF IMPACT MELT-BEARING IMPACTITES: A
DISCUSSION 
G. R. Osinski1 and R. A. F. Grieve1,2. 1Dept. of Earth Sciences, University of
Western Ontario, London, ON, N6A 5B7, Canada. E-mail:
gosinski@uwo.ca. 2Earth Sciences Sector, NRCan, Ottawa, ON K1A 0E4,
Canada.

Introduction: The production of melt is one of the most characteristic
products of the impact cratering process. Our understanding of impact
melting is, however, incomplete. This is due to several factors, including the
erosional degradation of many terrestrial impact structures [1] and
complications introduced due to inconsistent nomenclature and unqualified
use of terms, such as “suevite,” for several types of impactites, which may
have different origins. We focus here on a discussion of the classification of
impact melt-bearing impactites.

Effect of Target Lithology on Impact Melting: The presence of
different rock types in the target introduces complexities to studying impact
melting; however, recent work indicates that the fundamental processes of
impact melting are essentially the same in sedimentary and crystalline targets
such that the basic products are genetically equivalent but they just appear
different [2, 3]. 

Impact Melt-Bearing Impactites: The current IUGS classification of
impactites distinguishes 3 main types of impactites (shocked rocks, impact
breccias, impact melt rocks) and partitions impact melt-bearing lithologies
between impact breccias and impact melt rocks. We suggest that the division
is artificial and that there is actually a continuum from clast-poor coherent
impact melt rocks to clast-rich impact melt rocks, where various melt phases
are intermixed with clasts. We discuss here a recent new classification of
impact melt-bearing impactites [3]—based on groundmass texture—and
illustrate this with examples of impactites from the Haughton, Ries,
Rochechouart, and Popigai impact structures. Our hope is that this
classification system will stimulate discussion and prove useful in the field
and laboratory setting. This classification is as follows:

Phaneritic: crystalline groundmass with individual grains visible with
the naked eye. Aphanitic: crystalline groundmass with individual grains not
visible with the naked eye. Vitric/glassy: glassy groundmass ± quench
crystals ± vesicles. Vesicular: Aphanitic or glassy groundmass containing
vesicles ± quench crystals. Particulate: heterogeneous, intermingled mixture
of aphanitic or glassy melt phases in the groundmass; evidence for these
phases being fluid during and after transport. Examples: crater-fill deposits at
Haughton [4], parts of the Ries surficial suevites [5], and the “red suevite”
from Rochechouart [6]. Fragmental: Clastic groundmass comprising angular
lithic, mineral and glass fragments. This conforms to the original definition of
suevite [7]. Examples: the impact breccias underlying the coherent melt sheet
at Mistastin [8].

References: [1] R. A. F. Grieve et al. 1977. In:D. J. Roddy et al. eds.,
Impact and Explosion Cratering, Pergamon Press, New York, 1977, pp. 791–
814. [2] G. R. Osinski et al. 2008. Meteoritics & Planetary Science 43, 1939–
1954. [3] K. Wünnemann et al. 2008. Earth and Planetary Science Letters
269, 529–538. [4] G. R. Osinski et al. 2005. Meteoritics & Planetary Science
40, 1789–1812. [5] G. R. Osinski et al. 2004. Meteoritics & Planetary
Science 39, 1655–1684. [6] H.M. Sapers et al. 40th LPSC, abstract #1284. [7]
D. Stöffler 1971. Journal of Geophysical Research 76, 5541–5551. [8] R. A.
F. Grieve 1975. Geological Society of America Bulletin 86, 1617–1629.



A162 72nd Meeting of the Meteoritical Society: Abstracts

5309
ASTEROIDAL ORIGINS FOR CARBONACEOUS CHONDRITES
D. R. Ostrowski1, D. W. G. Sears1,2, C. H. S. Lacy1, 3 and K. M. Gietzen1.
1Arkansas Center for Space and Planetary Sciences. E-mail:
dostrow@uark.edu. 2Department of Chemistry and Biochemistry.
3Department of Physics, University of Arkansas.

Introduction: While it is generally assumed that C chondrites are
related to C complex asteroids, relatively few details are available.  The UV
slope and weak water-related features at 0.7 µm, and 3.0 µm are available for
comparison and close matches have been reported between asteroid 31
Euphrosyne with meteorite Belgica 7904 and between asteroid 704
Interamnia and Yamato 82162 [1].  CM chondrites have been linked to the G
asteroids [2].  Here we have developed a method of comparison by using the
slopes of the continua in their IR spectra.

Methods: Our asteroid database consists of IR spectra for 18 C and X
complex asteroids we have collected with the NASA IRTF telescope on
Mauna Kea, HI. Data for meteorites were taken from the NASA PDS
database.  Plots were prepared of the continuum slope between 1.8–2.5 µm
against the continuum slope of 1.0–1.75 µm.  

Results: On such “continuum plots” the chondrites plot in the same
general region as the C and X complex asteroids. 

The two CI chondrites in this study (Ivuna and Orgueil) showed poor
agreement between data from different laboratories, presumably reflecting
their heterogeneity, however the data do not readily connect them with either
the C or X asteroids.

The CM chondrites plot with the X complex asteroids, especially the
Xc class.  Mighei and Nogoya are slight outliers but could be connected to the
Xc or X asteroid classes.  

Most of the remaining C chondrite classes plot in the C asteroid fields.
The CR, CV, and CK chondrites are linked to the Cg, Cgh, or Ch asteroids.  A
group of Antarctic CI/CM chondrites are spectrally similar to the B and X
classes.  

Discussion: Continuum plots are a successful method for quantitatively
comparing spectra for meteorites and asteroids.  The number of individual
classes of asteroid and C chondrites is large relative to the number of IR
spectra available, so some of the data fields are poorly populated.  However,
based on existing data a number of new meteorite-asteroid links are proposed
that are reasonable in terms of the known mineralogy of meteorites and
proposed mineralogy of asteroids [3].

References: [1] Hiroi T. et al. 1993. Science 261:1016–1018. [2]
Burbine T. H. 1998. Meteoritics & Planetary Science 33:253–258. [3]
Ostrowski D. R. et al. 2009. Meteoritics & Planetary Science, submitted.
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ON WAYS FOR MAKING XENON-HL 
U. Ott1, K.-L. Kratz.1 and K. Farouqi2. 1Max-Planck-Institut für Chemie,
Joh.-J.-Becher-Weg 27, D-55128 Mainz, Germany (ott@mpch. mainz.
mpg.de). 2Dept. of Astrophysics and Astronomy, University of Chicago,
Chicago IL, USA.

Introduction: Xenon-HL is the longest known (since 1964; [1]) of all
the isotope abundance anomalies carried by surviving presolar grains in
primitive meteorites. In spite of this and in spite of its high abundance there
is no consensus yet on its nuclear origin. Xe-HL is characterized by excesses
in the heavy Xe isotopes (Xe-H) made by the r-process and in the light
isotopes (Xe-L) made by the p-process, but in detail the abundance patterns
differ from r-process and p-process Xe proper. We will discuss three
processes: the neutron burst [2, 3], and the r-process proper for making Xe-H,
and the rapid separation model [4] as a source of both Xe-H and Xe-L.

Neutron Burst: Acting on an s-process seed, the neutron burst [2, 3]
shifts abundances to the neutron-rich side of elements such as Xe. It has been
very successful in explaining the Mo isotope pattern in silicon carbide X
grains [3] of supernova origin, but less so in explaining their Ba isotopic
compositions [5] and in the case of Xe-H [4].

High Entropy Wind (HEW) r Process: As noted above, Xe-H differs
from classical r-process Xe. A similar situation is encountered in the relative
abundances of 129I and 182Hf in the early solar system [6]. Also along the
same lines, astrophysical observation of metal-poor stars indicate a “robust”
r-process abundance pattern from Ba upwards, but variable patterns in the
lower mass range below A~110 [7]. We have shown that the HEW model for
the r-process can produce 135Ba and the Hf isotopes in the “correct” r-process
ratio, while at the same time producing only little 129I, if material synthesized
only above a certain entropy value is considered [8]. Such an “entropy cut”
will have a significant impact on the Xe isotopic composition, which we are
going to explore.

Rapid Separation Model: The rapid separation model [4] stipulates
early (~2 hours after supernova explosion) separation of radioactive
precursors from already existing stable Xe nuclides, however no convincing
mechanism has been presented. For example, recoil loss during β-decay in
nanometer-sized grains, seems not a viable process [9]. Here we suggest
another potential mechanism, namely early formation of grains taking up the
Te and I precursors of r-process Xe. Adiabatic expansion (in case of SN Ia at
least) may result in temperatures becoming low enough for grain formation
on the required time scale [10]. Even if, due to radioactive heating and
reverse shock the early grains will not survive, the process will result in
spatial separation of precursors from early formed volatile products.

References: [1] Reynolds J. H. and Turner G. 1964. Journal of
Geophysical Research 69:3263–3281. [2] Clayton D. D. 1989. The
Astrophysical Journal 340:613–619. [3] Meyer B. S. et al. 2000. The
Astrophysical Journal 540:L49–L52. [4] Ott U. 1996. The Astrophysical
Journal 463:344–348. [5] Marhas K. K. et al. 2007. Meteoritics & Planetary
Science 42:1077–1101. [6] Wasserburg G. J. et al. 1996. The Astrophysical
Journal 466:L109–L113. [7] Sneden C. and Cowan J. J. 2003. Science 299:
70–75. [8] Ott U. and Kratz K.–L. 2008. New Astronomy Reviews 52:396–
400. [9] Marosits E. and Ott U. 2006. Meteoritics & Planetary Science 41:
A113. [10] Wang L. 2005. The Astrophysical Journal 635:L33–L36.
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ABUNDANCE OF IRON-60 IN MOLECULAR CLOUDS 
N. Ouellette1, M. Gounelle1, P. Hennebelle3. 1Laboratoire de Minéralogie et
de Cosmochimie du Muséum, MNHN and CNRS, UMR7202, 75005 Paris.
2Laboratoire de Radioastronomie Millimétrique, École Normale Supérieure
et Observatoire de Paris, 24 rue Lhomond, 75231 Paris Cedex 05
(nouellet@mnhn.fr).

Iron-60 is a short-lived radionuclide (SR) with half-life T1/2  = 1.5Myr.
Unlike other SRs which can also be made in the protoplanetary disk via
irradiation of dust/gas by accelerated energetic particles [1], 60Fe is only
produced efficiently by stellar nucleosynthesis,. As such, 60Fe provides
important clues about the immediate stellar environment of the nascent solar
system [2]. 

It is extremely unlikely 60Fe was injected by a nearby supernova (SN) in
the solar protoplanetary disk [3, 4] or by an Asymptotic Giant Branch star in
the progenitor molecular cloud [5]. It was recently suggested that relatively
high concentrations of 60Fe and other SRs are expected in molecular clouds
(MCs) due to pollution of distant SNe belonging to previous generations of
stars [6]. In this model, delivery of 60Fe takes place while the MC is being
built by large scale turbulent flows, i.e., during a proto-MC phase.

This model, dubbed SPACE for Supernova Propagation And Cloud
Enrichment, relies on the assumption that SNe ejecta and especially 60Fe
atoms locked in µm-sized dust grains mix well with the low-density gas of
the proto-MCs. To test this idea, we are performing 3D numerical simulations
using the RAMSES-MHD code [7]. The code solves the MHD equations
using Godunov-type methods and includes self-gravity. The code has been
implemented to include supernovae whose shock waves are the source of
converging flows. These converging flows of warm neutral gas provoke the
formation of cold neutral gas  [8–10]. Once enough cold gas has been formed,
gravity takes over and the system reaches a state similar to those of observed
MCs. Special attention has been paid to the cooling function to modelize
properly the mixing of the supernova ejecta with the interstellar medium gas.
Passively advected particles representing 60Fe nuclei are introduced in the
simulation at a time corresponding to SNe explosions with abundances given
by SN nucleosynthetic models [11]. Results concerning the degree of mixing
between SNe ejecta and interstellar medium gas as well the amount of 60Fe
expected in molecular clouds will be presented at the conference.

References: [1] T. Lee et al. ApJ 506, 1998. 898–912. [2] T. Montmerle
et al. Earth Moon Planets 98 2006. 39–95. [3] M. Gounelle and A. Meibom
ApJ 680 2008. 781–792. [4] J.P. Williams and E. Gaidos, ApJ 663 2007. L33.
[5] J. H. Kastner and P. C. Myers, ApJ 421 1994. 605–614. [6] M. Gounelle
et al., ApJL 694 2009. L1–L5. [7] S. Fromang et al., A&A 457 2006. 371. [8]
P. Hennebelle and E. Audit, A&A 465 2007. 431. [9] F. Heitsch et al., ApJ 648
2006. 1052–1065. [10] E. Vazquez-Semadeni et al., ApJ 657 2007. 870. [11]
T. Rauscher et al., ApJ 576 2002. 323–348. 
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U-PB DATING OF BADDELEYITE IN SHERGOTTY, ZAGAMI AND
NWA 2737: IMPLICATIONS FOR CRTYSTALLIZATION AND
IMPACT AGES OF MARTIAN METEORITES 
S. Ozawa1, T. R. Ireland2, A. El Goresy3 and E. Ohtani1. 1Department of
Earth and Planetary Materials Science, Graduate School of Science, Tohoku
University, Sendai 980-8578, Japan. E-mail: shin-
ozawa@m.tains.tohoku.ac.jp. 2Research School of Earth Sciences,
Australian National University, Canberra ACT 0200, Australia. 3Bayerisches
Geoinstitut, Universität Bayreuth, 95440 Bayreuth, Germany.

Introduction: It is widely accepted that SNC (Shergottite-Nakhlite-
Chassignite) meteorites were derived from Mars. However, there is still a
debate on the crystallization ages of shergottites and chassignites. Recently,
Bouvier et al. (2005, 2008) reported old Pb-Pb ages (~4.1 Ga) for basaltic
shergottites, as well as young Rb-Sr, Sm-Nd and Lu-Hf ages (150–180 Ma)
for the same meteorites. Also, Misawa et al. (2005. reported a Sm-Nd age for
whole rock of NWA 2737 chassignite as ~1.4 Ga, while Bogard et al. (2008)
reported an Ar-Ar age of 160–190 Ma for the same meteorite. In order to
clarify the real crystallization and impact ages of shergottites (Shergotty,
Zagami) and a chassignite (NWA 2737), we conducted U-Pb dating of
baddeleyite (ZrO2) in these meteorites. 

Analytical Procedure: We searched for baddeleyite in these meteorites
carefully using a FE-SEM and observed their fine textures. Baddeleyite
grains larger than 4 microns were chosen for U-Pb analyses. We collected
Raman spectra of them using a micro-Raman spectrometer and analyzed
chemical compositions using an EPMA. After the Au coating of samples, we
conducted U-Pb isotopic measurements of the selected baddeleyite grains
using a SHRIMP II at Australian National University.

Results: We found relatively large (4–15 µm) baddeleyite grains in
these meteorites; 7 grains from Shergotty, 2 grains from Zagami and 1 grain
from NWA 2737. These baddeleyites usually occur with ilmenite,
titanomagnetite and pyrrhotite. Among the seven baddeleyite in Shergotty,
two grains are located near shock-melted materials. Also, one baddeleyite in
Zagami shows texture strongly suggesting shock-induced melting and thus
resetting of its age. In this meeting, we will show U-Pb data and ages of the
baddeleyites in Shergotty, Zagami and NWA 2737, explain the high
importance of sifting unshocked from shock-melted baddeleyites prior to any
isotopic studies and discuss the relation between the occurrence of each grain
and their ages. We will present detailed textural parameters allowing the
identification of pristine from shock-melted baddeleyites without which in
situ isotopic study could only lead to discrepant results. This procedure helps
to avoid pitfalls in analyzing baddeleyites without scrutinizing their mode of
formation.

References: [1] Bouvier A. et al. 2005. Earth and Planetary Science
Letters 240:221–233. [2] Bouvier A. et al. 2008. Earth and Planetary Science
Letters 266:105–124. [3] Misawa et al. 2005. Meteoritics & Planetary
Science 40:A104. [4] Bogard D. D. and Garrison D. H. 2008. Earth and
Planetary Science Letters 273:386–392. 
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REVISITING THE CAI OXYGEN ISOTOPE ANOMALY 
M. Ozima1, A. Yamada1, O. Abe2, S. Nanbu3, and Y. Kasai4.  1U. of Tokyo,
Tokyo 113-0033, Japan. 2U. of Nagoya,  Nagoya 464-8601, Japan, 3Sophia
U., Tokyo 102-8554, Japan, 4NICT, Tokyo 184-8791, Japan.

Motivation:  Mass-independently fractionated oxygen isotopes in CAI
[1] are widely assumed to be due to self-shielding (hereafter SS) of CO in
early solar environments [e.g., 2]. However, the SS process necessarily leads
to an unusual prediction that a mean solar oxygen isotopic composition
differs from most of planetary bodies, but is close to a typical CAI oxygen.
The latest results of the Genesis mission failed to confirm the prediction [3].
Ozima et al. [4] concluded from statistical analyses of meteorite oxygen
isotope data that solar oxygen must essentially be the same as those of
planetary objects. Experiments by Chakraborty et al. [5] showed that SS of
CO had little role in producing the mass independent isotopic fractionation of
O, but a quantum mechanical process is more important. These recent
developments lead us to reexamine a SS hypothesis.

Self Shielding Hypothesis:  From a Beer-Lambert photo-attenuation
law, we show that unless photo-dissociation rates are identical in C17O and
C18O (only possible in an extremely fortuitous condition), SS-induced
oxygen does not lie on a slope  = 1.0 line in a 17O–18O plot, which is generally
regarded to characterize CAI oxygen.  Considerable difference in photo-
dissociation rates between C17O and C18O is also implied from quantum
mechanical calculation [Yamada et al., this issue].

SW-Oxygen:  Although Genesis results do not support the prediction
of SS scenarios, we need to explain the observation that the captured SW-
oxygen is enriched in 16O [3]. The enrichment may be attributed either to
fractionation in SW or to an indigenous solar component. In this regards, we
note that Griffith and Gellene [6] observed a large mass-independent isotopic
fractionation of oxygen when a comparable amount of He, or Ar was mixed
with O in mass spectrometric analyses. Abe and Yoshida [7] observed a
similar effect not only with noble gases, but also with N2. We discuss the
relevance of these experiments to oxygen isotopic fractionation of oxygen in
SW. 

Conclusions:  Self-Shielding hypothesis does not explain a slope 1.0
linear trend of oxygen isotopic fractionation in a δ17O–δ18O plot. Process (es)
other than SS should be sought for the origin of the anomalous CAI oxygen. 

References:  [1] Clayton R. et al. 1973. Science 182:485–488.  [2]
Clayton R. 2002. Nature 415:317. [3] McKeegan K. et al. 2009. Abstract
#2494. 40th LPSC.  [4] Ozima M. et al. 2007. Icarus 186:562–570. [5]
Chakraborty S. et al. 2008. Science 321:1328–1331.  [6] Griffith K.S. and
Gellene G.I. 1992. J. Chem. Phys. 96:4403–4411.  [7] Abe O. and Yoshida N.
2003. Rapid Commun. Mass Spectrom. 17:395–400.
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A PRELIMINARY LIGHT NOBLE GAS INVESTIGATION OF
STARDUST SAMPLES 
R. L. Palma1,2, R. O. Pepin2 and D. Schlutter2. 1Minnesota State University,
Mankato, USA. 2University of Minnesota, Minneapolis, USA.

We have measured the concentrations and isotopic compositions of
helium and neon by stepwise pyrolysis in four different Stardust sample
types: (a) melted aerogel with embedded particle fragments from the track 41
wall; (b) aerogel adjacent to track 41 without visible particle fragments; (c)
individual terminal particles extracted from track 108; (d) “blank” surface
aerogel from cell 41. All samples were loaded in platinum foil and analyzed
by procedures similar to those described in [1].

(a) Three track 41 samples (C2044,17,41,0,0; C2044,17–18,41,0,0;
C2044,18,41,0,0)  were from cross sectional slices of melted track wall
previously analyzed lengthwise [1]. Comparisons with results from these
previous samples indicate that noble gases are distributed highly
heterogeneously, with 4He and 20Ne concentrations significantly less than
earlier measurements. Also, unlike previous pyrolyses where gas release did
not occur until T > 1250 °C, in these analyses gas release peaked at ~1000 °C.
The Ne-Q composition reported earlier [1] was not observed. 

(b) Three samples of aerogel without visible tracks or particle
fragments were excavated from cell 2044 adjacent to track 41. One of these
samples (#1) released sufficient helium and neon at T <900 °C for multiple
stepwise heating analyses, yielding an integrated isotopic composition of
3He/4He  = (3.56 ± 0.23) × 10−4, 20Ne/22Ne  = 11.67 ± 0.62 and 21Ne/22Ne  =
0.0261 ± 0.0050 that is intermediate between the Q-like composition
observed previously [1] and solar wind. Another sample (#2) released
extraordinarily high abundances of helium and neon between 800 and 900 °C,
accompanied by very large amounts of water and hydrocarbons. High
pressure induced gas release in the mass spectrometer produced a memory
effect that only allows limits to be placed on the helium and neon isotopic
compositions observed; nonetheless, these limits, 3He/4He <2.2 × 10−4 and
20Ne/22Ne > 18, are intriguing in light of elevated 20Ne/22Ne ratios also seen
in IDPs that may have originated in comet Grigg-Skjellerup [2].

(c) We analyzed three ~10–15 µm diameter terminal particles from
track 108, C2081. Helium and neon concentrations released by stepped
heating were below those seen in track 41 wall samples [1] by factors of 103−
104. Detection of 20Ne but no 22Ne above background in one particle suggests
a high 20Ne/22Ne ratio. The other two particles had no detectable neon at all.
Gas release from all particles occurred at T <1000 °C, so if these are the
refractory cores of larger incident particles, any high temperature gas
component is either lost or nonexistent.

(d) During interstellar particle collection, Stardust aerogel cell surfaces
may have been obliquely exposed to the solar wind. Three fragments of
“blank” aerogel from the surface of cell 41 were individually analyzed to
explore this possibility. These samples had a combined 3He/4He signature
consistent with solar wind, but gas amounts were only approximately twice
blank values, precluding a precise isotopic determination.

Helium and neon data reported in [1] and for sample #2 in (b) above are
compositionally distinct. They are evidence for the presence of at least two
isotopically independent light noble gas components in Stardust materials.
Solar wind may constitute a third, but that is not yet established.

References: [1] Marty B. et al. 2008. Science 319:75–78. [2] Palma R.
et al. 2005. Meteoritics & Planetary Science 40:A120.
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METAL-SILICATE FRACTIONATION IN CARBONACEOUS
CHONDRITES 
H. Palme1 and K. Lodders2. 1Forschungsinstitut und Naturmuseum
Senckenberg, Senckenberganlage 25, D-60325 Frankfurt/Main, Germany. E-
mail: herbert.palme@uni-koeln.de 2Department of Earth and Planetary
Sciences, Washington University, St. Louis, Missouri 63130, USA.

Introduction: Different groups of ordinary chondrites (OC) have
variable amounts of total iron (Fetotal), reflected in decreasing Fe/Mg from
1,96 in H- to 1,44 in L- and 1,21 in LL-chondrites. Because other siderophile
elements vary in parallel, decreasing Fe/Mg ratios have been interpreted as
loss of metal before parent body accretion. From trace elements and from Ni/
Mg vs Fe/Mg plots [1] concluded that metal separation occurred at
temperatures between 650 to 1050 K. At the time of metal loss silicates had a
Mg/Mg+Fe atomic ratio of about 0,87, [2] obtained a value of 0,86. 

Loss of metal is obvious in OC, Fig. 1 demonstrates that metal losses
also occurred in carbonaceous chondrites (CC), as noted earlier by [1]. In CV
chondrites CV/CI ratios of refractory metals are systematically lower than
ratios of refractory lithophiles, Fe and associated metals are similarly
depleted relative to Mg and Si, while moderately volatile lithophile and
siderophile elements have similar abundance ratios (Fig.1). Intermediate is
Cr, suggesting some losses with metal. The Mg/Si ratios in CC are between H
and L-chondrites and correlate with Ni/Mg. New analytical data for CC
indicate a higher Mg/Fe+Mg ratio for silicates during metal separation than
for OC. We conclude for CC precursors: (1) separation of metal occurred at
temperatures of around 1000°C (2) at the time of metal-loss silicates had little
FeO (3) the precursor material of CC was probably more reduced than that of
OC. 

References: [1] Larimer W. and Anders E. 1969. Geochimica et
Cosmochimica Acta 34:367–387. [2] O’Neill H.St.C. and Palme H. 1998. In
The Earth’s Mantle, ed. Ian Jackson. Cambridge University Press. pp. 3–126.
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KAMACITE GRAINS AS AQUEOUS ALTERATION INDICATORS
IN CM CHONDRITES 
E. E. Palmer1* and D. S. Lauretta1. 1Lunar and Planetary Laboratory,
University of Arizona, Tucson, AZ, USA.  *epalmer@lpl.arizona.edu.

Introduction:  Kamacite grains corrode into tochilinite, an iron sulfide-
hydroxide, if exposed to S-bearing water [1].  We evaluated this reaction in
CM chondrites in order to determine the extent of aqueous alteration in these
meteorites. 

Method: We looked at thin sections of Murchison, Cold Bokkeveld,
Nogoya and Murray using optical microscopy and electron microprobe
analysis (EMPA).  We collected EDS spectra, EMPA point analyses, and
elemental X-ray maps (Fe, Mg, Ca, Ni, Si, and S).  For each thin section, we
reviewed 12 or more 50–200 µm regions that contained kamacite
assemblages.

We established a relative indicator of aqueous alteration for CM
meteorites by measuring the thickness of tochilinite rims around exposed
kamacite grains. We require that the kamacite grains be in physical contact
with the matrix and not embayed by coherent minerals.  Embayed kamacite
grains are not likely to be exposed to the same amount of water, and thus, not
be altered at the same rate. We assign an index of alteration based on the
thickness of the tochilinite rim from 0 (no alteration) to 4 (tochilinite rim
>20 µm).  Fully altered kamacite grains set a lower bound. Our index
correlates well with other indicators of aqueous alteration [2–3].  

Results: Using this alteration index, Murray and Murchison clearly
show that different regions have undergone different amount of alteration.
Both meteorites have several 10 to 80 µm kamacite spheres that have seen no
alteration (index 0). However, they both have large regions in where all
kamacite grains have been altered fully into tochilinite (index 4).  

Neither Nogoya nor Cold Bokkeveld has any unaltered kamacite grains.
It appears that all of Nogoya’s kamacite grains have been fully altered (index
4).  Cold Bokkeveld's kamacite grains have also been fully altered except for
a large breccia clast with alteration rims of 10 to 15 µm (index 3)

Discussion:  Some CM meteorites have been slightly altered, such as
Murray and Murchison. Typically, these samples do not exhibit a
homogenous level of alteration. Over short distances (<1 mm), there are large
variations in the thicknesses of the tochilinite rims.  CM meteorites that have
seen extensive alteration, such as Cold Bokkeveld and Nogoya show very
little spatial variation in alteration.  

One hypothesis is that the different alteration regions are different
breccia clasts. CM chondrites are frequently brecciated [3]. This scenario
would require that alteration occurred before brecciation and constrains the
timing of early solar system events. An alternative hypothesis is that the
amount of water available to alter the meteorites varied over short distances
meaning alteration was water-limited. We are working on techniques to
discriminate between these two hypotheses.

Finally, kamacite alteration is not a useful system for all CM meteorites
but only ones with moderate alteration. Alteration of taenite and pyrrhotite
may extend this scale because they are less susceptible to alteration in the CM
chondrites.

References: [1] Tomeoka L. and Buseck P. R. 1985. Geochimica et
Cosmochimica Acta 49:2149–2163. [2] Browning L. B., McSween H. Y.,
Zolensky M. E. 1996. Geochimica et Cosmochimica Acta 60:2621–2633.  [3]
Rubin A. E. et al. 2007. Geochimica et Cosmochimica Acta 71:2361–2382. 

Fig. 1. CI/CV-ratios vs. condensation temperatures.
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NANO IMAGING OF NANOSTRUCTURED METAL RICH
ORDINARY CHONDRITES AT DIFFERENT WAVELENGHTS 
E. Palomba1, A. Longobardo1, M. Girasole2, G. Longo2, G. Pompeo2, A.
Cricenti2 and P. Gori2. 1IFSI-INAF, via Fosso del Cavaliere 100, Rome. E-
mail: ernesto.palomba@ifsi-roma.inaf.it  2ISM-CNR, via Fosso del Cavaliere
100, Rome.

Introduction: Space Weathering (SW) is an ensemble of processes that
act on a body exposed to space environment. One of SW effects is the
development and accumulation of iron nanoparticles (npFe) on the asteroid
surface. In fact, according the most qualified scenario, npFe are produced by
shock-induced phase transformation of Fe-Ni alloys caused by micro-
collisions [1]. These npFe are responsible for the reddening in the asteroids,
i.e., the increase of IR reflectance with increasing wavelength, observed
through infrared remote sensing measures. This reddening is not observed in
spectra of Ordinary Chondrites, whose parent bodies are S-type asteroids,
and this confirms that the phenomenon is linked to SW.

Nanoimaging Studies and Simulations: To clarify the role of iron
phase transformation in the SW of asteroid surfaces, we applied the SNOM
(Scanning Near Field Optical Microscopy) technique to study an Ordinary
Chondrite (OC) rich in martensite. In the SNOM technique, a light beam is
passed through an optical fiber, that ends in a tip. Tip width is smaller than
light wavelength: in this way light passing through the aperture is confined by
the dimension of the tip and hence a high spatial resolution (hundreds of
nanometers) is obtained [2]. Sample, whose dimensions are of micron order,
is placed near the tip, in such a way that radiation emerging to the tip is forced
to interact with it before diffracting out. Applying this nanoimaging
technique, it’s possible to retrieve a reflectivity image and a topographic
image of the sample. The reflectivity image could show differences due to
chemistry, that is the case when we observe two different mineral phases such
as a silicate or a cloud of iron nanoparticles. In principle, the different
chemistry will be evidenced by comparing reflectivity images taken at
different wavelengths when spectral absorption bands are present.

In order to better understand the SNOM images, discerning the
different effects (e.g., topography vs. chemistry), laboratory analysis is
supported by a software that simulates the interaction between the
electromagnetic wave and the sample, allowing to calculate the
electromagnetic field distribution in 3D and the electromagnetic energy
transmitted and reflected by the sample. Electric and magnetic energy
distribution in 3D space is obtained by resolving the Maxwell Equations,
through a Transient Solver (that is a variant of Finite Integration Technique). 

Preliminary Results: SNOM images of OC areas rich in npFe were
taken at 900 and 1300 nm, where for olivine  spectral absorption bands are
present or absent, respectively. At the same wavelengths, first synthetic
images of samples of olivine with and without presence of npFe were
produced. The analysis and comparison of the synthetic and the SNOM
images are currently in progress.

References: [1] Moretti P. F. et al. 2005. Detection of nano-structured
metal in meteorites: Implications for the reddening of asteroids. ApJ 634,
L117–120. [2] Dunn R. C. 1999. Near-field scanning optical microscopy.
Chem. Rev. 99:2891–2927.
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ZINC ISOTOPIC COMPOSITION OF ACHONDRITES
Randal C. Paniello1, Frederic Moynier1, Frank A. Podosek1 and Pierre Beck2.
1Earth and Planetary Sciences and McDonnell Center for Space Sciences,
Washington University in St Louis; 2University of Grenoble, France.

Zinc is a moderately volatile chalcophile trace element in meteorites,
and it is relatively depleted in achondrites compared with chondrites.  In most
terrestrial igneous and sedimentary rocks, variation of zinc isotopic
composition is limited (δ66/64Zn between 0 and 0.70 ‰), but large variations
have been found (e.g., up to +6.4‰ in lunar processes [1] and up to +2.04‰
in tektites [2]) associated with volatilization processes. Also, [3]
demonstrated that zinc in lunar basalts was enriched in heavy isotopes
compared to the bulk Earth, suggesting a large-scale evaporation of Zn
during Earth-Moon differentiation.  Thus, the zinc isotopic composition of
basaltic achondrites may be a direct indicator of volatility-driven processes,
such as evaporation and shock metamorphism. Here we present new results
for zinc isotopic composition in a series of achondrites (eucrites, howardites,
aubrites, shergottites, nahklites, and chassignites) as well as enstatite
chondrites (EC), in order to compare their formation processes.  The enstatite
achondrites (aubrites) and ECs share many characteristics, although they
likely arose from different parent bodies.  Compared with other achondrites,
the aubrites were formed under extreme reducing conditions.

Zinc was extracted by anion-exchange chromatography and its isotopic
composition was analyzed by MC-ICPMS at ENS Lyon following the
procedure described in [1]. All the samples fall on the terrestrial mass
fractionation line (slope 2) in a δ68/64Zn versus δ66/64Zn plot, which implies
that Zn isotopes fractionated from a common pool. 

With one exception, the howardites and eucrites were slightly heavy
when compared to the bulk silicate Earth, suggesting volatilization processes
in the HED parent body. The Martian meteorites were slightly light. The
aubrites, by contrast, were significantly light (δ66/64Zn up to −7.1 ‰), and the
ECs were also light (-0.5 to -0.6 ‰).  The findings for aubrites are consistent
with those reported in [4], but are not consistent with an evaporative process
unless the aubrite parent body(s) were initially even lighter.  The findings for
EH chondrites differ from [5], which reported values of about +1‰. The
results indicate that volatilization processes affected these planetary bodies to
different degrees, and at different times during their formation.  While Mars
is isotopically slightly lighter than Earth, the HED parent body is slightly
heavy while the Moon is significantly heavy.  The aubrite parent body(s), and
perhaps the EC parent body(s), may themselves have had heterogeneous zinc
isotope signatures due to localized melting and metamorphism following
impact events. The meteorites available for analysis may also have originated
at different depths in the parent bodies, so that deeper material may have
undergone less evaporative loss. Additional data from a larger series of
meteorites should help to constrain these possibilities, and that work is
ongoing.

References: [1] Moynier F. et al. 2006. Geochimica et Cosmochimica
Acta 70:6103–6117. [2] Moynier F. et al. 2009. Earth and Planetary Science
Letters 277, 482–489. [3] Herzog G. F. et al. 2007. Abstr. 1222, 38th LPSC.
[4] Mullane E. et al. 2005. Abstr. 1251, 36th LPSC. [5] Mullane E. et al. 2005.
Abstr. 1250, 36th LPSC.
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ON THE COMPOSITION OF THE LATE HADEAN ATMOSPHERE
UNDER A STRONG COMETARY FLUX INDUCED BY GIANT
PLANETS MIGRATION 
M. Pardos-Gené1, J. M. Trigo-Rodríguez2, J. Llorca3. 1 Grupo de Ciencias
Planetarias, Univ. Complutense de Madrid, 28040 Madrid, Spain. 2 Institute
of Space Sciences (CSIC-IEEC). Campus UAB, Fac. de Ciències, Torre C5-
p2. 08193 Bellaterra, Spain. 3Institut de Tècniques Energètiques. Univ.
Politècnica de Catalunya, Diagonal 647, ed. ETSEIB. 08028 Barcelona,
Spain.

Introduction: One of the open issues on the origin of life on Earth
refers to the role that the delivery of volatiles had in atmospheric evolution
and ulterior appearance of life. Typical uncertainties involved with
accretionary rates are several orders of magnitude wide [1], also exacerbated
by the unknown number of large impacts with energy capable of causing
erosion of the primeval atmosphere and hydrosphere [2]. Xe isotope data
provide evidence of a 99% of the Earth’s early atmosphere being lost within
the first 100 Myr [3]. The main population of impactors was presumably
formed by easily disrupting ice-rich bodies that could enrich the volatile-
depleted content of terrestrial planets [4]. These bodies were scattered from
the outer solar system regions as consequence of the giant planets migration
invoked by the Nice model [5]. We explore here the chemical conditions of
the Earth’s atmosphere during the Late Heavy Bombardment (LHB) taking
into account the outgassing of chondritic materials [6] and enhanced
cometary flux.

Procedure: We have theoretically studied the atmospheric conditions
by doing equilibrium calculations using the thermodynamic values given in
[7]. Several scenarios of reducing (H2-rich) and oxidizing (CO2-rich)
atmospheres are considered to study the stability of CH4 and NH3 and the
formation of organic compounds. By considering the reaction: H2(g) +
CO2(g)  H2O(g) + CO(g) with the partial pressure of molecular hydrogen
typically assumed in literature 10-7 ≤ pH2 ≤ 10−3 [e.g., 8] the CO2 seems to be
the main oxidizing agent during the LHB. We also explore a presumable
reaction in such scenario: 4H2(g) + CO2(g) <−> 2H2O(g) + CH4(g); that,
under mild surface temperatures required to keep liquid water, also produces
significant methane.

Results: The methane played a key role in the Hadean terrestrial
atmosphere [9]. Not only for an outgassed reducing atmosphere [6], if not
even for an atmosphere dominated by CO2. The CH4 abundances estimated
here (10-4 ≤ pCH4/pCO2 ≤ 1) have UV shielding implications for atmospheric
stability and production of organics [9, 10]. We envision a scenario where
meteoric metals could act as catalysts for the formation of complex organic
compounds during ablation processes [11] from simple precursors such as
COx and CH4, thus  promoting increasing complexity. 

References: [1] Chyba C. F. and Sagan C. 1996. In Comets and the
Origin of life, Thomas P. J. et al. (Eds.), Springer, Berlin, pp.147–174. [2]
Genda H. and Abe Y. 2003. Icarus 164:149–162. [3] Pepin R. O. 1997. Icarus
126:148–156. [4] Oró J. et al. 1990. Ann. Rev. Earth Planet. Sci. 18:317–356.
[5] Gomes et al. 2005. Nature 435:466–469. [6] Schaefer L. and Fegley B. Jr.
2007. Icarus 186, 462–483. [7] JANAF. 1998. Thermochemical Tables,
Chase, M.W. (Ed.), Amer. Inst. Phys., NY. [8] Holland H.D. 1984. In The
chemical evolution of the atmosphere and oceans, Princeton Univ. Press, NJ.
[9] Sagan C. and Chyba C. 1997. Science 276, 1217–1221. [10] Pavlov A. et
al. 2000. Journal of Geophysical Research 105, 11981–11990. [11] Sekine Y.
et al. 2003. Journal of Geophysical Research 108, E7, 6 1–11.
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PSEUDOTACHYLITE BRECCIA VEINS IN BASEMENT GRANITOIDS
OF THE DHALA IMPACT STRUCTURE, BUNDELKHAND CRATON,
INDIA
Pati, J. K.1, Reimold, W. U.2, Pati, P.1, Umrao, R. K.1, and Ahmad, M.1.

1Department of Earth and Planetary Sciences, University of Allahabad,
Allahabad-211 002, India. E-mail: jkpati@yahoo.co.in 2Museum für
Naturkunde-Leibniz Institute at Humboldt University Berlin,
Invalidenstrasse 43, 10115 Berlin, Germany. E-mail:
uwe.reimold@museum.hu-berlin.de.

Introduction: The Paleoproterozoic Dhala structure is a deeply eroded
asymmetrically disposed impact structure with presently estimated diameter
of 11 km occurring on a granitoid basement of Neoarchean age [1].
Diagnostic shock metamorphic features are observed in impact melt breccia.
In drill core sections, the lithological succession observed is: sandstone-
siltstone/shale (± conglomerate/arkose)-impact melt breccia-granitoid. 

Present Study: The Dhala structure has been drilled in more than 20
locations in and around the central elevated area up to a depth of ~600 m from
the present level of exposure by the Atomic Minerals Directorate for
Research and Exploration (AMDRE), Department of Atomic Energy, Govt.
of India. The present study reports the first occurrence of pseudotachylitic
breccia veins (PtB) within the basement granitoids, in vertical borehole
MCB-10 (N 25°17′59.7′′ and E78°8′31′′). Mesoscopic PtB have been
observed at 348.15, 384.90, 389.90, 401.85, 452.75, 484 and 502.55m depth.
They occur as veins, pods or anastomozing veinlets and range in thickness
from less than a mm to about 5 cm. They are bluish grey to dark grey in color
with sharp irregular contacts with the host granitoids. All thin sections of
MCB-10 samples with PtB veining are extremely altered. The granitic host
rock in thin section is generally extensively iron-stained. Mafic minerals are
completely chloritized. There are two types of PtB veinlets: 1. cataclastic
breccias characterized by minor amounts of actual groundmass, much of
which represents comminuted clastic debris. This type occurs in distinct, up
to several mm wide veins but may also occur in wider, cm-wide areas that do
not macroscopically signal breccia status. There is locally extensive
alteration, too. Possibly secondary phyllosilicates occur in the interstices
between clasts. 2. A dark grey PtB type is extremely altered with all feldspars
of clasts chloritized and saussuritized, and matrix heavily iron-stained and
chloritized as well. However, in larger occurrences, there are distinct and
euhedral phenocrysts obviously grown from a melt phase. They are
completely altered but habits indicate that they were feldspar and possibly
pyroxene or amphibole. In between the groundmass also has a finest-grained
crystallized appearance, which may well be the texture of finest-grained melt
crystallization—although this, too, is completely reverted to secondary
phases. At the mesoscopic scale multiple crosscutting PtB veins are noted.
These veins generally have very sharp boundaries with the host granite but
within the immediate vicinity of altered melt veins and pods, there are rip-off
clasts of the granitoid host rock incorporated into it. Also, narrow offshoots
into the host granite occasionally cut across cataclastic veins.

Conclusions: We will report at the conference further petrographic
results and implications for the genesis of PtB.

Acknowledgements: JKP thanks the AMDRE for the permission to
study and sample borehole cores and the PLANEX, Dept. of Space, Govt. of
India for funding the present study.

Reference: [1] Pati J. K. et al. 2008. Meteoritics & Planetary Science
43:1383–1398.



A168 72nd Meeting of the Meteoritical Society: Abstracts

5210
HIGH-PRECISION ZR/HF RATIOS OF METEORITES 
A. Patzer1, A. Pack1 and A. Gerdes2. 1Geowissenschaftliches Zentrum,
Universität Göttingen, D-37077 Göttingen, Germany. E-mail: apatzer@uni-
goettingen.de. 2Institut für Geowissenschaften, Senckenberganlage 28, D-
60054 Frankfurt am Main, Germany.

Introduction: With analytical technology being continuously
improved, the chondritic Zr/Hf ratio was recently corrected to 34.2 ± 0.2 [1]
and 34.3 ± 0.2 (1σ) [2]. The former accepted value for the CI1 chondrite
Orgueil was 36.3 ± approx. 10% [3].

As opposed to [1] and [2] who used an isotope dilution method coupled
with a multiple collector ICP-MS, our first objective was to test a relatively
fast and inexpensive sample preparation method combined with laser
ablation ICP-MS techniques.

Secondly, we investigated bulk meteoritic matter of different classes for
systematic Zr/Hf variations. Zirconium and hafnium count among the first
elements to condensate in the early solar system. Knowledge of their exact
relative abundances may contribute to deciphering condensation conditions
and sequences during that time.

Sample Preparation:  We analyzed 29 chondrites and 5 achondrites.
For each sample, two individual aliquots of 5–10 mg powder were transferred
into a graphite crucible and melted using a CO2 laser. The resulting, approx.
1 mm-sized spherules were then placed on top of the gas stream of an
aerodynamic levitation device for complete homogenization. Subsequently,
they were quenched and embedded in resin [4].

Instrumentation:  Zr-Hf analyses were carried out by laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) at Frankfurt
University using a Thermo-Finnigan Element II sector field ICP-MS system
coupled to a New Wave Research UP213 (213 nm) ultraviolet laser [5]. Each
analysis (laser beam diameter at 120 µm, line-scan mode) consisted of 25 s
background acquisition followed by 60 s data acquisition. 

Isotopes measured include 90Zr, 91Zr, 178Hf, 180Hf, 180Ta, 180W, and 44Ca
as internal standard.

Results and Discussion: Overall, we were able to reproduce the
precise value given for Orgueil by [2] (our value: 34.14 ± 0.33 [1σ], weighted
average of 23 analyses). In all other cases, uncertainties range from 2 to 6%
(usually 4 analyses/sample). While some meteorites yield rather variable
results, individual Zr/Hf ratios of most samples agree within 2 to 3%.
Obviously, precision can be improved by increasing the number of scans and/
or aliquots per sample. 

Regarding the different meteorite classes, we found Zr/Hf ratios to be
~5% higher for H-chondrites and ~5% lower for L- and EL6-chondrites when
compared to Orgueil. Our results suggest that different types of meteorites
incorporated different Zr/Hf-carriers and/or the Zr/Hf ratios of the respective
carriers varied over time and space.

References: [1] Weyer S. et al. 2002. Chem. Geol. 187:295–313. [2]
Münker C. et al. 2003. Science 301:84–87. [3] Jochum K. P. et al. 1986.
Geochimica et Cosmochimica Acta 50:1173–1183. [4] Pack A. et al. 2007.
Geochimica et Cosmochimica Acta 71:4592–4608. [5] Gerdes A. and Zeh A.
2008. Chem. Geol. (in press).
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PRELIMINARY ORGANIC ANALYSIS OF A NEW DANISH
CARBONACEOUS CHONDRITE 
V. K. Pearson1, H. Haack2 and I. Gilmour1 1PSSRI, The Open University,
Walton Hall, Milton Keynes, MK7 6AA. 2Natural History Museum of
Denmark, University of Copenhagen, Øster Voldgade 5–7, DK-1350
Copenhagen K, v.k.pearson@open.ac.uk.

Introduction: On the 4th March 2009, meteorite fragments were found
by Thomas Grau on the Danish island of Lolland.  This find has been
tentatively associated with a fireball seen over the same region on 17th

January 2009. Despite extensive searches, only 30 g of this meteorite have
been recovered, found as a single but fragmented stone which had penetrated
the soil layer.  The largest fragment was 3 g.  The interior of this meteorite
appeared to be fresh, although had likely been subject to short-term freeze-
thaw weathering due to the local climate. A companion paper to this [1]
presents the results of oxygen isotope analyses of the recovered meteorite and
indicates that it is likely to be a CM chondrite and thus potentially interesting
with respect to extraterrestrial organic phases. In light of the limited sample
available for analysis, this would require a technique that can generate a high
yield and increased sensitivity.  We have previously demonstrated the utility
of employing 4D Pyrolysis-GCxGC-TOFMS for the analysis of
carbonaceous chondrites [2, 3] and micrometeorites [4]. This requires a
fraction of the sample size generally needed for conventional Py-GCMS
analyses.

Experimental: Approximately 2 mg of the recovered meteorites was
crushed and subject to pyrolytic heating to 600 °C using a Pyrola 2000
(Pyrolab, Sweden) coupled to the injector of a Pegasus 4D GCxGC-TOFMS
(LECO Corporation). Experimental conditions were as described in [3].
Approximately 2 mg of Murchison was subject to the same procedure for
comparison.  

Results: The total ion chromatogram of the newly recovered meteorite
strongly resembles that of Murchison. The trace is dominated by 1-ring
aromatic species, including benzene and up to C7-alkyl benzenes.  There are
traces of up to C13 n-alkyl benzenes, however their indigeneity is
questionable.  Naphthalene is also dominant, and up to C4-naphthalenes are
identifiable within the pyrolysates.  Molecular weight range extends as far as
the 4-ring species fluoranthene and pyrene.  Volatile species separated using
this technique include thiophene, acetone, low molecular weight ketones and
short-chain hydrocarbons. Both Murchison and the newly recovered
meteorite show evidence within their pyrolysates of S, N and O heterocyclic
compounds including benzothiophenes and dibenzothiophenes, benzonitriles
and methylbenzonitriles, benzaldehydes and dibenzofurans. As in
Murchison, there is evidence in the pyrolysate of the newly recovered
meteorite of branched and straight chain alkanes and alkenes, with the
alkanes at least extending to C20.

 Further work is required to determine the
indigeneity of several of these compounds; the delayed recovery of this
sample may be a factor for consideration.  It is intended to couple this with
broad investigations of its carbon chemistry. 

References: [1] Haack et al. 2009. 72nd Meteoritical Society
Conference, [2] J. S. Watson et al. 2005. Abstract #1842. 36th LPSC, [3] V. K.
Pearson et al. 2007. Abstract #1833, 38th LPSC. [4] R. C. Wilson et al. 2008.
Abstract #1763. 39th LPSC.
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53MN-53CR SYSTEMATICS OF KAIDUN DOLOMITES 
M. Petitat1, M. Gounelle1, K. D. McKeegan2, S. Mostefaoui1, Y. Marrocchi1,
A. Meibom1, M. E. Zolensky3. 1 LMCM, CNRS and MNHN, UMR 7202,
CP52, 57 rue Cuvier, 75 005 Paris, France; 2Department of Earth and Space
Sciences, University of California, Los Angeles, CA 90095, USA; 3KT
NASA Johnson Space Center Houston, TX 77058, USA. E-Mail:
petitat@mnhn.fr.

Introduction: The Kaidun meteorite has been described as a complex
polymict breccia. It contains clasts spanning a wide range of achondrite and
chondrite groups [1]. The chondritic lithologies all contain carbonates,
derived from aqueous alteration. In this work, we used a NanoSims to
characterize 53Mn-53Cr internal isochrons on 3 individual dolomite grains in
Kaidun in order to confirm the first and only 53Mn-53Cr chronological study
of Kaidun carbonates from Hutcheon et al. [2]. 

Experimental Methods and Samples: Experimental methods are
described in [3]. The 3 analysed carbonate grains are fine-grained and have
diameters ranging from 20 to 70 m. They occur as isolated matrix grains,
without any association with other phases. The MgO content of these
dolomites range from 16.0 to 20.9 wt% and their CaO content can reach
31.1 wt%. They contain significant amounts of iron (between 5.7 and
8.2 wt% FeO) and minor amounts of MnO (below 1.9 wt%).

Results: All 3 carbonates investigated show large enrichments in 53Cr
with 53Cr up to ~600ä. Their respective 55Mn/52Cr ratios are linearly
correlated with 53Cr constituting strong evidence for in situ 53Mn decay. A
best-fit line forced through the origin yields a slope corresponding to initial
53Mn/55Mn ratios at the time of carbonate formation ranging from (4.27 ±
0.43) × 10−6 to (5.96 ± 1.05) × 10−6. 

Discussion: The average initial 53Mn/55Mn ratio, (5.0 ± 1.0) × 10−6

from this study differs significantly from the value obtained by [2]. This
discrepancy might represent sampling of different clasts and parts of Kaidun.
The isochron from [2] compiles measurements from 3 different lithologies
and 2 different carbonate types (calcite and dolomite). The internal isochrons
presented here extend the range of already published 53Mn/55Mn initial ratios
for the Kaidun carbonates. 

Conclusions: The identical initial 53Mn/55Mn ratios found for the three
3 analysed dolomite grain diverge from the previous data analysed by [2].
These dolomite grains formed very early from within the first Myr to ~4 Myr
after start of the solar system, assuming an initial 53Mn/55Mn of (8.5± 1.2) ×
10−6 [4, 5] and an homogenous distribution of 53Mn (see [6] for another
view). These results are similar to previous 53Mn-53Cr data from CI [3] and
CM carbonaceous chondrites [e.g., 7], suggesting that the formation of
dolomites and thus aqueous processing initiated very early in the solar system
for these two classes of carbonaceous chondrites.

References: [1] Zolensky M. E. and Ivanov A. 2003. Chem. Erde 63:
185–246. [2] Hutcheon I. D. et al. 1999. LPSC XXX, 1722. [3] Petitat et al.
2009. LPSC XL, 1657. [4] Shukolyukov A. and Lugmair G. W. 2006. EPSL
250:200–213. [5] Moynier F. et al. 2007. ApJ 671:181–183. [6] Gounelle M.
and Russell S. S. 2005. Geochimica et Cosmochimica Acta 69:3129–3144.
[7] De Leuw S. et al. 2007. MetSoc LXX, 5038.
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MOLECULAR STUDY OF THE INSOLUBLE ORGANIC MATTER
ISOLATED FROM A PRIMITIVE ENSTATITE CHONDRITE 
L. Piani1, S. Derenne2, F. Robert1, A. Thomen1, S. Mostefaoui1, Y.
Marrocchi1, A. Meibom1, 1LMCM, CNRS-MNHN Paris, France,
2BioEMCo, CNRS-UPMC Paris, France. 

Introduction: Apart from [1], the insoluble organic matter (IOM)
isolated from meteorites has been mostly studied in carbonaceous chondrites
(CCs) during the last decade. Numerous details were obtained concerning the
macromolecular structure or the isotopic composition of the IOM. In the
present study, HF-HCl treatments previously improved on carbonaceous
chondrites [3] were applied to one of the least metamorphosed enstatite
chondrite, the EH3 Sahara 97096. 

Methods: Different techniques were used: elemental analysis, Curie-
point pyrolysis coupled with GC-MS (gas chromatography-mass
spectrometry) analysis, Fourier transformed infrared (FTIR) and Raman
spectroscopy, High Resolution Transmission Electron Microscopy
(HRTEM), Electron Paramagnetic and Nuclear Magnetic Resonance (EPR
and NMR) and NanoSims isotope imaging.

Results: The carbon content (0.16 wt%) and the H/C ratio (0.31) are
consistent with the values found in literature for other ECs [1]. This low H/C
ratio—when compared with Orgueil and Murchison (0.7)—reflects a low
aliphaticity as shown for the CO3 Kainsaz meteorite (C/H  = 0.16) [4].
Moreover the aromatic character of the IOM is confirmed by FTIR and
Raman spectrometry. On the HRTEM images, in addition to graphite, less-
organized IOM is observed. It shows aromatic units organized in stacked
layers. The fringe lengths (0.57 nm), the number of stacked layers (3) and the
interlayer spacing (0.37 nm) [2], reveals that the IOM is slightly more
organized than that found in Orgueil and Murchison. Upon Curie point
pyrolysis/GC-MS, only a few aromatic compounds (benzene and
naphthalene) are detected. The pyrolysates of Kainsaz and Sahara 97096
IOM exhibited numerous similarities like the modest number and the nature
of the pyrolysis products—mostly aromatic products—and were strongly
different from those from Orgueil and Murchison. Indeed a wide diversity of
products is observed in the latter cases. This low diversity of compounds is
likely the result of the thermal stress, which is supposed to have affected the
EH3 IOM. EPR did not allow to reveal any free organic radical in Sahara
97096 IOM, contrary to in the Orgueil, Murchison and to a lesser part
Kainsaz IOMs. Free organic radicals are associated with the D-rich areas in
Orgueil [3]. NanoSIMS pictures of the EH3 IOM reveal that (1) the D/H
ratio is quite homogeneously distributed with a mean value around (182 ±
22) ×10−6 (2) no D-rich “hot spots” are observable contrary to the CC IOM
(3) 15N “hot and cold spots” are spatially resolved (4) two organic phases are
detectable on the C/H NanoSIMS elemental pictures: from 1 to 10 µm size
areas more organized than the surrounding matter.

Therefore the CCs and the EH3 IOMs seem to originate from the same
material; the latter would have been submitted to an additional thermal
episode before the accretion or during the parent body metamorphism.

References: [1] Alexander et al. 2007. Geochimica et Cosmochimica
Acta 71:4380–4403. [2] Derenne et al. 2005. Geochimica et Cosmochimica
Acta 69:3911–3918. [3] Rémusat et al. 2006. EPSL 243:15–25. [4] Rémusat
et al. 2008. Meteoritics & Planetary Science 43:1099–1111.
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FEATHER TEXTURES—A POSSIBLE SHOCK FEATURE IN
QUARTZ DIAGNOSTIC OF LOW SHOCK PRESSURES
M. H. Poelchau1, T. Kenkmann1. 1Museum für Naturkunde, Leibniz Institute
at Humboldt University Berlin, Invalidenstr. 43, 10115 Berlin, Germany.
michael.poelchau@mfn-berlin.de.

The term “feather textures” describes an unusual type of planar
microdeformation structure, which has been found in shocked quartz grains
in several confirmed impact craters. These features were first described in
detail by [1, 2], although, to the best of our knowledge they were first
reported by [3]. Feather textures consist of a planar fracture (“P1” in [1, 2])
from which a group of thinly spaced lamellae (“P2” in [1, 2]) branch off,
typically only from one side. Reports of these features in impact craters
include Goyder [3], Rock Elm [1, 2], Matt Wilson [4, 5], Wetumpka [6],
Kentland [7] and Jebel Waqf as Suwwan [8]. In all of these reports P1
features have crystallographic orientations with maxima at c (0001), r/z
{101;−} and ξ {112;−} when indexed, or otherwise angles with maxima at 0°
and ~50° to the quartz c-axis. ω {103;−} and π {102;−} orientations are very
rare. P2 features can be slightly curved, have a spacing between 2 and 10 µm,
are much shorter than the P1 features from which they emanate, and thus
show a striking resemblance to planar deformation features (PDFs).

Lithologies in which feather textures occur are typically quartzites,
coarse-grained, well-consolidated sandstones, and impact breccias. We have
also observed these structures in gneissic clasts in the Nördlinger Ries
suevite, where they occur in highly shocked grains alongside multiple sets of
PDFs, and therefore raise the question if they are actually “incipient PDFs” as
proposed by [1, 2].

To reproduce feather textures plane-wave shock recovery experiments
were carried out at the EMI-Freiburg in 2000 at various conditions using the
impedance matching technique on cylindrical samples of single crystal
quartz. A 3 mm slice of K-feldspar subdivides the quartz crystal in two parts
to achieve large shear displacements within both minerals and along their
interface. Feather textures occur in experiments with pressures <16 GPa at
sites where shear deformation is concentrated. Our preliminary data are in
accordance with the hypothesis in [2] that feather textures may form between
5 and 10 GPa.

Our preliminary analyses of both experimental and natural samples has
led us to the conclusion that these structures are formed as conjugate shear
fractures. The dominant P1 feature often shows an offset due to shearing,
while P2 features occur on one side, occasionally show “dragging” at the
base of the P1 feature which is related to the sense of shear, and have angles
of 40–75° to P1 typically seen in conjugate fracture systems.

Further analysis, at the TEM is planned to confirm if the P2 features are
fractures or are amorphous lamellae like PDFs.

References: [1] French B. M. and Cordua W. S. 1999. Abstract #1123.
30th LPSC. [2] French B. M. et al. 2004. GSA Bulletin.116:200–218. [3]
Haines P. W. 1996. Journal of Australian Geology and Geophysics 16:561–
566. [4] Sweet I. P. et al. 2005. Australian Journal of Earth Sciences 52:675–
688. [5] Kenkmann T. and Poelchau M. H. 2009. Geology 37:459–462. [6]
Morrow J. R. and King D. T. 2007. Geological Society of America Field
Forum. [7] Morrow J. R. and Weber J. C. 2009. Abstract #1913. 40th LPSC.
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HIGH VELOCITY VAN DE GRAAFF SHOTS OF MINERAL DUST:
APPLICATION TO IN SITU SPACE MISSIONS
F. Postberg1, 2, M. Trieloff1, R. Srama2, J.K. Hillier3, Z. Gainsforth4, A.J.
Westphal4, S. Bugiel2, E. Grün2, S. Armes5, A. Kearsley6, T. Tyliszczak7, W.
H. Schwarz1, 1Institut für Geowissenschaften, Ruprecht-Karls-Universität
Heidelberg, D-69120 Heidelberg, Germany. E-mail: frank.postberg@mpi-
hd.mpg.de. 2Max-Planck-Institut für Kernphysik, D-69117 Heidelberg,
Germany 3 PSSRI, Open University, Milton Keynes, MK7 6AA, UK. 4Space
Sciences Laboratory, U. C. Berkeley, USA. 5Dept. of Chemistry University
of Sheffield, Sheffield, S3 7HF, UK 6IARC, Dept. of Mineralogy, The
Natural History Museum, UK. 7Advanced Light Source, Lawrence Berkeley
Laboratory, USA.

The detection and collection of high velocity interplanetary or
interstellar dust grains by space missions is a nontrivial task, as high speed
impacts on collectors or detectors may cause significant structural and
chemical modification. Hence, simulation of high speed dust impacts is
required, e.g., into Stardust aerogel or foils [1], or impact ionization time-of-
flight (TOF) mass spectrometers as onboard Cassini [2,3]. 

Particle speeds up to 50 km/sec can only be achieved by a Van de Graaff
accelerator as e.g., operated at the Max-Planck-Institut für Kernphysik
(Heidelberg). Here, only charged particles can be accelerated: While metals
(e.g., Fe, Al) or magnetite work well, acceleration of silicates or organics
requires a complex chemical coating procedure, to achieve acceptable levels
of conductivity. A thin platinum coating [4] was successfully applied to
analogue material like silicates (quartz, orthopyroxene, anorthite, olivine),
and carbon rich particles (silicon carbide). Those were successfully
accelerated and provided impacts with speeds of up to 30 km/s. Impact
signals as well as high resolution impact ionization mass spectra were
evaluated using the large area mass analyzer [5] (LAMA). These TOF spectra
provide a mass resolution of about 200 and allow for qualitative
determination of mineral compounds and isotopes in individual grains.

However, while for these kinds of experiments active selection of
suitable particle impacts is possible, the preparation for shots into
STARDUST collectors requires complete control of particle size and speed
by an improved new version of a specific Particle Selection Unit, which is
currently implemented. Preliminary shots into Stardust flight spare tiles have
been extracted in picokeystones [6], and analyzed by Scanning Transmission
X-ray Microscopy at the Advanced Light Source at Lawrence Berkeley
Laboratory [7] with ~30nm spatial resolution. Quantitative measurements of
Fe mass in residues of individual ~1 pg impactors have been obtained,
demonstrating the suitability of this method of sample preparation and
analysis for future interstellar dust samples returned by the STARDUST
mission.
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NEW I-XE AGES OF CAMPO DEL CIELO SILICATES 
O. V. Pravdivtseva1, A. P. Meshik1, C. M. Hohenberg1 and G. Kurat2.
1McDonnell Center for the Space Sciences, Washington University, One
Brookings Drive, Saint Louis, MO 63130, USA (olga@physics.wustl.edu),
2Naturhistorisches Museum, Burgring 7, 1010, Vienna, Austria. Email:
gero.kurat@univie.ac.at.

Introduction: Silicate inclusions in IAB irons have been reported to be
rich in “atmosphere-like” trapped heavy noble gases and radiogenic 129*Xe
[1–5], ureilite-like Xe was observed in El Taco Campo del Cielo silicates at
higher than 1000 °C extractions [6]. And since the I-Xe  system seems to be
preserved in these inclusions [7–9], silicates in IABs can provide diverse
ages, reflective of different closure times, and the potential for cooling rate
information.

Results: Silicates from one studied Campo del Cielo polished section
(Museum of Natural History, Vienna) consisted of chrome diopside and
oligoclase, mostly in complex intergrowths, in some cases surrounded by
graphite rims. Separated diopside and oligoclase represented two different
inclusions on the polished section and were free of graphite contamination.
Contrary to the earlier observations, trapped Xe in these silicates is
isotopically consistent with Ordinary Chondrites component. Concentrations
of 132Xe (after correction for small fission contributions) are 1.0 × 10−10

ccSTP/g and 1.4 × 10−10 ccSTP/g, four times less then in previously studied
silicates [6, 7]. Diopside contained 5.8 × 10−9 ccSTP/g of 129*Xe, the highest
concentration observed so far in IAB silicates, oligoclase one order of
magnitude less  - 5.0 × 10−10 ccSTP/g. Corresponding I-Xe ages are 4556.4 ±
0.3 Ma and 4558.0 ± 0.6 Ma.  I-Xe age of oligoclase is in agreement with
previously reported 4559.1 ± 0.7 Ma [7]. I-Xe age of chrome diopside is
1.6 Ma younger, but consistent with I-Xe ages for silicates from other IAB
meteorites [8, 9]. Although these silicate inclusions were embedded in metal
only 9 mm apart, they show 1.6 Ma age difference. And while the I-Xe
system in oligoclase closed earlier, correlated radiogenic Xe in this sample
was released at lower temperatures than in diopside. We suggest that these
silicates were formed in different locations and depths within the IAB parent
body, thus their difference in closure time, and were later brought together by
mixing and reassembly of the debris after an impact [10]. This catastrophic
event and resulting  heterogeneous heating at the cm scale [11] did not reset
the I-Xe system in studied silicates, but could be responsible for the
significant loss of radiogenic Xe in less refractory oligoclase.

Supported by NASA grant #NNG06GE84G and FWF (Austria). We
thank Harald Stehlik for help in acquiring this sample. 
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LOOKING FOR THE CARRIER PHASE OF 54CR IN THE
CARBONACEOUS CHONDRITE ORGUEIL 
L. Qin, C. M. O’D. Alexander, L. R. Nittler, J. Wang, and R. W. Carlson.
Department of Terrestrial Magnetism, Carnegie Institution of Washington,
Washington, DC 20015. E-mail: lqin@ciw.edu.

Introduction: 54Cr anomalies are widely distributed in inner solar
system materials [1–6]. These variations have been attributed to
nucleosynthetic effects. Astronomical models predict that 54Cr, along with
other neutron-rich nuclides, such as 50Ti, are produced in a neutron-rich
environment at or near nuclear statistical equilibrium in both Type Ia and
Type II supernovae [7, 8]. Further constraints on the nucleosynthetic source
of 54Cr largely rely on the identification of the carrier phase. Isolating and
identifying the carrier phase of 54Cr anomalies is an outstanding problem in
cosmochemistry. We have recently started to search for the carrier phase by
in-situ NanoSIMS analyses of a residue separated from the C1 chondrite
Orgueil.

Methods: The original CsF/HCl Orgueil residue was ashed in an O-
plasma to remove C. The remaining minerals were dispersed as a liquid
suspension onto a gold substrate. A quick SEM examination of the mount
shows that the mineral assemblage includes mostly sub-micron chromite and
Cr-rich spinel, and a small amount of SiC. Isotope measurements were made
on a Cameca NanoSIMS 50L in multi-collection mode at the Carnegie
Institution. A 0.5–0.7 µm, O- primary ion beam of ~13 pA intensity was
rastered over 25 × 25 µm2 areas. For each area, 16 sequential 256 × 256 pixel
images were obtained. Positive secondary ions of 50Cr+50Ti, 52Cr, 53Cr,
54Cr+54Fe, 28Si and 56Fe were detected simultaneously on six electron
multipliers. 28Si was detected in order to aid in the identification of the
mineralogy. 56Fe was used to correct interference from 54Fe on 54Cr. We could
not make any correction for the interference from 50Ti on 50Cr. The spatial
resolution of these isotopic images was largely limited by the primary beam
size.

Results: We obtained about 30 isotope images, covering tens of
thousands of grains. For each image, we defined regions of interest with high
52Cr count rate to avoid background areas. Most of the regions have 54Cr/52Cr
(corrected for 54Fe interference) within two standard deviations from the
mean values obtained within individual images. However, we detected
several areas with positive 54Cr/52Cr anomalies of 100‰ to 300‰, deviating
from the mean by 2 to 4 standard deviations. For one of these anomalous
regions, a smaller area (5 × 5 µm2) around this region was reimaged and we
confirmed the anomaly. Comparing these isotope ratio images with SEM
images, the anomalous areas typically contain one or a few grains of chromite
and Cr-rich spinel of <200 nm. Because the typical grain size is smaller than
the beam size, the actual 54Cr enrichments are probably much higher. In these
areas, we did not detect resolvable anomalies in 53Cr/52Cr.
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STRUCTURAL AND CHEMICAL CHARACTERIZATION OF THE
ORGANIC MATTER IN METAMORPHOSED CM
CARBONACEOUS CHONDRITES 
E. Quirico1, M. Bourot-Denise2, L. Bonal3, F-R. Orthous-Daunay1, P. Beck1.,
G. Montagnac4 1Laboratoire de Planétologie de Grenoble, Université Joseph
Fourier, 122 rue de la Piscine, 38045 Grenoble cedex 07 (France).2LEME,
MNHN (Paris-France). 3HIGP/SOEST University of Hawai’i at Manoa,
Honolulu, HI, 96822, USA. 4LST ENS-Lyon 46 allée d’Italie 69364 Lyon
Cedex (France). 

Introduction: Thermally metamorphosed CM chondrites have
experienced more or less intense heating events. The petrologic types of
some of them have been tentatively determined by analyzing the Cr
composition of ferroan olivines [1]. The maturation grade of organic matter
trapped in the matrix, determined by flash-pyrolysis/gas chromatography, has
also been used as a tracer of the metamorphic grade [2]. However, only
significant long duration thermal metamorphism has been evidenced from
the Cr-composition of olivines, and the study of [2] raises inconsistent results
are raised for some objects. The complex thermal history of the organic
matter in these objects (shock metamorphism, etc.) definitely calls for a
combined analytical approach. In the present work, we considered two
tracers of potential heating processes: (i) the structure and composition of the
organic matter; and (ii) the hydration state of the matrix. Both
unmetamorphosed and metamorphosed (WIS 91600, PCA 91008) CM
chondrites were studied. In addition, the petrography of the objects is
systematically considered to constraint the experienced secondary history. 

Analytical Method: The structure and chemical composition of
organic matter was assessed by micro-Raman and micro-infrared
spectroscopy. For micro-IR analysis, organic matter was extracted by HCl/
HF demineralization. The hydration state of the matrix material was
characterized by micro-infrared spectroscopy, following the method
developed by [3].

Results and Discussion: Raman spectra of unmetamorphosed CM
chondrites are typically characterized by fluorescence and broad first-order
carbon bands that point to a very disordered organic matter, and therefore to
the lack of significant thermal metamorphism. In that respect, Raman spectra
of PCA 91008 and WIS 91600 are very different. Indeed, the Raman spectra
of WIS 91600 are characterized by the absence of a fluorescence background
and by broad first-order carbon bands, that is not observed in
unmetamorphosed CM. In the other hand, PCA 91008 exhibit spectral
Raman features pointing to almost amorphous carbon, not reported so far in
chondrites. The differences in the Raman features observed in the matrices of
PCA 91008 and WIS 91600 and in typical unmetamorphosed CM chondrites
attest of a different thermal history. The spectral characteristics of PCA
91008 and WIS 91600 likely rule out a long duration of the thermal event as
it is the case for type 3 chondrites [4, 5]. Analysis of the infrared spectra in
terms of the chemical functions in the extracted organic matter and of the
hydration state of the matrix, are currently under way. Combined with
structural state of the organic matter, these data will allow us to discuss the
heating events potentially involved in the so-called metamorphosed CM
chondrites.

References: [1] Grossman et al. 2005 Meteoritics & Planetary Science
40, 5109. [2] Kitajima et al. 2002 Geochimica et Cosmochimica Acta 66:
163–172. [3] Beck et al. 2009. This issue. [4] Quirico et al. 2003. Meteoritics
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Cosmochimica Acta 70:1605–1623.
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182HF-182W AGES OF METAL-RICH CHONDRITES AND THE
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G. Quitté1. 1Laboratoire de Sciences de la Terre, CNRS—ENS Lyon—
Université de Lyon, France. E-mail: Ghylaine.Quitte@ens-lyon.fr.

Introduction: The metal-rich CB and CR chondrites are among the
most pristine early solar system materials. As such, they are interesting for
two main reasons: (1) they can serve as anchors for the intercalibration of
short-lived radiochronometers and (2) they allow us to better understand the
earliest stages of metal formation. These meteorites contain indeed abundant
free metal in the form of iron-nickel assemblages and iron sulfides. CRs are
primitive chondrites that largely escaped thermal processing in the asteroidal
setting but were subjected to aqueous alteration as evidenced by a highly
oxidized matrix. On the contrary, CBs are not altered but they experienced
thermal processing, likely due to their impact-induced melting origin in a
planetary environment [1]. CR and CB chondrites share many compositional
and isotopic characteristics, including similar oxygen isotope compositions.
The metal content of CR chondrites is however much lower than that of CB
chondrites, with respectively 7 vol% and 0 to 70 vol% metal [2].

Samples and Analytical Procedure: Three CRs (among them
Renazzo and NWA 801) and two CBs (Gujba and MIL 05082) were selected
for the present study. After crushing, a bulk sample, a metal-rich fraction and
1 to 3 less- or non magnetic (i.e., silicate rich) fractions were prepared. The
metal-rich phase was separated using a hand magnet. As CBs show large
metal-sulfide nodules it was relatively easy to mechanically separate metal
and silicates in these samples. After digestion, W was separated and purified
following the technique described earlier [3]. Tungsten isotope
measurements were performed on a Nu 1700 MC-ICPMS taking advantage
of the high sensitivity of this instrument.

Results and Discussion: Assuming Renazzo (CR2) and Gujba (CBa)
formed from a carbonaceous chondrite reservoir, metal segregated in both
meteorites almost contemporaneously 6–7 Ma after the start of the solar
system. Hf and W are rather insensitive to aqueous alteration so that the
182Hf-182W chronometer should not have been disturbed. The data however
do not confirm the early formation age of Renazzo chondrules proposed by
[4–5] but are compatible with the equilibrium age for CR2 chondrites
inferred from Mn-Cr systematics [6]. Noteworthy, the Hf-W age of Gujba is
in agreement with its Pb-Pb age [1]. As chondrules and metal are thought to
have formed or been reset at the same time, a meaningful isochron can also
theoretically be defined. The first data obtained on Renazzo indicate a late
metal-silicate separation or re-equilibration: silicates show no significant
enrichment in radiogenic 182W despite the relatively high Hf/W ratio (>50) of
this phase. To better understand the timing of CR2 formation, data for other
samples including NWA 801 and the third selected CR (provisional name:
NWA 721) are required.
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HIGHLY SIDEROPHILE ELEMENTS IN UREILITES 
K. Rankenburg1*, M. Humayun1, A. D. Brandon3, and J. S. Herrin3, 1Freie
Universität Berlin, Institut für Geologische Wissenschaften, Malteserstrasse
74–100, 12249 Berlin, Germany. E-mail: rankenburg@yahoo.de. 2National
High Magnetic Field Laboratory and Dept. of Geological Sciences, Florida
State University, Tallahassee, FL 32310, USA. 3NASA Johnson Space
Center, Mail Code KR, Houston, TX 77058, USA.

The abundances of the highly siderophile elements (HSE) Ru, Pd, Re,
Os, Ir, and Pt were determined by isotope dilution mass spectrometry for
twenty-two ureilite bulk rock samples, including monomict, augite-bearing,
and polymict lithologies. The CI-normalized HSE abundance patterns of all
ureilites except ALHA81101 show marked depletions in the more volatile Pd,
with CI chondrite-normalized Pd/Os ratios (excluding ALHA81101)
averaging 0.19 ± 0.23 (2). This value is too low to be directly derived from
any known chondrite group. Instead, the HSE bulk rock abundances and HSE
interelement ratios in ureilites can be understood as physical mixtures of two
end member compositions. One component, best represented by sample
ALHA78019, is characterized by superchondritic abundances of refractory
HSE (RHSE – Ru, Re, Os, Ir, Pt), but subchondritic Pd/RHSE, and is
consistent with residual metal after extraction of a S-bearing metallic partial
melt from carbonaceous chondrite-like precursor materials. The other
component, best represented by sample ALHA81101, is RHSE-poor and has
HSE abundances in chondritic proportions. The genesis of the second
component is unclear. It could represent regions within the ureilite parent
body (UPB), in which metallic phases were completely molten and partially
drained, or it might represent chondritic contamination that was added during
disruption and brecciation of the UPB. Removal of carbon-rich melts does
not seem to play an important role in ureilite petrogenesis. Removal of such
melts would quickly deplete the ureilite precursors in Re/Os and As/Au,
which is inconsistent with measured osmium isotope abundances, and also
with literature As/Au data for the ureilites.
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SULFUR SPECIATION IN THE MARTIAN REGOLITH
COMPONENT IN SHERGOTTITE GLASSES 
M. N. Rao1, L. E. Nyquist2, S. Sutton3, and J. Huth4. 1Jacobs-ESCG, Johnson
Space Center, Houston. TX. E-mail: nageswara.rao @nasa.gov. 2ARES,
NASA Johnson Space Center, Houston. TX. 3Department of Geological
Sciences, University of Chicago, Chicago, IL. 4Max-Planck-Institute fuer
Chemie, Saarstrasse 23, Mainz. Germany.

Introduction: We have shown that Gas-Rich Impact-Melt (GRIM)
glasses in Shergotty, Zagami, and EET 79001 (Lith. A and Lith. B) contain
Martian regolith components that were molten during impact and quenched
into glasses in voids of host rock materials based on neutron-capture isotopes,
i.e., 150Sm excesses and 149Sm deficits in Sm, and 80Kr excesses produced
from Br [1, 2].  These GRIM glasses are rich in S-bearing secondary minerals
[3.4].  Evidence for the occurrence of CaSO4 and S-rich aluminosilicates in
these glasses is provided by CaO-SO3 and Al2O3-SO3 correlations, which are
consistent with the finding of gypsum laths protruding from the molten glass
in EET 79001 (Lith. A) [5].  However, in the case of GRIM glasses from EET
79001 (Lith. B), Shergotty and Zagami, we find a different set of secondary
minerals that show a FeO-SO3 correlation (but no MgO-SO3 correlation),
instead of CaO-SO3 and Al2O3-SO3 correlations observed in Lith. A. These
results might indicate different fluid-rock interactions near the shergottite
source region on Mars. The speciation of sulfur in these salt assemblages was
earlier studied by us using XANES techniques [6], where we found that Lith.
B predominantly contains Fe-sulfide globules (with some sulfate). On the
other hand, Lith. A showed predominantly Ca-sulfite/sulfate with some FeS.
Furthermore, we found Fe to be present as Fe2+ indicating little oxidation, if
any, in these glasses.

To examine the sulfide-sulfate association in these glasses, we studied
their Fe/Ni ratios with a view to find diagnostic clues for the source fluid. The
Fe-sulfide mineral (Fe0.93Ni0.3S) in EET 79001, Lith. A is pyrrhotite [7, 8]. It
yields an Fe/Ni ratio of 31. In Shergotty, pyrrhotite occurs with a molar ratio
of Fe:S of 0.94 and a Ni abundance of 0.12% yielding a Fe/Ni ratio of ~500
[8]. In this study, we determined a NiO content of ~0.1% and FeO/NiO ratio
of ~420 in S-rich globules in #507 (EET 79001, Lith. B) sample using FE-
SEM. In the same sample (bulk), using EMPA, we determined a FeO/NiO
ratio of ~700 (raster mode).  Using similar techniques, we determined a NiO
content of ~0.015% and a FeO/NiO ratio of ~800 in #506 (EET 79001, Lith.
A).  Moreover, a NiO content of ~150 ppm and 6.1% FeO were found in Lith.
A GRIM glasses using neutron activation analysis [9] yielding a FeO/NiO
ratio of ~420. The FeO/NiO ratios in secondary mineral phases in S-rich
pockets of EET 79001 (Lith. A/B) and Shergotty are high (~400) compared to
the FeO/NiO ratio of 31 in Lith. A pyrrhotite. These results suggest similar
kind of fluids interacted with different rock materials to yield the observed
variations in GRIM glasses in EET 79001 Lith. A and B.
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CHEMICAL AND ISOTOPIC DIVERSITY OF ORGANIC
PARTICLES IN CHONDRITES: PARENT BODY VS. NEBULAR
PROCESSES 
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7202, 57 Rue Cuvier, case postale 52, 75231 Paris, France 2  GPS Division,
Caltech, 1200 E. California Blvd, Pasadena, CA 91125, USA.

Introduction: Insoluble organic matter (IOM), the main organic
constituent in chondrites, has been extensively studied after HF/HCl isolation
techniques. Bulk isotopic compositions and elemental ratios show variations
between chondrite groups, whereas they are quite homogeneous within each
class [1]. Recent isotopic measurements by ion probes have revealed that
IOM is heterogeneous at the sub-micron scale [2, 3]. Does this heterogeneity
reflect parent body evolution or reactions in the gas phase prior to accretion?
To answer this question, we have studied in situ organic matter in Orgueil
(CI), Tagish Lake, Murchison (CM), Cold Bokkeveld (CM), Allende (CV),
Renazzo (CR) and Chainpur (LL) by NanoSIMS imaging. We have
determined D/H ratios and chemical composition (C, H and N contents) of
organic particles in the matrices of these meteorites.

Results and Discussion: Organic matter occurs as isolated, randomly
distributed, micron size particles in the matrices of the studied chondrites [4].
The organic grains exhibit a large range in compositions. No clear trend is
found between C/H, N/C and D/H ratios. Moreover, within each group, these
ratios also show a large range of variations: for instance D/H = 2.55 × 10−4 to
35.02 × 10−4 in Orgueil (bulk IOM D/H = 3 × 10−4), C/H = 0.3 to 2 for
Murchison (bulk IOM C/H = 1.4); this range exceeds the reported range from
bulk analyses. Mixing with inorganic matrix occurs during the measurement,
as shown by C/Si and C/O ratios, but it cannot explain alone the diversity of
measured compositions. 

Some chondrites of different groups seem to contain similar organic
particles, as indicated by their elemental and isotopic ratios, whereas their
IOM has a different bulk composition. Then, we have to consider that each
parent body has accreted a population of organic grains rather than one
unique type of organic matter. These grains may have different chemical and
isotopic compositions, probably due to their pre-accretion history. Moreover,
the parent body evolution did not rehomogenize the composition of the
organic matter, keeping the initial heterogeneity. 

Conclusion: The isotopic and elemental ratios of chondritic IOM
results from the accretion of different pools of organic particles that have
been subjected to and/or synthesized in different environments prior to
accretion. Turbulent motion [5] of particles in the protosolar nebula could
have gathered together these particles. As shown by the D/H ratio [4], some
organic particles have been exposed to the outer irradiated areas of the solar
system, whereas the others remained in the neutral mid-plane. Synthetic
processes specific to some regions (like ion/molecule reactions in the
irradiated areas) may also result in different elemental compositions. Another
possibility is that the organic precursors (CH4, HCN . . . ) were
heterogeneously distributed in the protosolar nebula, leading to the synthesis
of different macromolecules depending on the location.  

References: [1] Alexander C. M. O’D. et al. 2007. Geochimica et
Cosmochimica Acta 71:4380–4403. [2] Remusat L. et al. 2009. ApJ, in press.
[3]  Busemann et al. 2006. Science 312:727–730. [4] Remusat L. et al. 2009.
40th LPSC, abstract #1294. [5] Ciesla F. 2009. 40th LPSC, abstract #1099.
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CONTROLS ON HIGHLY SIDEROPHILE ELEMENT
CONCENTRATIONS IN MARTIAN BASALT: SULFIDE
SATURATION AND UNDER-SATURATION 
K. Righter. NASA Johnson Space Center, 2101 NASA Pkwy., Houston, TX
77058; E-mail: kevin.righter-1@nasa.gov. 

Introduction: Highly siderophile elements (HSE; Re, Au and the
platinum group elements) in shergottites exhibit a wide range from very high,
similar to the terrestrial mantle, to very low, similar to sulfide saturated mid
ocean ridge basalt (e.g., [1]).  This large range has been difficult to explain
without good constraints on sulfide saturation or under-saturation [2].  A new
model for prediction of sulfide saturation places new constraints on this
problem [3]. 

Shergottite Data: For primitive shergottites, pressure and temperature
estimates are between 1.2–1.5 GPa, and 1350–1470 C [4].  The range of
oxygen fugacities is from FMQ-2 to IW, where the amount of Fe2O3 is low
and thus does not have a significant effect on the S saturation values.  Finally,
the bulk compositions of shergottites have been reported in many recent
studies (e.g., [5]).  All of this information will be used to test whether
shergottites are sulfide saturated [3].

Modeling Values and Results: The database for HSE partition
coefficients has been growing with many new data for silicates and oxides
[6–8] to complement a large sulfide database [9–11].  Combining these data
with simple batch melting models allows HSE contents of mantle melts to be
estimated for sulfide-bearing vs. sulfide-free mantle. Combining such models
with fractional crystallization modeling (e.g., [12]) allows HSE contents of
more evolved liquids to be modeled. Most primitive shergottites have high
HSE contents (and low S contents) that can be explained by sulfide under-
saturated melting of the mantle.  An exception is Dhofar 019 which has high
S contents and very low HSE contents suggesting sulfide saturation.  Most
evolved basaltic shergottites have lower S contents than saturation, and
intermediate HSE contents that can be explained by olivine, pyroxene, and
chromite fractionation.  An exception is EET A79001 lithology B, which has
very low HSE contents and S contents higher than sulfide saturation values –
evidence for sulfide saturation during late fractional crystallization. These
results show that shergottite HSE contents are controlled by silicates, oxides,
and sulfides. In addition, the mantle producing the most primitive shergottites
did not contain near chondritic relative ratios of the HSEs like the terrestrial
mantle, and did not experience a late chondritic veneer.  

References: [1] Walker et al. 2009. LPSC XL, #1263; [2] Jones J. H. et
al. 2003. Chem. Geol. 196, 21–41; [3] Righter K. et al. 2009. LPSC XL,
#1428; [4] Filiberto J. et al. 2008. Meteoritics & Planetary Science 43,
1137–1146.; [5] Anand M. et al. 2008. LPSC XXXIX, #2173; [6] Brenan J.
M. et al. 2003. Earth Planet. Sci. Lett. 212, 135–150; [7] Righter K. et al.
2004. Geochimica et Cosmochimica Acta 68, 867–880; [8] Mallmann G. and
O’Neill H. St. C. 2007. Geochimica et Cosmochimica Acta 71, 2837–2857;
[9] Fleet M. et al. 1996. Geochimica et Cosmochimica Acta 60, 2397–2412;
[10] Stone W. et al. 1990. Geochimica et Cosmochimica Acta 54, 2341–2344;
[11] Crocket J. et al. 1997. 61, 4139–4149; [12] Symes S. et al. 2008. 72,
1696–1710.
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LU-HF AND SM-ND ISOTOPE SYSTEMATICS OF ALH84001:
EVIDENCE FOR AN ANCIENT ENRICHED MANTLE RESERVOIR
ON MARS 
M. Righter1. T. J. Lapen1. A. D. Brandon2. B. L. Beard3, 4 and J. T. Shafer5.
1Department of Earth and Atmospheric Sciences, University of Houston. E-
mail: mrighter@uh.edu. 2NASA-Johnson Space Center. 3Department of
Geology and Geophysics, University of Wisconsin-Madison. 4NASA
Astrobiology Institute, 5Lunar and Planetary Institute.

Introduction: The early differentiation history of Mars is relatively
unknown [1].  Allan Hills (ALH) 84001 is the only available sample of the
Martian Noachian crust.  Its ancient origin thus provides critical constraints
on the earliest differentiation history of Mars. ALH 84001 has been found to
have a very old age (∼4.5 to 4.0 Gyr) [2], but it has suffered multiple shock
events from impacts during its history [3], making age determinations
difficult to interpret. Our new Lu-Hf and Sm-Nd isotope data allow us to
demonstrate a crystallization age of 4.086 ± 0.030 Ga, which is much
younger than some earlier age estimates. We can also demonstrate that the
Sm-Nd isotope systematics are largely controlled by phosphate phases that
have experienced post-crystallization alteration.

Results and Discussion: A 4-point Lu-Hf isochron defined by bulk
rock, chromite, orthopyroxene, orthopyroxene-rich fractions, yields an age of
4086 ± 30 Ma (MSWD = 2.1), which is interpreted as the time of magmatic
crystallization.  The initial 176Hf/177Hf isotope ratio derived from the isochron
is 0.279991 ± 0.000029 (2σ).  Based on isochron initial 176Hf/177Hf isotope
ratio, the modeled source 176Lu/177Hf isotope ratio for ALH 84001 is 0.02358
± 0.00494 (2σ), which is within error of the average source 176Lu/177Hf ratio
of the enriched shergottites estimated to be 0.027 [4–8]. The development of
this enriched reservoir in Mars is likely similar to processes that produced
lunar KREEP compositions, which reflect late-stage, incompatible-element-
rich residual liquids associated with late-stage crystallization of a magma
ocean.

The Sm-Nd data of the same sample aliquots analyzed for Lu and Hf
yield an isochron “age” of 4.262 ± 0.025 Ga (2σ; MSWD = 2.2) which is
~175 Ma older than the Lu-Hf age.  Based on the strong correlation between
Nd concentration and measured 143Nd/144Nd ratio, we interpret the
correlation on the isochron diagram to reflect mixing between OPX and
phosphate phases that dominate the Sm and Nd budgets. Since phosphate
phases are easily altered and contain the majority of Sm and Nd in the rock
budget, any alteration of the phosphate phases where Sm is fractionated from
Nd may significantly change the slope of an isochron. At present, we cannot
rule out this possibility and so we do not apply any chronologic significance
of the Sm-Nd data.

In order to assess the igneous ε143Nd(i) of ALH 84001, we used the
mixing correlation to project to the measured Sm/Nd ratio of pure OPX
where ε143Nd(i) can range from −0.4 to +2.  It is presently unclear if isotope
systematics between Sm-Nd and Lu-Hf are decoupled such that source Sm/
Nd ratios are superchondritic and source Lu/Hf ratios are subchondritic.

References: [1] Taylor G. J. et al. 2008., ed. J. F. Bell III, Chapter 22,
Cambridge University Press. [2] Nyquist L. E. et al. 2001. Space Sci. Rev. 96,
105– 164. [3] Treiman A. H. 1999. Meteoritics & Planetary Science 33,
753–764. [4] Bouvier et al. 2005. EPSL 240, 221–233. [5] Bouvier et al.
2008. EPSL 273, 48–57. [6] Lapen et al. 2008. LPSC XXXIX. [7] Shafer J. T.
et al. 2009. LPSC XL, #1803. [8] Lapen T. J. et al. 2009. LPSC XL, #2376.
[9] Devaille V. et al., 2007. EOS Trans., AGU Fall Meet. Suppl. Abstract
V43–02.
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HYDROGEN ISOTOPIC EXCHANGE RATES BETWEEN
DEUTERIUM-RICH SOURCES AND ORGANIC MOLECULES 
F. Robert1, A. Thomen1, S. Derenne2, 1LMCM, MNHN-CNRS UMR 7202
(athomen@mnhn.fr, robert@mnhn.fr), Paris, France, 2BioEMCO, CNRS-
UPMC, Paris, France (sylvie.derenne@upmc.fr.

Introduction: In meteorites, IOM is the main carrier of deuterium [1].
The recent identification of H isotopic fractionation between the different
organic C-H bonds (benzylic, aliphatic and aromatic), suggests that the
formation process of the Insoluble Organic Matter (IOM) is recorded at a
molecular scale [2]. The negative correlation between the D/H ratios of the C-
H bonds and their binding energies was interpreted as resulting from an
isotopic exchange with a deuterium-rich source—likely H3

+—produced in the
diffuse regions of the protosolar disk by UV irradiation at T < 50 K.

Therefore we have attempted to reproduce this correlation in laboratory
conditions.

Methods: A continuous D2 gas flow (0.15 mbar, 330 K) was submitted
to a 2450 Mz discharge (70 watt). This discharge yields a UV flux of  ≈1015

photons cm–2 s–1. Four organic molecules (Ethylnaphthalene, 2-
Ethylnaphthalene, 1- and 2-Methylnaphthalene) are absorbed in a thin layer
chromatography plate, located at 2 cm from the discharge and directly
exposed to the UV. The main species produced in the gas by the discharge are
D and D3

+. The duration of the irradiation experiments was 30 min. The
organic molecules are then extracted from the plate with dichloromethane,
concentrated by rotatory evaporation and analysed using GC-MS. In a
parallel experiment, 2-ethylnaphthalene was immerged at 110 °C in pure
liquid D2O during 7 weeks.

The isotopic exchange reactions corresponding to these two types of
experiments can be summarized as:

-CH + D3
+  (+ hν)  →  -CD + HD2

+ (2)
-CH + D2OLiquid→  -CD + HDO (1)
Results: Using the mass spectrum of each molecule, the D/H ratio of

the three different C-H organic bonds (benzylic, aliphatic and aromatic) can
be determined for relative variation ∆(δD) > 200‰ (i.e., an exchange fraction
F > 3 × 10−5). Although the exchange is clearly detectable on the aliphatic and
aromatic bonds for reaction (1), the possible exchange in the benzylic
position cannot be identified (because of the error propagations of the
aliphatic and aromatic D/H ratios to the overall molecule consisting of all its
bonds). No exchange if observed for reaction (2) confirming the stability of
the meteoritic IOM during parent body hydrothermalism at a temperature
slightly above its boiling point.

References: [1] Alexander et al. 2007. Geochimica et Cosmochimica
Acta 71:4380–4403. [2] Rémusat et al. 2006. EPSL 243:15–25.
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SCANNING METEORITE COLLECTIONS FOR MISCLASSIFIED/
MISIDENTIFIED SAMPLES: EXAMPLES FROM SAINT
PETERSBURG AND MOSCOW 
P. Rochette1, J. Gattacceca1, N. S. Bezaeva2, E. V. Obolonskaya3, J. A.
Polyarnaya3,A.Y a. Skripnik4 and M. A. Nazarov4. 1CEREGE CNRS Aix-
Marseille University, France; E-mail: rochette@cerege.fr. 2 M.V. Lomonosov
Moscow State University 3 State Mining Institute Saint Petersburg, Russia 4

Vernadsky Institute, Academy of Science Moscow, Russia.

Magnetic susceptibility measurements provide a rapid and non-
destructive way to characterize the amount of metal (or magnetite) in a
meteorite. Among ordinary chondrite (OC) falls it is a powerful way to
discriminate between LL, L and H groups. We assembled a database using
systematic measurements in nearly 40 major collections from Europe and
America, containing data on 92% of all OC that fell before 1900, and 70%
after. This database allowed us to detect 23 potentially misclassified OC falls
(Asco, Karakol, Mauritius, Ploschkovitz, Yonozu for pre 1850 falls), and a
number of specimens of supposedly the same meteorite that are not from the
same group [1–3]. These are very likely misidentified specimens. The
proportions of meteorites exhibiting misidentified specimens in our database
is clearly time dependent (figure). A peak in the early 19th century likely
reflects the intense activity of exchanges among state and private collections
that occurred at that time, with not well established curatorial practices and
limited expertise in meteoritics. As an example, misidentified l’Aigle
samples were found in five different collections. 

The Saint-Petersburg Mining institute (SPMI) collection is an
interesting test of this hypothesis as it was essentially assembled during the
19th century. It was one of the largest state collections in Russia at that time,
competing with the Russian Academy of Science (RAS) collection and the
other major European collections. Now the RAS collection, which is largest
in Russia, is in the Vernadsky Institute, Moscow. However there was an
intensive exchange between the RAS and SPMI collections. We measured
nearly all stony meteorite samples >3 g in SPMI, i.e., 182 specimens, among
which 130 from 88 OC falls (all pre 1900). Seven samples from 5 meteorites
appeared misidentified, while the others give data consistent with those
obtained on the same meteorite in other collections, in particular from
Moscow. This ratio is statistically comparable to other collections: Paris (19/
356), Vatican (8/226), Madrid (7/78). Anomalies found in SPMI may also be
also found in Moscow as in the case of Bachmut and Pavlograd, both L6 but
showing H samples in both collections.

References: [1] Gattacceca J. et al. 2007. Meteoritics & Planetary
Science 42:A173–A176. [2] Consolmagno G. J. et al. 2006. Meteoritics &
Planetary Science 41:331–342. [3] Rochette P. et al. 2003. Meteoritics &
Planetary Science 38:251–268. Study funded by CNRS-RFFI PICS program
(grant N07-05-92165).
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LARGE IRON SPHERULES FROM THE TRANSANTARCTIC
MOUNTAINS: WHERE IS THE NICKEL?  
P. Rochette1, L. Folco2, M. d’Orazio4, C. Suavet1, J. Gattacceca1. 1CEREGE
CNRS Aix-Marseille University, France; E-mail: rochette@cerege.fr. 2

Museo Nazionale Antartide, Siena, Italy. 4 Universita di Pisa, Italy.

We studied 27 large (>400 µm) iron-type (I) cosmic spherules (made
essentially of magnetite and wüstite) representative of the Transantarctic
Mountains collection [1], together with 5 G-type (G) spherules (made of iron
oxides and silicates in similar proportions). They were characterized by
magnetic and density measurements, SEM imaging and microprobe analysis
of polished sections. Presence of metal is easily detected by magnetic
hysteresis (which enables discrimination from magnetite) while density is
less useful due to variable porosity (from 1 to 50% based on image analysis).
Only two I spherules contain large metal beads, while several other show
obvious signs of recent expulsion of such metal beads. These two types are
wüstite-rich (around 80%). One spherule contains a OsIr bead (6 µm in
diameter) while 18 spherules contain disseminated Pt-rich submicrometric
inclusions (mostly in magnetite). We studied the partitioning of Ni and other
trace elements between metal, wüstite and magnetite using EMPA. These
phases show strongly decreasing affinity for Ni, leading to nearly Ni-free
magnetites (down to 0.2 wt% NiO). The average Ni ratio for metal/wüstite
and wüstite/magnetite are 50 and 1.7, respectively. Submicron sized grains of
a Ni-rich phase (likely NiO) are frequently observed at the contact between
the two oxide phases. This partitioning associated with the likely expulsion of
Ni-rich metal beads during atmospheric flight would explain why I spherules
appear on average poorer in Ni than chondritic kamacite, based on analyses
of wüstite and magnetite. Preferential evaporation of Ni is not apparent as the
periphery of the spherules is systematically richer in Ni than the center.

On the other hand, Ni/Co ratio are on average similar to those of
chondritic kamacite (~10), and this ratio does not change drastically from
metal to wüstite and from wüstite to magnetite, as well as from the center to
the periphery of the spherule. Large (>400 µm) kamacite grains or aggregates
should therefore be the main precursor of our spherules. Even accounting for
Ni subtraction by Ni drainage in the metal beads and expulsion or
undersampling of submicron Ni-rich phases, we do not have clear evidences
for a taenite precursor (that has Ni/Co >100). We suspect a precursor grain
(kamacite vs. taenite) size effect. 

Lack of external EDS detection of Ni is not a criteria to exclude an
extraterrestrial origin for an iron oxide spherule, as most I spherules exhibit
an external magnetite layer. Instead we propose that terrestrial I-like
spherules can be distinguished based on the absence of wüstite (in the interior
of the spherule), which is ubiquitous and conspicuous (at least 20 vol%) not
only in our I spherules but also in much smaller ones [e.g., 1–3]. 

Some wüstite-rich G type spherules appear to form a continuum with I
spherules, and are thus likely the product of melting of
metal+silicates+oxides aggregates in variable proportions. This mixing is
also signed by significant amount of Cr, Si, Al, and Mg in I spherules (in
magnetites up to 1.3, 0.5, 0.4 and  0.3 oxide wt%, respectively). We may have
a G-type with a metal core, although this metal is nearly entirely weathered.

References: [1] Rochette P. et al. 2008. Proceedings of the National
Academy of Sciences 105:18206–18211. [2] Taylor S. et al. 2000. Meteoritics
& Planetary Science 35:651–666. [3] Genge M. J. et al. 2008. Meteoritics &
Planetary Science 43:497–515.
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DIFFUSION-DRIVEN FRACTIONATION OF IRON ISOTOPES IN
OXIDIZED AND REDUCED SILICATE MELTS 
M. Roskosz1, C. M. O’D. Alexander2, J. Wang2, N. Dauphas3, B. O. Mysen4.
1LSPES, UMR 8008, Université Lille 1. E-mail:  Mathieu.roskosz@univ-
lille1. fr. 2DTM, Carnegie Institution of Washington, Washington, DC.
3Department of the Geophysical Sciences, The University of Chicago.
4Geophysical Laboratory, Carnegie Institution of Washington, Washington,
DC.

Introduction: Chemical diffusion of cations and atoms in silicates and
metals can promote large isotopic fractionation [1]. An empirical formula
relates the diffusion coefficients of two isotopes of an element to their mass
ratios through D1/D2 = (m2/m1)β

, where 1 and 2 refers to the two isotopes, D1,2
are diffusion coefficients, m1,2 are atomic masses and β is an empirical
coefficient. Despite the limited data available for β, it is likely that its value
depends on the structural and chemical properties of the element and of the
medium in which diffusion takes place. In this study, we evaluate
experimentally the effect of the redox state of Fe on diffusion-driven isotopic
fractionation. We focused on Fe isotopes because they probe various critical
differentiation processes in meteorites and planetary bodies [2].

Experimental: Diffusion couples were prepared from CaMgSi2O6 and
Fe-bearing CaMgSi2O6 glasses previously prepared from isotopically
normal, high-grade purity oxide and carbonate powders. Experiments were
performed in a piston-cylinder apparatus at 1 GPa pressure to prevent
convection in the melts. The run temperature was 1630 °C, a temperature that
ensures that samples were entirely molten at any redox condition and for any
Fe content. Soret effects on Fe content could not be observed even after runs
of 12 hours for initially homogeneous Fe-bearing melts. Typical experimental
runs were must shorter (less than one hour). Samples were either loaded in
graphite capsules to produce very reduced melts or a double Pt capsule with
solid PtO2 buffers that was developed to produce oxidized melts and avoid
diffusion of Fe into the Pt capsules because this produces large isotopic
fractionations [3].

Results: After quenching, samples were mounted in epoxy for EMP
analyses. Diffusion profiles were quantified and modeled to extract diffusion
coefficients for ferrous (Fe2+) and ferric (Fe3+) iron in diopside melts. Even at
this high temperature, when diopside liquid has a very low viscosity, there is
a significant difference in diffusion rates—Fe2+ diffuses faster than Fe3+ by a
factor of 1.5. Fractionation of Fe isotopes along these compositional
gradients are currently being measured by SIMS (Cameca 6f) and laser
ablation ICPMS.

Discussion: The structural role of iron in silicate melts is relatively well
known. Ferrous iron is a network modifying cation (like Ca2+ and Mg2+) and
generally occupies octahedral sites. Conversely, ferric iron is a network
forming cation (like Al3+ and  Si4+) and occupies tetrahedral sites in the melt
structure. Our results provide a direct quantification of the effect of the
structural environment of iron on its diffusion. Because isotopes fractionation
also critically depends of the coordination state and of the nature and strength
of chemical bonds, our results allow us to provide physico-chemical
significance of the β coefficients and therefore open the opportunity to
predict β values for a wide range of elements.

References: [1] Richter F. et al. 2003. Geochimica et Cosmochimica
Acta 67:3905–3923. [2] Dauphas N. and Rouxel O. 2006. Mass. Spec. Rev.
25:515–550. [3] Roskosz M. et al. 2006. EPSL 248 (3–4):851–867.
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HIGHLY REDUCED METALS AND SULFIDES IN UREILITES:
REMNANTS OF THE UPB CORE?  
A. J. Ross1, 2, H. Downes1,2, C. L. Smith1 and A. P. Jones2. 1IARC,
Department of Mineralogy, The Natural History Museum, Cromwell Road,
London SW7 5BD, UK. Email: aidan.ross@ucl.ac.uk; 2Centre for Planetary
Sciences at UCL/Birkbeck, Joint Research School of Earth Sciences, Gower
Street, London WC1E 6BT, UK. 

Introduction: Ureilites are ultramafic, carbon-rich achondrite
meteorites, which are believed to represent mantle residues from the ureilite
parent body (UPB). Approximately 10–15% are polymict (brecciated)
ureilites, which contain many exotic lithic and mineral clasts [e.g., 1, 2].
Whether metal and sulfide phases in ureilites are indigenous to the UPB or
foreign (i.e., impact-derived) is highly controversial. We present EPMA
major element data (analysed at the NHM) for metal and sulfide phases in
five paired Frontier Mountains ureilites: 90036, 90054, 90168, 90233, 90228
[3].

Results: The samples contained silicide, phosphide, sulfide, and Fe,Ni
metal phases. Metals and sulphides occur in three different contexts: as veins
(FRO 90054); closely associated with carbon (FRO 90233); or interstitial to
silicates (FRO 90228). Some samples contain metals in more than one of
these. We observed significant inter- and intra-sample variations in
composition, abundance and size. Individual metal grains, however, appeared
internally homogeneous on a micron scale. Si and P are present in metal and
sulphides (tabulated below). Cr is abundant in some sulphides (up to 7 wt%);
these also have minor wt% Ti, Mn and Cu. Compositions are consistent with
those in other work [e.g., 4, 5]. There are also rare grains that appear to be a
mixtures of phases, such as high-Si and high-P kamacites and Fe,Ni metal
with higher Ni than typical kamacite (up to 7.6 wt% Ni) [4]. Co is also present
(up to 0.5 wt%). Ranges for each phase are in wt%:

Conclusions:  The presence of abundant metals in polymict ureilites
indicates that impact processes likely have a significant role in the evolution
of metal phases, even if they were indigenous to the UPB. High Cr contents
in sulfide imply that they formed under very reducing conditions. Thus they
most likely originated from the UPB that is known to be a highly reduced
body. Current research indicates that Si could be the light element in the
Earth’s core [e.g., 6]. It is widely recognized that the UPB suffered
catastrophic disruption [see 7] which could have mixed core and mantle
material. Is it possible that the Si-bearing metals are remnants of the disrupted
UPB core which were subsequently accreted to the regolith of the UPB?

References: [1] Bischoff A. et al. 2006. In MESS II, 679–712. [2]
Goodrich C. A. et al. 2004. Chemie der Erde 64:283–327. [3] Smith C. L. et
al. 2000. Meteoritics & Planetary Science 35:A150. [4] Herrin C. A. et al.
2007. Abstract #2404. 38th LPSC. [5] Smith C. L. et al. 2008. Abstract
#1669. 39th LPSC. [6] Lin J. F. et al. 2002. Science 295:313–315. [7] Downes
H. et al. 2008. Geochimica et Cosmochimica Acta 72:4825–4244.

Table 1. 

Phase
Nominal
formula Fe Si P S Ni

Sulfides
(troilite)

FeS 52.8–77.5 <dt-2.0 <dt-0.8 18.5–38.9 <dt-2.2

Silicides
(unnamed)

(Fe,Ni)9Si 83.9–92.7 3.5–7.7 0.2–0.4 <dt-0.4 2.0–5.8

Phosphides
(schreibersite)

(Fe,Ni)3P 72.1–86.6 <dt-0.7 11.6–16.8 0.1–4.0 1.8–8.1

Fe,Ni metal
(kamacite)

Fe9Ni1-
Fe9.5Ni0.5

88.1–97.8 <dt-1.6 0.04–6.7 <dt-6.2 0.3–7.6
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NORTHWEST AFRICA (NWA) 5073—AN EUCRITIC BASALT
WITH CM-SIZED PYROXENES
J. Roszjar1, K. Metzler1, A. Bischoff1, R. C. Greenwood2, and I. A. Franchi2
1Institut für Planetologie, WWU Münster, Wilhelm-Klemm-Straße 10, D-
48149 Münster, Germany, E-mail: julia_roszjar@yahoo.de, 2Planetary and
Space Sciences Research Institute, The Open University, Milton Keynes,
MK7 6AA, UK.

Introduction: We present the first mineralogical and oxygen isotope
data for the new eucrite Northwest Africa (NWA) 5073 that has some unique
features. This meteorite is a desert find with a total mass of 185 g and
represents a non-brecciated unequilibrated eucrite with the coarsest texture
ever found among samples of the HED suite. 

Results: NWA 5073 has a basaltic texture, mainly composed of zoned
pyroxene and plagioclase laths (An76–92Ab8–22Or0–3) up to 1.2 cm and 0.2 cm
in length, respectively, with minor amounts of mesostasis. The latter consists
of ilmenite, Fe-metal, chromite, phosphate (apatite), silica, and anorthite
(~An95). Euhedral to anhedral silica grains with sizes up to 0.8 mm were
invariably found in the mesostasis, which probably represents the residual
melt. Zr-bearing phases (zircon, baddeleyite, and zirconolite) were found in
the mesostasis with diameters ranging from 1 to 25 µm [1]. Pyroxenes are
unequilibrated with cores of about En60Fs34Wo6 and rims of about
En39Fs51Wo10. Large pyroxene grains are crossed by veins of Fa-rich olivine
(Fa67–68), which are clearly restricted to large pyroxene crystals and always
end abruptly at their boundaries, while adjacent minerals are free of them.
Similar Fa-rich olivine veins were found in NWA 1000 [2]. NWA 5073 is
weakly shocked (S2) [3, 4]. Terrestrial weathering (W2–3; [5]) is indicated
by the breakdown of about half of the metals and by the occurrence of calcite
and Ba- and Sr-bearing sulfates. Based on oxygen isotope data (δ17O  =
1.88 ‰; δ18O  = 4.05 ‰; ∆17O (linearized [6])  = −0.239 ‰) NWA 5073 is a
normal member of the HED suite. The ∆17O value for the sample is identical
to the average HED value obtained by [7], whereas the δ18O is slightly higher
compared to other eucrites analyzed by [7], but within the data range of [8]. 

Conclusions: This meteorite cooled rapidly as indicated by the
presence of skeletal plagioclase, the unequilibrated nature of its pyroxenes
and the occurrence of only thin (<1 µm) exsolution lamellae in some
pyroxenes. Based on grain sizes NWA 1000 resembles NWA 5073 [2].
However, NWA 1000 is severely shocked (S4), as documented by the
transformation of half of the plagioclase into maskelynite [2]. Both samples
are certainly not fall-paired, but may be launch-paired from the parent body.
The occurrence of Fa-rich olivine veins in pyroxenes remains to be
explained, since the scenario presented by [2], late-stage material was
(shock) mobilized and injected into pyroxene is not satisfying in our view,
because it cannot explain why large plagioclases, which obviously
crystallized earlier than the late-stage (mesostasis) material, are not involved
in the vein forming process.

References: [1] Roszjar J. et al. 2009. Meteoritics & Planetary
Science 44, this issue. [2] Warren P. H. 2002. LPSC 33, #1147, CD-ROM. [3]
Stöffler D. et al. 1991. 55:3845–3867. [4] Bischoff A. and Stöffler D. 1992.
Eur. J. Mineral. 4:707–755. [5] Wlotzka F. 1993. Meteoritics 28:460. [6]
Miller M. F. 2002. 66:1881–1889. [7] Greenwood R. C. et al. 2005. Nature
435:916–918. [8] Wiechert U. H. et al. 2004. Earth Planet. Sci. Lett.  221:
373–382.
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THE THERMAL HISTORY OF ZIRCON FROM THE NWA 5073
EUCRITE AS REVEALED BY RAMAN SPECTROSCOPY 
J. Roszjar1, T. Geisler2,3, E. E. Scherer2, and A. Bischoff1. 1Institut für
Planetologie, Westfälische Wilhelms-Universität Münster, Wilhelm-Klemm
Str. 10, 48149 Münster, Germany, julia_roszjar@yahoo.de, 2Institut für
Mineralogie, Westfälische Wilhelms-Universität Münster, Germany.
3Mineralogisch-Petrographisches Institut, University of Hamburg, Germany.

Introduction: It is well known that the self-irradiation of zircon due to
the radioactive decay of U and Th incorporated in the zircon lattice causes
structural damage with time that is reflected by dramatic changes in its
physical properties [e.g., 1]. The degree of self-irradiation structural damage,
however, does not solely depend on the U and Th content and the age of the
zircon, but also on its thermal history. Here, we report µ-Raman
spectroscopic measurements of zircon grains located in the NWA 5073
eucrite [2] along with U and Th data obtained by electron microprobe (EMP).
Raman spectroscopy is a powerful tool that allows quantifying self-
irradiation damage in zircon on a µm-scale and thus obtaining information on
the thermal history of the sample [1, 3, 4]. 

Methods: Raman spectroscopic measurements have been carried out
with a Jobin Yvon HR800 dispersive Raman spectrometer using the
632.187 nm line of a Nd-YAG laser, a 100× objective, a spectral resolution of
1.9 cm−1, and a lateral resolution of ~1 µm. The same spots measured by
Raman spectroscopy were subsequently analyzed for Zr, Si, Hf, Y, P, U, Th,
Ca, Al, Fe, and Mn using a Cameca SX 100 EMP. The U and Th
concentrations were determined in a separate cycle using total counting times
of 600 s (10 × 60 s) for the U-Mβ and Th-Mα line and an acceleration voltage
and beam current of 15 kV and 100 nA, respectively. In addition to the
Raman, SEM, and EMP analyses, we are collecting Lu-Hf and Sm-Nd data to
construct internal isochrons for the NWA 5073 eucrite. These data will be
presented at the conference.

Results: The U and Th concentrations of the investigated zircon grains
vary from <29 ppm to 160 ppm and from <20 ppm to 120 ppm, respectively,
yielding radiation doses (D) up to 5.6 × 1015 α-decays/mg (calculated for an
inferred age of 4.555 Ga). The Raman measurements reveal an increased
broadening of the fundamental vibrational bands with increasing D.
Particularly, the full width of half maximum (FWHM), corrected for
instrumental broadening, of the ν3(SiO4) stretching mode near 1008 cm−1 is
suitable for quantifying the degree of self-irradiation damage [1, 3, 4]. In a
plot of FWHM versus D our data fall significantly below the trend obtained
from zircon samples that have been neither episodically nor continuously
annealed during their geological history [1]. 

Conclusions: The data indicate that the eucrite zircon grains underwent
a degree of thermal annealing during their history. The observed annealing is
possibly due to a thermal metamorphic event that occurred in the later history
of the eucrite. A shock metamorphic process is unlikely since neither the
zircon grains nor other minerals exhibit strong evidence of a shock event [2].

References: [1] Palenik C. S. et al. 2003. American Mineralogist 88:
777–781. [2] Roszjar J. et al. 2009. Meteoritics & Planetary Science 44, this
issue. [3] Nasdala L. et al. 1998. Mineral. Petrol. 132:300–306. [4] Geisler T.
et al. 2001. European Journal of Mineralogy 13:1163–1176.
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IOM CHONDRITE NANOSTRUTURES AS SEEN BY HRTEM:
HETEROGENEITY AND METAMORPHISM EFFECTS 
J. N. Rouzaud1, C. Le Guillou1, L. Bonal2, S. Derenne3, E. Quirico2, L.
Remusat4. 1Laboratoire de Géologie de l’ENS, UMR CNRS 8538, 75231-
Paris, France. E-mail: Jean-Noel.Rouzaud@ens.fr. 2Laboratoire de
Planétologie, UMR CNRS 5109, Grenoble, France, 3BioEMCco UMR
CNRS 7618, Paris, France, 4LMCM, MNHN UMR CNRS 7202, Paris,
France.

Introduction: Most forms of natural and anthropogenic terrestrial
carbons can be found in the extra-terrestrial carbons. Insoluble organic matter
(IOM) frequently show surprising associations of carbon phases [1]:
graphitic carbons, stricto sensu graphite, onions, (nano)diamonds), usually
synthesized in very different conditions of temperature and pressure. To
explain these associations, different processes must be involved
(condensation, accretion, metamorphism on the parent-body, differentiation,
shocks, . . .). All these natural processes can be compared with possible
synthetic earth materials analogues, obtained in well constrained conditions
as laser pyrolysis of hydrocarbons [2], shocks on graphite [3].

A series of meteorites was studied from primitive chondrites (CI) up to
more metamorphosed ones (CM, CV3, ordinary chondrites, enstatite
chondrites). Carbon components were classically separated from the mineral
matrix with HCl-HF. They were characterized by high-resolution
Transmission Electron Microscopy (HRTEM) [2,4]. Lattice fringe mode
allows to image carbon nanostructures (lamellar, porous, concentric,. . .).
Diamond (d111 = 0.206 nm), graphitic carbons (d002>0.35 nm), and graphite
(d002 =  0.3354 nm) can be distinguished. A special attention is paid on the
phase relationships at the nanoscale between different carbon components
[3]. An original image analysis is used to obtain more quantitative structural
data [2]. 

Results and Discussion: The IOMs are heterogeneous. The main phase
is usually disordered graphitic carbons. All the studied meteorites contain
also minor phases as nanodiamonds, soots, onions, carbon-coated sulfides
and amorphous nanoglobules.  In the most primitive chondrites, the main
component shows a nanoporous nanostructure. It is made of small (<1nm)
polyaromatic structures, frequently not stacked and strongly disoriented [4,
5]. Our image analysis shows the mean interlayer spacing is as large as about
0.5 nm. With increasing petrologic type, the IOM organization clearly
increases [1, 4]. For instance, in Allende (CV3.6), the aromatic layers are
much longer (up to a few nm), better stacked (stacks of 3–6 layers), and the
mean interlayer spacing is smaller (up to 0.43 nm). Together with this
disordered component, quasi-perfect lamellar graphite can be found, for
instance in the Kainsaz CO3 carbonaceous chondrite and Allende chondrite.
Such general evolution well agrees with Raman microspectrometry data [6].
Direct HRTEM imaging at the nanometer scale of the various IOM
components can be thus confronted with Raman structural information which
is averaged at the micrometer scale. The coupling between HRTEM and
Raman data appears promising for chondrite IOM characterization.

References: [1] Remusat L. et al. 2006. Meteoritics & Planetary
Science 69:3919–3932. [2] Galvez A. et al. 2002. Carbon 40:2775–2789. [3]
Le Guillou C. et al., submitted to Geochimica et Cosmochimica Acta. [4]
Rouzaud J. N. et al. 2005. Abstract # 1322, 35th Lunar Planetary Science
Conference. [5] Derenne S. et al. 2005. Geochimica et Cosmochimica Acta
69:3911–3917. [6] L. Bonal et al. 2006. Geochimica et Cosmochimica Acta
70:1849–1863.
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TOF-SIMS ANALYSIS OF ORGANIC COMETARY ANALOGUES IN
THE FRAMEWORK OF COSIMA EXPERIMENT ONBOARD
ROSETTA 
L. Le Roy1–2, C. Briois1, L. Thirkell1, H. Cottin2, N. Fray2 and G. Poulet1.
1LPC2E, 3 Av. de la Recherche, 45071 Orléans Cedex, France; 2LISA Univ.
Paris 12 and Paris 7, 61 Ave., 94010 Créteil Cedex, France.

Introduction: Comets are remainders of the formation of solar system,
so analysis of cometary material can give insights into solar system formation
[1]. Comets have also been discussed as possible sources of water [2] and
may have brought molecules which may have played a role in the chemical
evolution leading the emergence of life on Earth [3]. The Rosetta mission
launched by ESA in March 2004, will reach the comet 67/P-Churyumov–
Gerasimenko in 2014 to make the most exhaustive study ever achieved on
comets. Rosetta will be the first mission to try to orbit the comet at about
30km from nucleus and to land a module on the surface of the comet.
Rosetta’s orbiter will last more than a year, following the comet up to the
perihelia [4]. A time-of-flight secondary ion mass spectrometer (TOF-SIMS),
named COSIMA (Cometary Secondary Ion Mass Analyser), is onboard the
orbiter of Rosetta. Cometary grains will be collected on a variety of metallic
targets (silver, gold, palladium, and platinum) and an optical system will
identify the cometary grains to be further analyzed by COSIMA. COSIMA’s
objectives are the determination of the atomic and molecular and isotopic
composition of cometary dust grains [5]. Calibration laboratory work was
started using the reference model of COSIMA in Lindau (Germany) and the
prototype of COSIMA in Orléans (France) to help the interpretation of
COSIMA spectra. Here we report the analysis of organics performed with the
COSIMA prototype.

Methods and Results: TOF-SIMS technique only analyzes the first
monolayers of the sample, thus it is very sensitive to surface contamination.
TOF-SIMS spectra are difficult to interpret as they contain a very large
amount of information, showing both elemental and molecular masses up to
masses ~1000 amu. The mass resolving power (m/m) of COSIMA is about
2000 at m = 100 amu. The spectra obtained with COSIMA, will be a
combination of mass peaks of mineral and organic elements. The organics are
expected to be minor peaks, making their identification not simple. In this
work, we have used the COSIMA prototype based in Orléans to analyze 100–
400 µm deposits of organics. The first step was to prepare samples of
different organics of known composition and which are believed to exist in
comets or belong to the chemical family of such molecules. A rigorous
cleaning protocol was followed for the gold foils used as targets. Samples
were then pressed or sublimated or just laid on them in clean conditions. High
statistics of positive and negative spectra of the samples were then taken in
order to get molecular structure information. Contamination control spectra
were taken on the gold foil outside the sample area. Specific family fragments
have been highlighted. These spectra of organic pure compounds will be
included in a new secondary ion mass spectra library. 

References: [1] Irvine W. M. and Lunine J. I. 2004. In Comets II, pp.
25–31. The University of Arizona Press. [2] Deloule A. H. 1998. Geochimica
et Cosmochimica Acta 62:3367–3378. [3] Oro J. 1961. Nature 190:389–390;
[4] Glassmeier K. H. et al. 2007. Space Science Reviews 128(1):1–21; [5]
Kissel J. et al. 2007. Space Science Reviews 128(1–4), pp. 823–867.
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POROUS, IMPACT-SMELTED UREILITES: EXCEPTIONS THAT
PROVE THE RULE 
Alan E. Rubin and Paul H. Warren. Institute of Geophysics, UCLA, Los
Angeles, CA 90095-1567, USA; aerubin@ucla.edu.

Ureilites are fragments of the highly heterogeneous mantle of a C-rich
asteroid (or asteroids) that underwent uniformly severe depletion in basaltic
matter. For many years the nature of the depletion mechanism was
controversial, but most workers believe that basalt was lost by out-flux of
partial melt, leaving the ureilites as restites. Controversial still is the role of
smelting: are the ureilite (core) silicates compositionally diverse (e.g., Fo75–
96) because they are residues of partial smelting [e.g., 1], or because the
parent chondritic matter was diverse [2]? In the latter model, ureilites
represent partial melt residues that underwent little smelting until a solid-C to
COx-gas based redox process was triggered during a catastrophic blow-apart
of the parent asteroid(s), with concomitant cooling that limited the smelting
to grain rims. The catastrophic blow-apart hypothesis is supported by the
recent discoveries of three porous ureilites (LAR 04315; Almahata Sitta;
Jiddat al Harasis [3–5]) that illustrate the effects of extensive smelting not
limited to silicate rims. Here, we focus on LAR 04315 [cf. 3].  In the BSE
image (410 × 280 µm), the grey silicates are mostly pyroxene; the “worm-
eaten” porosity with Fe-metal (white) partly filling some holes is typical. The
dark rounded grains (with interstitial px) are reduced olivines; cf. rounded
silicates in Almahata Sitta [4]. However, these are atypical of LAR 04315
olivines; most are instead mosaicized-blocky grains that are only mildly
reduced. Impact melting was concentrated within pigeonite (which has a
lower shock impedance than olivine), and for kinetic reasons, smelting was
more efficient at reducing molten pigeonite than solid olivine.

The smelting reaction basically transforms solid C + FeO into COx gas +
Fe-metal. In the three porous ureilites, we see (despite gas outflow) porosity
engendered by smelting, and also, at least in LAR 04315, enhanced Fe-metal.
Modal analysis shows, discounting roughly 10 vol% porosity, 2.9 vol% Fe-
metal plus another 5 vol% iron oxide that, from context, is likely to be
weathered Fe-metal. The implied pre-terrestrial Fe-metal content was at least
(ignoring iron oxide) 7 wt% and probably closer to 12 wt%. No other known
ureilite contains >6 wt% Fe-metal [6].

References: [1] Goodrich C. A. et al. 2004. Chemie der Erde 64, 283.
[2] Warren P. H. and Huber H. 2006. MPS 41, 835. [3] Warren P. H. and
Rubin A. E. 2006. MPS 41, abstr. #5155.  [4] Jenniskens P. et al. 2009. Nature
458, 485. [5] Meteoritical Bulletin No. 95 entry for JaH 422, in press. [6]
Wiik H. B. 1972. Meteoritics 7, 553.
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CONSTRAINTS ON CHEMICAL COMPOSITION OF LUNAR
MAGMA OCEAN BY HIGH PRESSURE PISTON-CYLINDER
EXPERIMENTS 
R. Sakai1, I. Kushiro1, H. Nagahara1, K. Ozawa1 and S. Tachibana1.
1Department of Earth and Planetary Science, The University of Tokyo, 7-3-1
Hongo, Tokyo 113-0033, JAPAN. E-mail: rsakai@eps.s.u-tokyo.ac.jp.

Introduction: Many attempts have been made so far to estimate
geophysical and/or geochemical conditions of the lunar magma ocean
(LMO).  However, there are large disparities in the scale, composition, and
cooling history of the LMO.  Here we report preliminary experimental results
to determine the most plausible compositional range of LMO, which can
form the anorthosite crust in the cooling LMO with satisfying other
geophysical and geochemical constraints of the moon as well.

Experiments: We have carried out floatation experiments of anorthite
in silicate melts with four possible compositions for LMO and viscosity
measurements for the magma using a piston cylinder apparatus. Initial bulk
LMO compositions were assumed to be BSE (Bulk Silicate Earth) or solar
elemental ratios with varying Fe contents (CI4, CI6 and CI13). They were
then differentiated at an experimental pressure using the MELTS or pMELTS
algorithms until the first appearance of anorthite. The calculated
compositions were used for the starting compositions of the experiments. A
few chips of anorthite were placed at the middle of the Pt capsule with
starting glass, and the capsule was compressed uniaxially at ~0.5 GPa
(~100 km deep in the LMO) and ~40–50 °C above the liquidus. 

The experiments to determine viscosities and their pressure dependence
were also carried out for the BSE, CI6 and CI13 with the falling sphere
method developed by Kushiro [1].

Results and Implication to LMO: Anorthite floated in the melts of
BSE and CI6, while it balanced in the melts of CI4 at 0.5 GPa. This study first
shows that anorthite can float in silicate melts with plausible compositions of
LMO coexisting with anorthite (BSE and CI6). The melt density of CI4 was
not high enough to float anorthite due to its lowest FeO content, and thus CI4
was ruled out from the plausible compositional range of LMO. 

The viscosities of BSE, CI6 and CI13 melts are significantly low
compared to terrestrial basalt melts, and they decrease with pressure in the
experimental pressure range (0.5–1.0 GPa) and with FeO contents of the
melts. The negative pressure dependence of the viscosity implies that
floatation of anorthite in the LMO is more effective in the deeper LMO
compared to the shallower LMO.   

Terminal velocities of anorthite grains in the melts were compared with
convective velocities of possible magma oceans based on [2].  We found that,
in the case of CI6, anorthite grains of 2–3 cm in diameter, the maximum grain
size of anorthite in Apollo 15 highland rocks, cannot have the floatation
velocity large enough to float in a convective LMO.  The present study
implies the following important conclusion that the FeO content of the initial
lunar magma ocean was comparable to or higher than the bulk silicate Earth.

References: [1] Kushiro I. 1976. JGR 81, 6347. [2] Tonks, W. B.  and
Melosh, H. J. 1990. in Origin of the Earth, H. Newsom and J. Jones, Eds.,
Oxford U. Press, p151.
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DEVELOPMENT OF NEW SCAPS ION DETECTOR 
N. Sakamoto1, S. Aoyama2, S. Kawahito2, 3 and H. Yurimoto1, 4. 1Isotope
Imaging laboratory, Creative Research Institution Sousei, Hokkaido
University, Sapporo 001-0021, JAPAN. E-mail: naoya@ep.sci.
hokudai.ac.jp. 2Brookman Lab, Inc., Shizuoka 432-8003, JAPAN. 3Research
Institute of Electronics, Shizuoka University, Shizuoka 432-8011, JAPAN.
4Department of Natural History Sciences, Hokkaido University, Sapporo
060-0810, JAPAN.

Introduction: Direct ion imaging using a stigmatic SIMS and a solid-
state ion imager SCAPS has realized two-dimensional isotope ratio imaging
with permil-precision [1]. The SCAPS system can measure high ion flux with
an accuracy of the statistical error. However, the read noise was ~85 µV while
the output signal fluctuation from SCAPS caused by 1 incident ion (i.e.,
conversion gain) was 30 µV/ion pixel [2]. Therefore, the read noise
corresponds to ~3 incident ions and the detection limit were 10 incident ions
[1]. There are two ways to achieve accurate single ion detection that indicates
maximum sensitivity for ion. One is to reduce the read noise below 10µV,
another is to increase the conversion gain to overcome the read noise. The
latter can be realized to reduce the pixel capacitance according to the
relationship of Q = CV. We designed new ion imager “SCAPS-II” with
smaller pixel capacitance to achieve single ion detection.

Features: The SCAPS-II has fabricated in 0.2µm twin-well CMOS
technology. Pixel size is 7 µm × 7µm and the number of effective pixels is
504 × 504, yielding an image area of 3.53 mm × 3.53 mm with 65% fill factor.
The pixel capacitance is designed to 3.5 fF, which is 4 times smaller than
SCAPS (14fF). In order to increase dynamic range on the image detection,
the conditional reset function was incorporated. The signal levels of each
pixel are monitored and reset the pixel dynamically if it exceeded the certain
signal level. This function extends the dynamic range of image. We also
incorporated noise-reducing mechanism by multiple signal sampling. The
analog signal of pixel is sampled several times in the imager and the
integrated signal is stored to another capacitance. Because the integrated
signal expands multiply of pixel signal, the capacitance for the integrated
signal can be replicated and count up the exceeded times up to 256. The 2-line
analog buffer output the integrated signal to read faster twice.

We designed a whole new control system composed of analog-to-digital
(A/D) conversion module, pulse generation module and voltage supply
installed in a chassis based on the open industry-standard PXI architecture.
The A/D conversion module has 24-bit (max 500 kS/s) to 16-bit (15 MS/s)
resolution, which reduce the read out noise by averaging several A/D
sampling points during a pixel output period using software in place of a
hardware low pass filter which limits the readout speed. The pulse generation
module generates driving pulses for SCAPS-II with built-in FPGA and also
processes the conditional reset and replication signal for each pixel on the
FIFO and the memory in the FPGA. All modules are controlled with newly
developed program written in LabVIEW and easily replaced with new
products.

Performances: The conversion gain of SCAPS-II was measured to
be 150 µV/ion, which is 5 times larger than SCAPS. If the read noise can
be reduced under 50 µV, single ion detection can be realized. The multiple
analog sampling was conformed to decrease the read noise statistically.
The read noise is now optimizing but current status of read noise is ~350 µV.
The dynamic range was 104 ions/pixel and the frame rate was achieved to
12.5 frames/s. Therefore, real-time single ion detection by SCAPS-II is
expected if all the parameters become optimized. 

References: [1] Yurimoto H. et al. 2003. Applied Surface Science 203–
204:793–797. [2] Takayanagi I. et al. 2003. IEEE Transactions on Electron
Devices 50:70–76. 
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INNOVATIONS IN EDS AND EBSD MICROANALYSIS:
HYPERSPECTRAL IMAGING FOR PLANETOLOGICAL
APPLICATIONS USING SILICON DRIFT DETECTORS (SDD) AND
EBSD 
T Salge1 and G. Nolze1. 1Bruker AXS Microanalysis GmbH,
Schwarzschildstr. 12, 12489 Berlin, Germany. E-mail: tobias.salge@bruker-
axs.de.

Within the last decade, silicon drift detectors (SDD) systems have
become more and more popular in the field of energy-dispersive
spectroscopy (EDS).  The main characteristic of the SDDs is their extremely
high pulse load capacity of up to 750,000 counts per second at good or
reasonable energy resolution (<123 eV Mn-Kα, <46 eV C-Kα at
100,000 cps).  These properties in conjunction with electron backscatter
diffraction (EBSD) techniques and modern data processing make a range of
innovative analysis options possible, not only high speed mapping but also
hyperspectral imaging techniques.

Ultra-fast element mappings in the megapixel range can be performed
up to 10 times faster compared to conventional Si(Li) detectors. HyperMap
(PTS: position tagged spectroscopy) creates a database that contains an EDS
spectrum for each pixel in addition to the image.  This supports offline
evaluation and quantification of regions of interest (point and area analyses,
line scans) any time after the mapping acquisition. The Maximum Pixel
Spectrum function [1] synthesizes a spectrum out of the Hypermap data,
consisting of the highest count level found in each spectrum channel.  Here,
trace elements which occur in only one pixel can be detected qualitatively.
Areas of similar composition can easily be made visible with Autophase, an
automatic (based on principal components analysis) or user-controlled,
spectroscopic phase detection system.

This paper presents planetological applications with the QUANTAX
EDS system including SDD and EBSD using the options described above:
(1) Fast detection and discrimination of minerals within impact-induced
accretionary lapilli [2].  (2) Drill core analysis of a Chicxulub ejecta sequence
from the K/T boundary at ODP leg 207 [3] using fast, high resolution (4096
× 3072 pixel) element maps. (3) Spectroscopic phase analysis of a sulfate-
carbonate-dominated impact matrix at borehole UNAM-7 from the
Chicxulub impact crater [2].  (4) Automated baddeleyite search within lunar
meteorite Dhofar 287 [4].  (5) EBSD studies with examples of iron meteorites
and impact-induced, recrystallized carbonate melts [2].

Acknowledgements: We thank Ph. Claeys. J. Urrutia-Fucugauchi, V.
A. Fernandes, P. Schulte, A. Deutsch, and ODP for providing samples.

References: [1] Bright D. S. and Newbury D. E. Journal of Microscopy
216:186–193.  [2] Salge T. 2007. Ph.D. thesis. 130 p.  http://edoc.huberlin.de/
docviews/abstract.php?lang = ger&id = 27753.  [3] Schulte P. et al. 2009.
Geochimica et Cosmochimica Acta 73:1180–1204. [4] Fernandes V. A. et al.
2008 Geochimica et Cosmochimica Acta 72:A264.
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87RB-87SR AND 147,146SM-143,142ND SYSTEMATICS IN THE ANGRITE
NORTHWEST AFRICA 2999
M. E. Sanborn1, R. Carlson2 and M. Wadhwa1. 1Center for Meteorite Studies,
ASU, Box 871404, Tempe, AZ 85287. 2Department of Terrestrial
Magnetism, CIW, Washington, DC, 20015.

Introduction: The recently recovered angrite Northwest Africa (NWA)
2999 is an annealed breccia comprised primarily of Al, Ti-bearing diopside,
Ca-rich olivine, spinel, anorthite and metal [1, 2].  It is unique among the
angrites in that its Pb-Pb age is younger than that of the quenched angrites,
but older than the plutonic angrites [3]. In addition to the Pb-Pb chronometer,
the Hf-W [4] and Mn-Cr [5] extinct chronometers have also been applied to
NWA 2999.  However, there are discrepancies between its absolute Pb-Pb
age and the ages inferred from the Hf-W and Mn-Cr systems. Here, we
present preliminary results of an investigation of Rb-Sr and Sm-Nd isotope
systematics in NWA 2999 with the goal of further constraining its
crystallization age.

Analytical Methods: Mineral separates of plagioclase and pyroxene
were obtained by heavy liquid separation followed by hand-picking. Three
whole-rock samples (WR1–3) were analyzed.  Pyroxene separates and one of
the whole-rock samples (WR1) were leached in 2.5N HCl for 30 minutes,
while the plagioclase separate was leached only in dilute (<1N) HCl.  All
samples, with the exception of one unleached whole-rock (WR3), were
spiked for the measurement of Rb/Sr and Sm/Nd ratios. Sr and Nd isotopic
measurements were conducted on a Finnigan Triton thermal ionization mass
spectrometer at the Carnegie Institution of Washington. 

Results and Discussion: Plagioclase in NWA 2999 has the least
radiogenic measured Sr isotopic composition with a 87Sr/86Sr ratio of
0.699070 ± 6. The pyroxene has a 87Sr/86Sr ratio of 0.699873 ± 6; whole-
rocks WR1 and WR2 have 87Sr/86Sr ratios of 0.699673 ± 7 and 0.702428 ± 8,
respectively, suggesting that the leaching of WR1 removed a phase with
radiogenic Sr, possibly terrestrial weathering products.  We are in the process
of measuring the 87Rb/86Sr ratios in each of these fractions, with the primary
goal of constraining the initial 87Sr/86Sr ratio. This will allow us to precisely
determine the age differences between NWA 2999 and the other angrites for
which initial 87Sr/86Sr ratios have been determined (e.g., [6]). The 143Nd/
144Nd ratios of the pyroxene separate and the three whole-rock samples
(WR1-3) are 0.513477 ± 5, 0.513520 ± 57, 0.513712 ± 9, and 0.513729 ± 20,
respectively.  Both pyroxene and plagioclase have Sm/Nd ratios lower than
the whole rock indicating the influence of the high Sm/Nd olivine, which was
not analyzed separately.  The pyroxene and unleached whole-rock WR2 show
resolvable radiogenic excesses in 142Nd, with å142Nd values of 0.37 ± 0.12
and 0.71 ± 0.22, respectively. We are in the process of measuring the Nd
isotopic composition and the 147Sm/144Nd ratio in the plagioclase separate of
NWA 2999. These data will allow us to determine the 147Sm-143Nd age and
initial 146Sm/144Sm ratio for NWA 2999. The unspiked WR3 shows a deficit
of 3.5 epsilon in 149Sm/152Sm due to neutron capture, consistent with the
relatively long exposure age of 73.4 ± 6.6 Ma for NWA 2999 [7].

References:  [1] Irving A. J. et al. 2005. AGU, Abstract #P51A-0898.
[2] Kuehner S. M. et al. 2007. 38th LPSC, Abstract #1612. [3] Amelin Y. and
Irving A. J. 2007. Workshop on Chronology of Meteorites and Early Solar
System, Abstract #4061. [4] Markowski A. et al. 2007. EPSL 262, 214–229.
[5] Shukolyukov A. and Lugmair G. W. 2008. 39th LPSC, Abstract #1391. [6]
Lugmair G. W. and Galer S. J. G. 1992. Geochimica et Cosmochimica Acta
56, 1673–1694. [7] Nakashima D. et al. 2008. Meteoritics & Planetary
Science 43:Abstract #5078. 
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EARLY PLANETESIMAL SPLASHING: RECONCILING
CHONDRULE FORMATION WITH DISK EVOLUTION
I. S. Sanders. Department of Geology, Trinity College, Dublin, Ireland.
E-mail: isanders@tcd.ie.

Disk Evolution and Chondrules: Historically it has often been tacitly
supposed (e.g., [1]) that the protoplanetary disk evolved through four
sequential stages: (1) production of CAIs and chondrules by the rapid (flash)
melting of clumps of dust; (2) accretion of primitive planetesimals; (3)
metamorphism and melting of those planetesimals; (4) collisional breakup of
planetesimals and their aggregation into planets. However, this view of an
orderly progression of events is now known to be wrong because, in
particular, tungsten isotopic evidence shows that the parent bodies of iron
meteorites had already accreted and melted some 2 Myr before most
chondrules were formed [2]. 

Instead, in a new conceptual framework for the disk, many researchers
now recognize that primitive dust was so radioactive with short-lived 26Al
that planetesimals which accreted during the first 1.5 million years, and
which were more than about 30 km in radius, suffered total internal
meltdown below a thin crust [3]. While molten, these planetesimals would
readily have produced copious volumes of incandescent chondrule spray on
disruption by close mutual encounter or impact, even at a low velocity. The
resulting chondrules would have been preserved only if they accreted to
chondritic bodies later than about 1.5 Myr, i.e., after the power of 26Al
heating had become too weak to induce further melting. Thus chondritic
meteorites, far from being the earliest, turn out to be amongst the latest
materials to have accreted.

Not only does the process of molten planetesimal splashing account for
the observed 2 Myr ages of chondrules, but it also provides a clear
explanation for many other features of chondrules, as reviewed in [4]. The
features include rare cm-sized chondrules (hard to explain by flash melting),
primitive chemistry of chondrules (reflecting near-total melting), the high
volume percentage of chondrules (efficient production), and cooling over a
matter of hours, from a near-liquidus starting temperature. 

Sodium Retention: Recently reported levels of sodium in olivine
crystals in chondrules imply enormously high concentrations of droplets to
saturate the gas and prevent evaporative loss of Na [5]. This observation is
easily reconciled with planetesimal splashing, but not with other chondrule-
forming models. 

Chondrules from Dust Clumps? Despite current knowledge that
chondrules formed 2 Myr after the first planetesimals, their interpretation as
flash-melted dust balls (as envisaged in the conventional pre-planetesimal
first stage of the disk) still persists in many quarters. On close scrutiny there
is little evidence that chondrules began as dust clumps. Actual dust clumps,
called “matrix lumps” in chondrites, may be fragments of the sintered outer
parts of colliding planetesimals. Relict grains in chondrules could be dust
grains in the post-impact plume that were captured and engulfed by the
molten droplets. “Rapid heating” is commonly inferred because of the need
to conserve volatiles, but the heating environment is unconstrained. Only the
cooling cycle of chondrules is constrained. The only well understood heating
process is radioactive decay within planetesimals.

References:  [1] McSween H. Y. 1999. Meteorites and their parent
planets. Cambridge Univ. Press. [2] Burkhardt C. et al. 2008. Geochimica et
Cosmochimica Acta 72:6177–6197. [3] Hevey P. J. and Sanders I. S. 2006.
Meteoritics & Planetary Science 41:95–106. [4] Sanders I. S. and Taylor G.
J. 2005. ASP Conference Series 341:915–932. [5] Alexander C. M. O’D.
et al. 2008. Science 320, 1617–1619. 
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AL-MG DATING OF A CHONDRULE IN EFREMOVKA USING
NANOSIMS
Y. Sano1, N. Takahata1, N. Sugiura2 and W. Fujiya2.  1Ocean Research
Institute, The University of Tokyo, ysano@ori.u-tokyo.ac.jp.  2Department of
Earth and Planetary Sciences, The University of Tokyo.

Introduction: It is noted that a CAI of the CV chondrite, Efremovka
shows one of the oldest Pb-Pb ages but its chondrule age is not well
documented. Here we report 26Al–26Mg dating of a single anorthite grain
located in a chondrule of the meteorite by using the NanoSIMS installed at
Ocean Research Institute, The University of Tokyo. 

Experiment:  A thin section of Efremovka was set in a sample holder
together with standard anorthite (Miyakejima) and olivine (San Carlos) and
carbon coated to dissipate charge during analysis. The positions of anorthite
grains in the chondrule are determined by using a scanning electron
microprobe before SIMS analysis. Using a critical illumination mode, a
~500 pA mass filtered O− primary beam was used in the case of anorthite
grains to sputter a 3–4 micometer diameter crater and secondary positive
beams were extracted for mass analysis using a Mattauch-Herzog geometry.
Before the actual analysis, the sample surface was rastered for 5 min in order
to reduce the surface contaminant elements.  We detected 27Al++ (a secondary
electron multiplier detector called EM#1) at mass 13.5, 24Mg+ (EM#2) at 24,
25Mg+ (EM#3) at 25 and 26Mg+ (EM#4) at 26 at the same time under a static
magnetic field.  A mass resolution of 3500 was attained for separating 24Mg+

from 48Ca++ with adequate flat topped peaks.  The Mg sensitivity of 100 cps/
1 nA/ppm was obtained by an intensity of 24Mg ion beam and abundance of
Mg in the standard anorthite.  In order to avoid the QSA effect, we used a
primary of 10 nA and detected Mg isotopes of olivine samples by a single
Faraday cup with a magnetic scanning mode. Abundance of 27Al was less
than the detection limit of the Faraday cup.

Results and Discussion: The δ25Mg values of Miyake-jima anorthite
(25Mg/24Mg ratios in delta notation) ranged from −24‰ to −30‰, while the
δ26Mg values ranged from −48‰ to −60‰, suggesting a typical mass
dependent fractionation with a slope 2. On the other hand, 5 spots in a single
anorthite grain (about 25 × 10 micrometer)s in an Efremovka chondrule
showed apparent excess 26Mg. The δ25Mg values of San Carlos olivine and
Efremovka chondrule olivine ranged from −3‰ to +8‰, though they are
located on the mass dependent fractionation line in a three isotope plot.  Thus
there is no excess 26Mg in both terrestrial and extraterrestrial olivine samples.
In the diagram between Al/Mg ratio and excess 26Mg, 5 spots data of
Efremovka anorthite are located along a line with a positive inclination. If the
excess 26Mg is attributable to the extinct 26Al, an inferred 26Al/27Al ratio
becomes (3.74 ± 1.53) × 10−6 (2 sigma) based on the slope. This ratio
suggests that the formation interval between CAIs and this chondrule is about
2.65 Myr.

5175
DIFFERENTIAL ALTERATION OF GLASS CLASTS IN THE
SURFICIAL SUEVITES OF THE RIES CRATER, GERMANY 
H. M. Sapers1*, G. R. Osinski1, and N. R. Banerjee1. 1Centre for Planetary
Science and Exploration and Dept. of Earth Sciences, University of Western
Ontario, London, ON, N6A 5B7, Canada. *E-mail: hsapers@uwo.ca.

The mid-Miocene (14.3 ± 0.2 Ma; [1]) Ries impact crater located in
southern Germany was formed in a two-layer target comprised of dominantly
Mesozoic flat lying siliciclastic and carbonate sedimentary rocks that
unconformably overlie crystalline Hercynian basement [2]. Ries is a complex
crater with a total diameter of ~24 km [2]. Impactite and ejecta deposits are
exceptionally well preserved. The surficial suevites comprise one of four
main proximal ejecta deposits [3] and are divided into two distinct
lithological units: 1) the dominant main suevite that represents a clast-rich
particulate impact melt rock or impact melt-bearing breccia [3, 4]; and 2)
subordinate basal suevite [5]. Four main glass types occur within the main
suevite both as groundmass phases and as discrete glass clasts [6]. Glass
clasts are typically vesiculated, schlieren-rich mixtures containing abundant
mineral and lithic fragments [3]. Here we present a detailed micro-textural
and chemical study of the surficial suevites focusing on alteration of the glass
clasts.

Evidence of a post-impact hydrothermal system at the Ries crater has
been documented [e.g., 7]. Despite the identification of hydrothermal
alteration phases within the surficial suevites [7], it has been suggested that
the Ries post-impact hydrothermal system was restricted to the crater-fill
units [8]. Our study suggests that alteration of glass clasts within the surficial
suevite followed a progression from high- to low-temperature alteration with
textures consistent with hydrothermal alteration, sensu stricto, between the
two temperature end members. Alteration textures indicative of hydrothermal
alteration are spatially restricted and include colliform/rhythmic banding,
amygdaloidal infilling, pervasive alteration to complete replacement of glass
clasts by clay minerals and the occurrence of course-grained, platy clays.
This hydrothermal alteration was preceded by high-temperature
devitrification or autometamorphism and followed by low-temperature
weathering. The latter two processes represent the dominant form of
alteration of the surficial suevites, which is consistent with a limited
hydrothermal system within the surficial suevites. Ongoing work seeks to
understand the relative importance and timing of the various alteration
processes.

References: [1] Buchner E. et al. 2003. International Journal of Earth
Sciences 92:1–6. [2] Pohl J. et al. 1977. In Impact and explosion cratering.
Eds. Roddy D. J., Pepin R. O., and Merrill R. B. New York: Pergamon Press.
pp. 343–404. [3] Engelhardt W. von. 1990. Tectonophysics 171:259–273. [4]
Osinski G. R. et al. 2004. Meteoritics and Planetary Science 39:1655–1683.
[5] Bringemeier D. 1994. Meteoritics 29:417–422. [6] Osinski G. R. 2003.
Meteoritics and Planetary Science 38:1641–1667. [7] Osinski G. R. 2005.
Geofluids 5:202–220. [8] Muttik N. 2008. Meteoritics and Planetary Science
43:1827–1840.
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FRACTIONAL VAPORIZATION OF HOT EARTH-LIKE
EXOPLANETS 
L. Schaefer and B. Fegley, Jr. Planetary Chemistry Laboratory, Department
of Earth and Planetary Sciences, Washington University, St. Louis, MO
63130. E-mail: laura_s@wustl.edu, bfegley@wustl.edu.

Introduction: We discussed atmospheric chemistry of Earth-like
exoplanets as a function of surface temperature (>1500 K) in [1]. This work
was inspired by the detection of an exoplanet (CoRot-exo-7b), which is very
close to its star. This implies a Tsurf of 1800–2600 K at the substellar point [2].
At these temperatures, the atmosphere is composed of rock-forming
elements. The atmosphere generated on the day-side may be transported to
the much cooler night-side and condensed, or perhaps be lost altogether. 

Methods: We used the MAGMA code to model isothermal fractional
vaporization of a silicate planet. Fractional vaporization occurs when vapor is
continuously removed from the system, which simulates the transport from
day to night on CoRot-exo-7b. The MAGMA code is described and validated
against experimental studies in [3]. We discuss below results for the bulk
silicate Earth (BSE) at 2200 K, shown in Fig. 1.

Results: The initial vapor is composed of Na gas, with O2, monatomic
O, and SiO gas. Sodium is completely lost at ~2.5% total vaporization. Then,
SiO becomes the major gas. Magnesium gas becomes more abundant than
SiO at ~28% vaporization. Silicon and Mg are lost at ~91–93% vaporization.
Monatomic oxygen becomes the most abundant vapor species, followed by
Ca and Al-bearing gases. 

The total atmospheric pressure drops as fractional vaporization
increases. When Na is present, PT ~10−3 bar. After Na is lost, PT ~10−4 bar,
and decreases only slightly until Si and Mg are lost. Above 95% vaporization,
PT drops to ~10−6.5 bar

Acknowledgments: This work is supported by Grant NNG04G157A
from the NASA Astrobiology Institute.

References: [1] Fegley Jr. B. and Schaefer L. 2009. Meteoritics &
Planetary Science, this issue. [2] Léger A. et al. 2009. Astronomy &
Astrophysics, submitted. [3] Schaefer L. and Fegley Jr. B. 2004. Icarus 169:
216–241.
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A NEW METEORITE FIELD IN THE UNITED ARAB EMIRATES 
J. Schlüter1, D. C. Hezel2 and H. Kallweit3. 1Mineralogical Museum at the
University of Hamburg, Grindelallee 48, D-20146 Hamburg. E-mail:
jochen.schlueter@uni-hamburg.de. 2IARC, The Natural History Museum,
Department of Mineralogy, Cromwell Road, SW7 5BD, London, UK, 3Astrid
Lindgren Strasse 10, D79100 Freiburg. 

Introduction: In January 2005 a ureilite [1] was found in the course of
archaeological field work [2] in the Umm Az-Zamul area, southern Abu
Dhabi, United Arab Emirates. Following this discovery a meteorite search
was carried out in this region over 14 days in February/March 2009. The
meteorite search was a cooperation between the Mineralogical Museum,
University of Hamburg, The Natural History Museum, London and the
Environmental Agency Abu Dhabi (EAD). 

Results: During this meteorite search at the edge of the Rub’ al Khali
desert 26 chondrites with a combined mass of 2.78 kg were found irregularly
distributed on interdunal planes which are located in between stationary
megadunes. The masses of the meteorites range from 7 g to 540 g with the
majority of the masses below 100 g. The interdunal surfaces consist of either
bright colored carbonatic rocks of Tertiary age, younger gypsum deposits or
are covered by thin layers of carbonate-quartz sands, and stretch across up to
25 km2. The meteorites found during this survey are comparatively small
compared to those of other desert regions, such as Oman or Libya [3].
Furthermore, large open areas of the potential find planes did not show any
meteorites. The search area, today a fenced and guarded nature and wildlife
preserve, was a ground of heavy oil exploration in the past. Hence, a plausible
reason for few and small meteorites is, that geologists from oil companies or
other oil company workers took the oddly looking and black ‘not in the area
fitting’ meteorites as a souvenir. This assumption is sustained by the many
meteorites we found close or in between small mobile barchan dunes which
occasionally cross the interdunal corridors. Here, meteorites might have been
hidden at the time of extensive oil exploration and were just uncovered very
recently. 

All meteorites are magnetic and first macroscopic observations
revealed that all are significantly weathered. Detailed classifications are
currently under way and the results will be presented at the conference. The
determination of terrestrial ages is in process. Further meteorite searches in
the Emirates under support of the Abu Dhabi administration are in
preparation. 

References: [1] Hezel D. C. et al. 2008. Meteoritics & Planetary
Science 43:1127–1136. [2] Kallweit H. et al. 2005. Proceedings of the
Seminar for Arabian Studies 35:97–113. [3] Schlüter et al. 2002. Meteoritics
& Planetary Science 37:1079–1093. 

Fig. 1. Fractional vaporization of the BSE at 2200 K.



72nd Meeting of the Meteoritical Society: Abstracts A185

5001
REFRACTORY ELEMENT FRACTIONATION (OS/IR, RH/IR, RU/
OS) IN IMPACT CRATERS: PROJECTILE IDENTIFICATION OF
ROCHECHOUART, SÄÄKSJÄRVI, BOLTYSH, DELLEN, MIEN,
ETC.
G. Schmidt. Universität Mainz, E-mail: schmdtgerhard@aol.com. 

Introduction: Meteorite crater studies [1–4] confirmed an
extraterrestrial contamination in Rochechouart and Sääksjärvi impactites.
Recently non-magmatic iron meteorites (IA and IIIC) have been suggested as
projectiles for both craters [4], in contradiction to previous studies [1–3]
favour magmatic irons.

Non-refractory Elements and Cr Isotopes: Ni/Cr, Co, and Au are less
useful for projectile identification. The reasons are: (1) high target
abundances (upper crust: 47 ± 11 µg/g Ni, 92 ± 17 µg/g Cr, 17 ± 1 µg/g Co,
1.5 ± 0.4 ng/g Au [5]; upper mantle: 1860 ± 93 µg/g Ni, 2520 ± 252 µg/g Cr,
102 ± 5 µg/g Co, 0.9 ± 0.1 ng/g Au [6]), (2) mobilization by secondary
processes, (3) no correlation of Ni and Cr versus highly refractory siderophile
elements in impactites from many craters, (4) limited database for ε53Cr in
irons and pallasites, and large variations of 0.9ε units of 54Cr-rich and 54Cr-
poor acid leach fractions recently found in carbonaceous chondrite Orgueil
[7], and (5) large variations of ε53Cr in different crater samples (e.g.,
Morokweng). 

Refractory Highly Siderophile Elements: Refractory highly
siderophile elements, such as Os and Ir, are abundant in most meteorites but
depleted in crustal rocks (low target/meteorite ratios) and therefore the most
reliable elements for projectile identification. However, target/meteorite
ratios are high if target rocks consist of mantle rocks. In this case elements are
enriched in impactites due to the relatively high abundances (ng/g level) in
target rocks to make the identification of projectile types impossible (e.g.,
Gardnos impact structure in Norway [8]). One of the most reliable key ratio
that rules out Earth upper mantle derived refractory highly siderophile
element components in impactites is Ru/Ir. The well established Earth mantle
Ru/Ir ratio of 2.0 ± 0.1 is significantly above Ru/Ir (1.4 to 1.6) of different
chondrite groups.  

Magmatic Iron Projectiles (MIP): Refractory highly siderophile
element abundances from Rochechouart and Sääksjärvi impact craters are not
compatible with the projectile composition of non-magmatic iron meteorites
suggested by [4]. Osmium/Ir, Ru/Os, and Rh/Os rules out IA and many other
meteorite classes as projectile types for both impact sites. Osmium/Ir in
impactites from both craters are more than 3 times lower than Os/Ir measured
in the metal phase of non-magmatic iron meteorites. Subchondritic Os/Ir
amongst other refractory siderophile element ratios are strong arguments to
conclude that Rochechourt and Sääksjärvi impactors are IIA or IIIAB irons
[1], [3]. Impact melt rocks from both craters and other known impact craters
(Dellen, Mien, Boltysh, etc.) are highly depleted in Os, an indication that
many of the currently confirmed 176 impact structures on Earth could be
related to MIPs. 

References: [1] Janssens M.-J. et al. 1977. Journal of Geophysical
Research 82:750–758. [2] Palme H. 1980. Proc. 11th LPSC, pp. 481–506. [3]
Schmidt G. et al. 1997. Geochimica et Cosmochimica Acta 61:2977–2987. [4]
Tagle R. et al. 2008. Meteoritics and Planetary Science. [5] Rudnick R. L.
and Gao S. 2003. Treatise on Geochemistry, vol. 3. pp. 1–64. [6] Palme H.
and O’Neill, H. St. C. 2003. Treatise on Geochemistry, vol. 2. pp. 1–38. [7]
Trinquier A. et al. 2008. Geochimica et Cosmochimica Acta 72:5146–5163.
[8] Goderis S. et al. 2009. Chemical Geology 258:145–156. 
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FE-NI-CO SULFIDES FROM THE STEINHEIM BASIN, SW
GERMANY: POSSIBLE IMPACTOR TRACES 
M. Schmieder and E. Buchner, Institut für Planetologie, Universität Stuttgart,
D-70174 Stuttgart, Germany. Email: martin.schmieder@geologie.uni-
stuttgart.de.

Introduction: The 3.8 km in diameter Steinheim Basin (Baden-
Württemberg, SW Germany) is a small, complex impact structure hosted by
a sequence of Triassic to Upper Jurassic sandstones, marls, and limestones
that build up the Swabian Alb plateau [1]. The specific alignment of the
Steinheim Basin, the  24 km in diameter and 14.4 Ma Ries crater, and the
Central European tektite strewn field led [2] to propose that both impact
structures formed simultaneously during the ‘Ries-Steinheim event’. In this
volume, [3] newly report suevitic (i.e., impact melt-bearing) portions of the
predominantly lithic Steinheim impact breccia lens (‘Primäre
Beckenbrekzie’). Fluidally-shaped altered impact glass particles mainly
composed of hydrous phyllosilicates and some incorporated target rock clasts
and droplets (mainly calcite and silica; among the latter is shocked quartz),
and Fe-sulfide particles provide new insights into the Steinheim impact melt
petrology and allow a first approach towards the identification of the
Steinheim impactor.

Samples and Analysis: Impact breccia samples were recovered from
the B-26 drill core (core depth 76–77 m) stored at the Meteorkratermuseum,
Steinheim. Analysis of altered melt particles was done using a CAMECA SX
100 electron microprobe.

Fe-Ni-Co Sulfides: Among a notable amount of Fe-sulfide particles
(commonly framboidal to spherule-shaped pyrite) within the altered melt
particles, the majority is apparently free of Ni and Co. Microprobe analyses
of spinifex-textured Fe-Ni-Co sulfides up to ~100 µm in crystal length
yielded Ni contents of up to 1.17 wt% and Co contents of up to 0.1 wt% at a
Ni/Co ratio of ~10 (1.6–14.55). Fe-Ni-Co sulfides also contain minor
amounts of Al, Si, Ca, and Ti (<1 wt% in total) but are free of Cr.

Results and Discussion: In contrast to essentially pure Fe-sulfides, Fe-
Ni-Co sulfides in altered glass particles within a suevitic domain of the
Steinheim Basin breccia are unlikely to originate from the sedimentary target
rocks but suggest that these phases represent remnants of the Steinheim
projectile. Our preliminary geochemical data point to an iron or stony iron
meteorite as the Steinheim impactor. PGE and Ge/Ga analyses are planned in
order to further characterize the Fe-Ni-Co sulfides as a possible meteoritic
component in the altered impact melt particles.

Implications for the Ries-Steinheim Event: Given that no
extraterrestrial component has so far been detected in the Ries impact melt
(thus, an achondritic body was proposed) [4], the new finding of Fe-Ni-Co-
sulfides associated with the Steinheim impact structure still appears to be
compatible with the formerly proposed Ries-Steinheim impact event [2]. The
model still works if we consider two compositionally different bodies that
might have been involved in a binary asteroid impact scenario.

Acknowledgements: We are grateful to G. Pösges (Rieskrater-Museum
Nördlingen), Mayor R. Schaller (Steinheim am Albuch), the
Meteorkratermuseum Steinheim, as well as our Stuttgart colleagues T. Theye
(Institut für Mineralogie und Kristallchemie) and C. Wimmer-Pfeil for their
very kind support.
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A TRIASSIC/JURASSIC BOUNDARY AGE FOR THE
ROCHECHOUART IMPACT STRUCTURE (FRANCE) 
M. Schmieder1, E. Buchner1, W. H. Schwarz2, M. Trieloff2 and P. Lambert3.
1Institut für Planetologie, Universität Stuttgart, D-70174 Stuttgart,
Germany. Email: martin.schmieder@geologie.uni-stuttgart.de. 2Institut für
Geowissenschaften, Universität Heidelberg, D-69120 Heidelberg. 3Sciences
and Applications, F-33700 Bordeaux Merignac, France.

Introduction: The age of the ~23 km in diameter Rochechouart impact
structure, France, hosted by Precambrian to Paleozoic (Variscan) crystalline
rocks of the northwestern French Massif Central, has long time been a matter
of debate. Previous studies, including K-Ar, Rb-Sr, apatite and glass fission
track, as well as paleomagnetic dating (see [1] for summary of ages), resulted
in a broad (Middle Triassic to Late Jurassic) time window for the
Rochechouart impact. More recently, 40Ar/39Ar laser dating of
pseudotachylites from Champagnac yielded a 214 ± 8 Ma Late Triassic age
[1] currently accepted as the most robust impact age, supporting the theory
that Rochechouart is a member of a ~214 Ma terrestrial impact crater chain
[2]. Precise and accurate dating is critical to this interpretation and,
furthermore, essential as regards the proximity and possible influence of the
nearby Triassic to Jurassic shoreline and/or sediments upon crater formation
and vice versa. We here present new 40Ar/39Ar age data for the Rochechouart
impact structure.

Samples and Dating: Optically fresh aggregates of sanidine and
adularia crystals separated from impact-metamorphosed gneiss found near
Videix were chosen as material for dating. Optical and XRD analyses suggest
that sanidine represents recrystallized domains of monomineralic K-feldspar
glass, whereas idiomorphic adularia formed as a post-shock hydrothermal
(K-metasomatic) phase within cavities. 40Ar/39Ar dating was done at the
University of Heidelberg [3, 4].

Results and Interpretation: 40Ar/39Ar step-heating analysis yielded
two plateau ages of 201.4 ± 2.4 Ma (2σ; MSWD = 1.07, P = 0.38) for
sanidine (~19–99% of 39Ar released; 8 steps) and 200.5 ± 2.2 Ma (2σ;
MSWD = 0.21, P = 0.99) for adularia (~24–100% of 39Ar; 9 steps),
respectively. Except for some younger apparent ages in the low-temperature
extractions, both plateaux show concordant step ages that overlap at the 95%
confidence level. Inverse isochron plots show a 36Ar/40Ar intercept at
~0.0035 for sanidine and ~0.0034 for adularia, which suggests that the
samples are not disturbed by inherited 40Ar or secondary 40Ar loss [5]. Our
new sanidine and adularia 40Ar/39Ar ages for Rochechouart are in agreement
with former dating results [1] and, within error, indistinguishable from the
201.7 ± 0.6 Ma 206Pb/238U [6] and 197.8 ± 0.7 to 201.7 ± 2.4 Ma 40Ar/39Ar [7]
ages for the Triassic/Jurassic boundary. A Tr/J boundary age for
Rochechouart is, moreover, incompatible with the postulated ~214 Ma
multiple impact event [2] (see [8, 9] for discussion).

References: [1] Kelley S. P. and Spray J. G. 1997. Meteoritics &
Planetary Science 32:629–636. [2] Spray J. G. et al. 1998. Nature 392:171–
173. [3] Schwarz W. H. and Trieloff M. 2007. Chemical Geology 241:218–
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1264. [5] Jourdan F. et al. 2007. Geochimica et Cosmochimica Acta 71:1214–
1231.      [6] Pálfy J. et al. 2008. Berichte der geologischen Bundesanstalt 76:
66–67. [7] Verati C. et al. 2007. Palaeogeography, Palaeoclimatology,
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DID THE ROCHECHOUART IMPACT (FRANCE) TRIGGER AN
END-TRIASSIC TSUNAMI?  
M. Schmieder1, P. Lambert2 and E. Buchner1. 1Institut für Planetologie,
Universität Stuttgart, D-70174 Stuttgart, Germany. Email:
martin.schmieder@geologie.uni-stuttgart.de. 2Sciences and Applications, F-
33700 Bordeaux Merignac, France.

Introduction and Background: The ~23 km in diameter
Rochechouart impact structure, hosted by largely Paleozoic (Variscan)
crystalline rocks of the NW French Massif Central [1], recently yielded a new
Triassic/Jurassic boundary age by high-precision 40Ar/39Ar dating of sanidine
(201.4 ± 2.4 Ma; 2σ) and adularia (200.5 ± 2.2 Ma; 2σ) [2], in contradiction
with a formerly postulated 214 ± 8 Ma Late Triassic age [3].
Paleoenvironmental considerations [4–6] suggest that the Rochechouart
impact occurred very close to (or even beyond) the latest Triassic shoreline of
the continental Massif Central, with the marine Aquitaine Basin and Biscay
Rift (westernmost Tethys) to the West (see also  [1]); however, no structural,
lithological, or sedimentological criteria for a (shallow) marine impact
scenario have been found to date. A still puzzling ~2–4 m thick “seismite” of
large extent (>250,000 km²) partially overlain by “tsunamite” in the
uppermost Triassic (Rhaetian) of the British Islands was suggested to be
incompatible with endogenic terrestrial mechanisms but consistent with a
hitherto unknown high-energy end-Triassic impact event [7, 8] (see [9] for
discussion).

Discussion: In agreement with new geochronological and
paleogeographic data, we propose the near-coastal (or shallow marine?)
impact of the Rochechouart meteorite as a potential trigger mechanism for
the formation of end-Triassic tsunami deposits in the westernmost Tethys
domain. The Aquitaine Basin, Biscay Rift, Western Approaches Trough, and
Burgundy Gate [6] represented channel-like sea straits that linked the
Rochechouart impact site and the British Islands at the time of impact,
maintaining high wave energy; the distance between the impact site and the
area of tsunami deposition was about 700–1300 km. The Rochechouart
impact energy by far (factor ~24) exceeded the energy of the largest man-
witnessed terrestrial earthquake (Chile 1960; M = 9.5) [10], capable of
producing major seismic waves in the Earth’s crust and tsunami waves in the
sea. The comparatively small crater size, however, suggests no direct
relationship between the Rochechouart impact and the global end-Triassic
mass extinction [11,12]. A search for distal impact ejecta produced by the
Rochechouart impact and reworked by the tsunami deposits will be necessary
in order to substantiate our theory.

References: [1] Lambert P. 1977. Earth and Planetary Science Letters
35:258–268. [2] Schmieder M. et al. 2009. This volume. [3] Kelley S. P. and
Spray J. G. 1997. Meteoritics & Planetary Science 32:629–636. [4] Ziegler P.
A. 1990. Geological Atlas of Western and Central Europe, Shell, 256 p. [5]
Curnelle R. et al. 1982. Philosophical Transactions of the Royal Society of
London, A, 305:63–84. [6] Ziegler A. M. et al. 1983. In Brosche P. and
Sundermann J. (Eds.) Tidal Friction and the Earth's Rotation II, Springer,
Berlin. [7] Simms M. J. 2003. Geology 31:557–560. [8] Simms M. J. 2007.
Palaeogeography, Palaeoclimatology, Palaeoecology 244:407–423. [9]
Hesselbo S. P. et al. 2007. Palaeogeography, Palaeoclimatology,
Palaeoecology 244:1–10. [10] French B. M. 1998. LPI Contribution 954,
120 p. [11] Ward P. D. et al. 2001. Science 292:1148–1151. [12] Tanner
L. H. et al. 2004. Earth-Science Reviews 65:103–139.
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A MIDDLE TRIASSIC 40AR/39AR AGE FOR THE PAASSELKÄ
IMPACT STRUCTURE (FINLAND) 
M. Schmieder1, E. Buchner1, W. H. Schwarz2, M. Trieloff2, J. Moilanen3 and
T. Öhman4. 1Institut für Planetologie, Universität Stuttgart, D-70174
Stuttgart, Germany. Email: martin.schmieder@geologie.uni-stuttgart.de.
2Institut für Geowissenschaften, Universität Heidelberg, D-69120
Heidelberg. 3Pinkelikatu 6 B 48, FI-90520 Oulu, Finland. 4Department of
Geosciences, FI-90014 University of Oulu, Finland.

Introduction: Among the eleven impact structures currently known in
Finland, the ~10 km Paasselkä impact structure is the third largest. As no
isotopic data have been available so far, former impact age estimations were
only constrained by the ~1.9 Ga Paleoproterozoic crystalline target rocks [1,
2]. Due to the presence of shock-molten sandstones in impact melt rocks, the
impact age was recently revised to <1.4 Ga [3]. Here we present the first 40Ar/
39Ar age data for the Paasselkä impact structure.

Samples and Analytical Procedure: ~130 mg of optically fresh
recrystallized feldspar glass particles separated from clast-rich impact melt
rocks (see [2] for detailed description) were chosen for isotopic dating. 40Ar/
39Ar step-heating analysis was carried out at the University of Heidelberg [4,
5].

Results and Interpretation: 40Ar/39Ar step-heating analysis yielded a
Middle Triassic partial plateau age of 229 ± 3 Ma (2σ; MSWD = 1.01; P =
0.42) for ~53–100% of the 39Ar released during the 9 final heating steps, with
ages of individual extractions that overlap within the 2σ error limit. The age
spectrum exhibits younger apparent ages in the low-temperature extraction
steps (~0–9% of 39Ar released), probably due to argon redistribution and
argon loss via recrystallization or alteration. Some fractions (~9–53% of
39Ar) show older apparent ages that form a hump-shaped spectrum suggestive
of argon recoil redistribution and/or argon inherited from incompletely
degassed K-rich phases of the older target rocks (e.g., [6, 7]). The inverse
isochron plot yielded a 36Ar/40Ar intercept value of ~0.0035. The K/Ca ratio
over the partial plateau is variable, likely due to the mixed ‘ternary’
composition of recrystallized feldspar glass particles in the Paasselkä impact
melt rocks [2]. With regard to the criteria for defining plateaux in 40Ar/39Ar
geochronology [6], the new partial plateau age should be considered as a
preliminary preferred Paasselkä impact age. However, this age value is very
close to the slightly older 236 ± 2 Ma (2ó) integrated age of the separate.
Further refining of the Paasselkä impact age might be desirable. The new 229
± 3 Ma preferred 40Ar/39Ar age for the Paasselkä impact structure is, within
uncertainty, coeval with the recently reported 235 ± 6 Ma zircon and 232 ±
7 Ma apatite (U-Th)/He ages for the Lake St. Martin impact structure in
Canada [8].

References: [1] Pesonen L. J. et al. 1999. Meteoritics & Planetary
Science 34:A90. [2] Schmieder M. et al. 2008. Meteoritics & Planetary
Science 43:1189–1200. [3] Buchner E. et al. 2009. Abstract #2169. 40th
LPSC. [4] Schwarz W. H. and Trieloff M. 2007. Chemical Geology 241:218–
231. [5] Trieloff M. et al. 2005. Geochimica et Cosmochimica Acta 69:1253–
1264. [6] McDougall I. and Harrison T. M. 1999. Geochronology and
Thermochronology by the 40Ar/39Ar Method. Oxford University Press. 248 p.
[7] Jourdan F. et al. 2007. Geochimica et Cosmochimica Acta 71:1214–1231.
[8] Wartho J.-A. et al. 2009. Abstract #2004. 40th LPSC.
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VARIABLE DEGREES OF LOW-TEMPERATURE ALTERATION
IN TYPE-II CHONDRULES IN THE CR CARBONACEOUS
CHONDRITES 
D. L. Schrader1, D. S. Lauretta1, and H. C. Connolly Jr.1, 2 ,3 1Univ. of
Arizona, Lunar and Planetary Laboratory (LPL), Tucson, AZ 85721, USA,
2Dept. Physical Sciences, Kingsborough Community College of CUNY,
USA and Dept. Earth and Environmental Sci., The Graduate Center of
CUNY, 3Dept. Earth and Planetary Sciences, AMNH Central Park West, New
York, N.Y. 110024, USA. Email: schrader@lpl.arizona.edu.

Introduction: Determining the degree and type of alteration among the
CR chondrites is essential to understanding volatile element evolution in the
early solar system [1]. Metal and sulfides are important to study as they
respond rapidly to alteration as either gas-solid or gas-metallic melt (pre-
accretion), liquid-solid (post-accretion), or processes occurring on Earth.
Sulfides are ubiquitous within CR chondrite type-II chondrules [2,3] and
matrix. Metal is common in type-I chondrules and sulfides are rare. Detailed
studies of these components constrain the alteration history recorded in the
CR chondrites.

Procedure: We analyzed thin sections of Al Rais, the EET grouping
(87770, 92011, 92042, and 96259), GRA 95229, GRO 95577, GRO 03116,
the LAP grouping (02342 and 04720), MAC 87320, MET 00426, PCA
91082, QUE 99177, Renazzo, Shi∫r 033, and Y-793495 using optical
microscopy, elemental X-ray mapping techniques, SEM, and EMPA. A-
881595, Gao-Guenie (b), GRA 06100, and NWA 801 are currently being
studied. 

Discussion: Sulfides in type-II chondrules likely formed by high-
temperature gas-solid reactions and then underwent low-temperature
alteration [3]. By investigating the composition of opaque phases within
type-II chondrules and matrix, at least two populations of type-II chondrules
in the CR chondrites have been recognized. The least-altered population of
chondrules are identified by the presence of metal, rare magnetite, and a
pentlandite/troilite ratio <1. It includes those in the EET and LAP groupings,
GRA 95229, MAC 87320, MET 00426, PCA 91082, and QUE 99177.
The most heavily-altered population of chondrules are characterized by
the presence of magnetite, rare metal, and a pentlandite/troilite ratio >1. The
latter includes those in Al Rais, Renazzo, Shi∫r 033, and Y-793495. Some
overlap is observed, potentially due to brecciation and/or local variations in
alteration intensity, which may suggest a continuum between the two
populations. Some opaque assemblages in the matrix show a similar range of
alteration as the type-II chondrule opaques, suggesting a common origin. Due
to complete hydration of silicates in GRO 95577 [4] and extensive
weathering in GRO 03116, grouping is not clear at this time. 

We have identified varying degrees of low-temperature alteration
among the type-II chondrules in the CRs. We are working to constrain if the
low-temperature alteration occurred pre- or post-accretion, or a combination.
Other indicators of post-accretion aqueous alteration such as the matrix/
chondrule ratio, the average Ni content of sulfides, and bulk-chondrite
volatile element abundances are being investigated. A comparison of
alteration signatures in type-II chondrules to type-I chondrules and matrix is
underway. 

References: [1] Weisberg M. K. et al. 1993. Geochimica et
Cosmochimica Acta 57:1567–1586. [2] Connolly H. C. Jr. et al. 2003.
Abstract #1770. 34th LPSC. [3] Schrader D. L. et al. 2008. Geochimica et
Cosmochimica Acta 72:6124–6140. [4] Weisberg M. K. and Huber H. 2007.
Meteoritics & Planetary Science 42:1495–1503.
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METEORITES ON MARS: IMPLICATIONS FROM THREE
PROBABLY PAIRED METEORITE CANDIDATES AT MERIDIANI
PLANUM 
C. Schröder1, J. W. Ashley2, I. Fleischer1, R. Gellert3, G. Klingelhöfer1, P. A.
de Souza Jr.4 and the Athena Science Team. 1Johannes Gutenberg-
Universität, Mainz, Germany. E-mail: schroedc@uni-mainz.de. 2Arizona
State University, Tempe, AZ, USA. 3University of Guelph, Guelph, Ontario,
Canada. 4Tasmanian ICT Centre, CSIRO, Hobart, Australia.

Introduction: The Mars Exploration Rover (MER) Opportunity has
come across several possible meteorites, among them the only officially
recognized meteorite on another planet, the IAB iron meteorite Meridiani
Planum [1]. Three meteorite candidate rocks investigated by Opportunity—
informally dubbed Barberton, Santa Catarina, and Santorini by the MER
team—have very similar chemical and mineralogical compositions and are
probably paired [1–3]. We discuss the implications for the Meridiani Planum
terrain.

Results and Discussion: High Ni contents and the minerals kamacite
and troilite detected in Barberton, Santa Catarina and Santorini by
Opportunity’s Alpha Particle X-ray (APXS) and Mössbauer spectrometers
provide evidence for a meteoritic origin [1–3]. The chemical composition of
the three rocks is most consistent with mesosiderite silicate clasts [1–2]. It is
also possible that these rocks represent a new class of meteorite not yet
encountered on Earth. Because of the similarity in composition and because
mesosiderites are a relatively rare group of meteorites, the three rocks are
probably fragments of the same larger body and thus paired. The three rocks
were investigated serendipitously several kilometers apart from each other,
suggesting a larger population of similar rock fragments in this area and that
Opportunity may be driving across a meteorite strewn field. Victoria crater is
~800 m in diameter and was investigated extensively by Opportunity [4].
Barberton, with a long-axis of ~3 cm is the smallest fragment of the three, and
was encountered at the rim of Endurance crater, ~7 km to the north of
Victoria crater. Santa Catarina and the surrounding cobble field are located at
the Cabo Anonimo promontory on the northwestern rim of Victoria. The
cobbles in the Santa Catarina field appear to be of similar composition on the
basis of Miniature Thermal Emission Spectrometer (Mini-TES) and
multispectral Panoramic Camera (Pancam) data. Santorini was discovered
~800 m south of Victoria. Because 1) the largest observed accumulation of
rock fragments of this kind is at the rim of Victoria, and 2) the population as
a whole appears to surround Victoria, it is possible that Barberton, Santa
Catarina and Santorini are associated in some way with the impactor that
created Victoria crater. If these rocks are unrelated to the formation of
Victoria and fell later, a strewn field would not necessarily stop at the crater
rim. Thus, finding another fragment on the floor of Victoria would argue
against this hypothesis, but rover mobility constraints precluded such
investigations. The full distribution of these fragments may also allow
conclusions on the properties of the impactor, the formation of Victoria
crater, or the thickness of the atmosphere at the time of the fall. 

References: [1] Schröder C. et al. 2008. Journal of Geophysical
Research 113, E06S22, doi:10.1029/2007JE002990. [2] Schröder C. et al.
2006. Meteoritics & Planetary Science 41:A160. [3] Schröder C. et al. 2009.
Abstract #1665. 40th LPSC. [4] Squyres S. W. et al., Science, accepted for
publication.
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IMPACT-GENERATED HYDROTHERMAL ALTERATION ON
EARLY MARS IN PRESENCE OF CO2 
S. P. Schwenzer1 and D. A. Kring2. 1, 2Lunar and Planetary Institute, USRA,
3600 Bay Area Blvd., Houston, TX, 77058, USA. 1schwenzer@lpi.usra.edu,
2kring@lpi.usra.edu.

Introduction: Impact-generated hydrothermal systems may have
caused widespread alteration of the crust on early Mars.  We previously
explored the range of alteration products using several Martian meteorites as
crustal proxies:  LEW 88516 [1–3], Dhofar 378, Chassigny [4], and Nakhla
[5].  Overall, the dominating alteration phases are oxides, hydroxides, clay
minerals, and other hydrous silicates.  Our results match well with the
hydrous silicates (nontronite, chlorite) observed by OMEGA and CRISM
[e.g., 6, 7].  The two most recent findings by CRISM are carbonates [8] and
serpentine [9].  While the latter is formed in our calculations from all olivine-
rich starting compositions (LEW 88516, Chassigny), carbonates require CO2
(or HCO3

−, CO3
2−) in the system.  To evaluate the effect of CO2, we

conducted new calculations with ALHA84001 [10] and maskelynite [11] as
starting compositions by exposing them to the same brine used before and, in
a second set of calculations, with the addition of 0.5 mol H2CO3.  We are
using ALHA84001, because its secondary carbonates [10, 11, 12] provide a
unique opportunity to compare model and mineralogical data. Moreover, it is
the only sample of the ancient Martian crust [12] within the suite of Martian
meteorites.

Results and Conclusions:  At a water to rock ratio (W/R) of 1 (P = 110
bar, T = 150 °C) the ALHA84001 alteration assemblage is dominated by
serpentine and amphibole with chlorite, which is very similar to hydrous
alteration of LEW 88516. At intermediate W/R (~1000) the assemblage is
hematite (51%), nontronite, and quartz with pyrite; and at high W/R
(~100,000) hematite dominates the precipitate. If 0.5 mole H2CO3 are
introduced into the brine, the assemblage at W/R = 1 is still dominated by
serpentine and amphibole, but ~5% of carbonate are present.  At higher W/R,
carbonate dominates the precipitate (71 and 99% at W/R  = 1000 and 100000,
respectively).  If maskelynite reacts with a Fe−, Mg−, and Ca-bearing brine at
W/R = 1, the alteration assemblage is dominated by albite (37%), mica, and
zeolite with 4.6% of calcite. At W/R = 1000 the assemblage is kaolinite
(56%), siderite, and quartz. At very high W/R, it contains 95% siderite.
While assemblages at low W/R remain similar to carbonate-poor precipitates,
high W/R can produce a carbonate-dominated assemblage. Furthermore, the
calculations show that a carbonate-dominated assemblage can be formed
from a Fe- and carbonate-carrying brine reacting with maskelynite. The
calculations suggest carbonate abundances and compositions on Mars have
the potential to provide estimates of W/R in subsurface hydrothermal
systems.  

References: [1] Schwenzer S. P., Kring D. A. 2008. LPSC XXXIX:
#1817. [2] Schwenzer S. P., Kring D. A. 2008. Workshop on the Early Solar
System Bombardment, #3027. [3] Schwenzer S. P., Kring D. A. 2008.
Workshop on Martian Phyllosilicates: Recorders of Aqueous Processes? #
7014. [4] Schwenzer S. P., Kring D. A. 2009. LPSC XL, #1421. [5]
Schwenzer S. P., Kring D. A. 2009. Workshop on Modeling Hydrous
Environments on Mars, #4015. [6] Bibring J.-P. et al. 2005. Science 307:
1576–1581. [7] Mustard J. F. et al. 2008. Nature 454:305–309. [8] Ehlmann
B. et al. 2008. Science 322:1828–1832. [9] Ehlmann B. et al. 2009. LPSC
XL:#1787. [10] Gleason J. D. et al. 1997. Geochimica et Cosmochimica Acta
61:3503–3512. [11] Kring D. A. et al. 1998. Geochimica et Cosmochimica
Acta 62:2155–2166. [12] Treiman A. H. 1998. Meteoritics 33:753–764.
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S ASTEROIDS:  ARE SOME OF THE MISSING MELTS UOC?  
D. W. G. Sears1, 2 (dsears@uark.edu), K. M. Gietzen1, D. R. Ostrowski1, C. H.
S. Lacy1, 3 and. 1Arkansas Center for Space and Planetary Sciences. 2Dept of
Chemistry and Biochemistry. 3Dept of Physics, Univ. of Arkansas.

Introduction: At a previous MetSoc meeting Gaffey posed the
question “Where are the partial melts?”[1]  We would like to respond that
many or most S asteroids are actually related to the unequilibrated ordinary
chondrites (UOC) and are not melts.

Background: The reflectively spectra of asteroids in the near IR
consists of Band I at ~1 µm due to olivine (OL) and pyroxene (PX), and Band
II at ~2 µm due only to PX.  Clinopyroxenes (CPX) have bands displaced
~0.5 µm to longer wavelengths relative to those of orthopyroxene (OPX) [2].
In Fig. 1, the many S asteroids plot on an OL-OPX mixing line with CPX-
bearing basaltic achondrites (BA) displaced to longer Band I centroid
wavelengths [3].

Proposal:  Gaffey and his colleagues assume that CPX detected on the
asteroids is calcic and of igneous origin [4].  The PX in UOC is Ca-poor CPX.
Reflectivity spectra of UOC resemble those of many S asteroids and, as
expected, analysis using the MGM software [2] detects considerable CPX.
We suggest that the OL-CPX mixing line expected for UOC runs parallel to
the OL-OPX mixing line with the PX end displaced 0.05 µm (Fig. 1). Thus
many or most of the S(II), S(III) and S(V) asteroids may have surfaces
resembling UOC, rather than being melts or partial melts.

Implications:  Onion-skin models for meteorite parent bodies predict a
surface of UOC material with volumetrically large interiors of EOC material
[4].  Disruption and reassembly to form rubble-piles would bring EOC
material to the surface.  The distributions of K-Ar ages [5] and cosmic ray
exposure ages [6] suggest that the EOC were from the interior of a few large
bodies. Thus it should come as no surprise that EOC material and UOC
material should both exist on the surfaces of S asteroids, but while the
majority of meteorites falling on Earth are EOC, UOC should be far more
abundant in the asteroid belt.

References:  [1] Gaffey 2007. MAPS 42, Abstract 5296. [2] Sunshine J.
and Pieters C. 1993. JGR 98:9075.  [3] Gaffey M. et al. 1993. Icarus 106:573.
[4] Akridge et al. 1998. Icarus 132, 185.  [5] Bogard 1995. Meteoritics 30,
244. [6] Marti and Graf 1995. Ann Rev. Earth and Planet. Sci. 20:221.

5195
ORIGIN OF METAL IN NWA 4269 AND CAMEL DONGA 
A. Seddiki1, B. N. Moine2, J. Y. Cottin2, C. Renac2, J. Bascou2, N. Remaci1,
M. Tabeliouna1, M. Zerka1, M. Bourot-Denise3. 1Laboratoire de Magmatisme
et Géodynamique des Bassins Algériens, Université d’Oran Essenia, Oran
31000, Algeria. (abdelmadjid_seddiki@yahoo.fr). 2Laboratoire de
Pétrologie-Géochimie UMR CNRS 6524, UJM, Saint-Etienne 42023.
France. 3Laboratoire de Minéralogie, MNHN Paris, 75005, France. 

NWA4269 is a Fe-rich monomict eucrite found in South West of
Algeria. NWA 4269 presents different textures with various lithologies (relict
of magmatic sub-ophitic, coarse-grained and fine-grained (granulitic)
textures) [1]. It is the second unique eucrite after Camel Donga (CD) and
contains about 2% Ni-poor metallic iron. The total Fe in NWA 4269 is
23,18%, higher than Camel Donga (18.6%), and pyroxenes are also iron-rich
(Fs63–66 in low-Ca-px). Numerous silica grains occur surrounded or
transected by troilite veins.

Pyroxenes in these two eucrites equilibrated between 800 to 900°C,
suggesting that they experienced sub-solidus annealing. The granulitic
association is the result of a recrystallization after a reheating by simple
burial and impact metamorphism [2]. These two monomict eucrites are Type
5 according to the metamorphic sequence of Takeda and Graham (1991) [3].
All eucrites contain at least some metal (<0.5%), which formed either during
crystallization or later metamorphism [4]. Ni-poor metallic iron in NWA4269
and Camel Donga exclude an origin from an impactor [5].

During impact metamorphism, some of the troilite could have been
dissociated and evaporated (2FeS = 2Fe+S2). Molecules of S2 were
transported and condensed around and into fractured silica grains. There, they
combined with Fe from adjacent iron metallic grains to form troilite as
described by [6]. Reduction of silicates probably has contributed to product
Fe° as suggested by [7] for Camel Donga, and indicated by the abundance of
silica commonly associated with troilite. However, not all iron metal result
from reduction of silicates and a part could result from desulfidation of pre-
existing troilite as displayed by the Highly Siderophile Element contents of
metal [8]. Longer heating times result in S loss or migration and metal
production [9]; it could explain the exceptional iron metal enrichment of
these two eucrites from others.

References: [1] Seddiki A. et al. 2007. LPSC XXXVIII, 1049. [2]
Yamaguchi A. et al. 1996. Icarus 124:97–112.  [3] Takeda H. and Graham A.
L. 1991. Meteoritics 26:129–134. [4] Duke M. B. 1965. Journal of
Geophysical Research 70:1523–1528. [5] Yamaguchi A. et al. 2006. LPSC
XXXVII, 1678. [6] Lauretta D. S. et al. 2004. LPSC XXXV, A#1752. [7]
Palme H. et al. 1988. Meteoritics 23:49–57.[8] Gounelle and Alard. 2009.
This issue. [9] Lauretta D. S. et al. 1997. Earth Planet. Sci. Lett. 151:289–
301. 

Fig. 1. Band I centroid versus band-area ratio for S asteroids with the classes
and OPX-OL and CPX-OL mixing lines indicated.
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EFFECT OF INTERNAL FRICTION ON THE DEFORMATION OF
DISRUPTED METEOROID 
V. V. Shuvalov. Institute of Geosphere Dynamics, 38 Leninsky prosp., bld.1,
Moscow, 119334 Russia. E-mail: shuvalov@idg.chph.ras.ru.

In recent decades numerical finite-difference methods have been
widely used for modeling the interaction between large meteoroids (with the
size equal to or greater than 10 m) and planetary atmospheres. Deformation,
fragmentation, and deceleration of a cosmic body are obtained from
numerical solutions of hydrodynamic equations. The numerical models differ
from each other in methods of the solution of the hydrodynamic equations
and in equations of state describing thermodynamic properties of projectile
material. This approximation was fruitfully applied in simulations of the
comet Shoemaker–Levy 9 impact into the Jovian atmosphere and in
simulations of the famous Tunguska event, and allowed explaining (at least,
qualitative) all the effect observed in these unique phenomena. At the
moment these models probably provide the most detailed and accurate
description of “meteor explosions” in the frame of given physical
assumptions.

In all the models under consideration the falling body is assumed to be
a liquid-like strengthless body (no shear stresses). This assumption seems to
be satisfied for rather large (>10 m) impactors which penetrate to dense
atmospheric layers and experience fast and severe fragmentation at low
altitudes, where aerodynamic loading strongly exceeds material strength. For
this reason the projectile experiencing deformation can be considered as a
totally fractured one.

However, even a totally fractured body differs from liquid due to
internal friction, i.e., shear stresses proportional to the pressure. The internal
friction could influence the process of deformation and, consequently, could
change a depth of penetration into the atmosphere. The purpose of this work
is to estimate an effect of the internal friction on the modeling of projectile
deformation and fragmentation.

The approximation described in [1] was used to model the interaction
between a meteoroid and the Earth’s atmosphere. The model of dry friction
(Coulomb-Mohr model) was added to take into account the internal friction.

The results of numerical simulations show that the internal friction
strongly influences the deformation of disrupted meteoroid and results in a
strong decrease (10 to 20 km) of an altitude of deceleration and an altitude of
energy release. However, “acoustic fluidization” and penetration of shock
compressed gas in the interior of fractured meteoroid can considerably
decrease the internal friction.

This work was supported by RFBR (project no. 07-05-00026).
References: [1] Shuvalov V. V. and Artemieva N. A. 2002. Journal of

Planetary and Space Science 50/2:181–192. 
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ACCURATE CHEMICAL COMPOSITION OF WILD 2 COMETARY
GRAINS BY SR-XRF
Alexandre Simionovici1, Faustine Grossemy2, Laurence Lemelle3, Tristan
Ferroir3, Philippe Gillet3, Janet Borg2, Zahia Djouadi2, Pierre Bleuet4, Jean
Susini4, 1LGCA, UJF-CNRS, Observatoire des Sciences de l’Univers de
Grenoble, BP 53, 38041, Grenoble, France, (alexandre.simionovici@ujf-
grenoble.fr), 2Institut d’Astrophysique Spatiale, Université Paris XI, 91405
Orsay, France,3LST, UMR 5570 CNRS-ENSL-UCBL, ENS Lyon, 46 allée
d’Italie, 69007 Lyon, France, 4ESRF, BP 220, 38043, Grenoble, France.

Introduction: This work is part of the NASA Preliminary Examination
Team (PET) on Bulk Chemistry investigation of Wild 2 cometary grains
brought back to Earth by the Stardust mission [1]. X-rays provide the least
destructive yet sensitive penetrating micro-probes, capable of analyzing
minute samples embedded in low density collectors, so methods based on
Synchrotron Radiation were foremost in the PET analyses. 

Experimental Protocols: We have performed measurements on
beamlines ID22/ID21 of the ESRF synchrotron in Grenoble, France, devoted
to high/low energy microimaging and recorded results on a collection of 6
keystones out of the total of 23 used in the study by several international
teams. Terminal particles as well as fragmentation tracks in the aerogel were
mapped out with micron resolution, recording total mass composition for
elements of Z15 by means of X-ray fluorescence [2], as well as structural
information by X-ray diffraction [3]. Using micro-Xanes absorption
spectroscopy, we also recorded the S and Fe charge states evolution
throughout the track. All these analyses were combined to produce a
description of the Wild 2 cometary grains as well as a history of their
formation and of the thermal interactions during their slowing down in the
aerogel collectors.

Results: The PET work was an ambitious but necessarily preliminary
effort due to the time constraints set forth in communicating much-awaited
results to the international community. In this work we performed a careful
analysis of the PET results with a view of setting clear-cut precision limits as
well as describing an accurate method of treating this type of data [4]. Our
results partly disagree with the findings of Ishii et al. [5] and Lanzirotti et al.
[6] particularly with respect to the values of the low Z elements composition,
severely affected by self-absorption corrections but also to those of the high
Z ones. Different treatments applied to the terminal particles and the tracks
containing most of the mass record a discrepancy with the PET results and
partially solve the S depletion and Cu, Zn and Ga enrichment versus CI
meteorites. This methodology is now applied to the Stardust interstellar
grains [7] using high resolution nano-imaging [8].

References: [1] D. E. Brownlee et al. 2006. Science 314:1711–1716.
[2] M. E. Zolensky et al. 2006. Science 314:1735–1739. [3] G. J. Flynn et al.
2006, Science 314, 1731–1735. [4] A. Simionovici, P. Chevallier, 2006,
Handbook of Practical X-Ray Fluorescence Analysis, pp. 66–83, Springer.
[5] A. Ishii et al. 2008. Meteoritics & Planetary Science 43:215–231. [6] A.
Lanzirotti et al. 2008. Meteoritics & Planetary Science 43:187–213. [7] A.
Westphal et al. 2009. 40th LPSC,  #1786. [8] P. Bleuet, A. Simionovici, P.
Cloetens, R. Tucoulou, J. Susini, L. Lemelle, T. Ferroir. Applied. Physics
Letters 92, 2008, 213111-1-3.
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HYPERSPECTRAL NON-DESTRUCTIVE ANALYSES OF
MARTIAN RETURN SAMPLES UNDER QUARANTINE 
Alexandre S. Simionovici1, Laurence Lemelle2, Pierre Beck3, Tristan
Ferroir2, Andrew Westphal4, Pascale Chazalnoel5, André Debus5, Michel
Viso6, Laszlo Vincze7, Vicente A. Solé8, François Fihman9. 1LGCA, UJF-
CNRS, Observatoire des Sciences de l’Univers de Grenoble, BP 53, 38041,
Grenoble, France (alexandre.simionovici@ujf-grenoble.fr), 2LST, UMR
5570 CNRS-ENSL-UCBL, ENS Lyon, 46 allée d’Italie, 69007 Lyon, France,
3LPG Université Joseph Fourier CNRS/INSU BP53 38041 Grenoble, France,
4Space Sciences Laboratory, U.C. Berkeley, USA, 5CNES, DCT/SI/IM, BP
2111, 31401 Toulouse, France, 6CNES, 2 place Maurice Quentin, 75039,
Paris, 7Dept. of Analytical Chemistry, Ghent University, B-9000 Ghent,
Belgium, 8ESRF, BP 220, 38043 Grenoble, France, 96TEC, 42 rue de la
Tuilerie, 38170 Seyssinet, France.

Introduction: In preparation for the upcoming sample return missions
containing potential biohazards which may have withstood the rigors of space
travel we present a hyperspectral method of in situ analysis of grains
combining several non-destructive imaging diagnostics, performed in BSL4
quarantine conditions. This offers an alternative to the analyses in facilities at
large, using optimized experimental setups while keeping the samples in
conditions of quarantine. Our methodology was tested during analyses of
meteorites [1–2] and  cometary and interstellar grains from the recent NASA
Stardust mission [3–5].

Synchrotron Radiation Protocols: X-ray fluorescence and absorption
spectroscopies and diffraction were performed on chondritic test samples
using focused micron-sized monochromatic beams at the ESRF synchrotron
in Grenoble, France. 2D maps of grain composition down to a few ppb
concentration and polycrystalline structure have simultaneously been
acquired, followed by X-ray absorption performed on elements of Z ≥ 26.
Ideally, absorption micro-tomography should then be performed in full-beam
mode to record the 3D morphology of the grain and also fluorescence-
tomography in focus mode may complement this picture with a 3D elemental
image of the grain. 

Lab-based Protocols: Raman and IR-based spectroscopies have been
performed for mineralogical imaging of the grains in the laboratory using
commercial microscopes. The spatial resolution varied in the 1–5 µm range.
Laser limited penetration of opaque samples permits only 2D imaging of the
the few nanometer-thick outer layers  of the grains.

Sample Holder: A miniaturized sample-holder has been designed and
built to  allow direct analysis of a set of extraterrestrial grains confined in a
triple container and remotely positioned in front of the X-ray or laser beams
of the various setups. The grains are held in several thin walls (10 µm) silica
capillaries which are sufficiently resistant for manual/remote-controlled
micro-manipulation but semitransparent for the characteristic X-rays, Raman
and IR radiations.

References: [1] B. Golosio, A. Simionovici, A. Somogyi, L. Lemelle,
M. Chukalina, A. Brunetti. Journal of Applied Physics 94, 145–157, 2003,
[2] L. Lemelle, A. Simionovici, R. Truche, Ch. Rau, M. Chukalina, Ph. Gillet,
American Mineralogist 87, 547–553, 2004, [3] Michael E. Zolensky et al.,
Science 314, 1735–1739, 2006. [4] G. J. Flynn et al. Science 314, 1731–1735,
2006 [5] P. Bleuet, A. Simionovici, P. Cloetens, R. Tucoulou, J. Susini, L.
Lemelle, T. Ferroir. Applied Physics Letters 92, 213111–1–3, 2008.

5310
REFRACTORY INCLUSIONS IN A NEW SECTION OF THE
UNIQUE CARBONACEOUS CHONDRITE ACFER 094
S. B. Simon1 and L. Grossman1,2. 1Dept. Geophys. Sci. 2The Enrico Fermi
Inst. Univ. of Chicago, Chicago, IL 60637. E-mail: sbs8@uchicago.edu.

Introduction: Acfer 094 is a unique, primitive carbonaceous chondrite.
Its unusual suite of refractory inclusions has been compared to those of CO
and CR chondrites [1, 2]. Recently, additional material became available
from the U.S. National Museum. We studied a thin section for comparison of
its CAIs with previous work, and to report new or unusual inclusions. 

Methods: We searched the section (USNM 7233-1) by simultaneously
collecting backscattered electron images and Al X-ray maps at 90× with the
SEM. The constituent phases of each Al-rich object were identified by
energy-dispersive analysis. We also mounted and polished 62 particles from
a sample that was disaggregated as part of a search for presolar grains at
Wash. U.

Results: We found 291 CAIs and 22 amoeboid olivine aggregates in the
thin section and nine CAIs among the mounted grains. The CAIs have 28
different mineral assemblages. One contains corundum, 40 (13.3%) have
hibonite (hib), and 14 (4.7%) contain grossite, a smaller proportion than [2].
Spinel-, melilite-rich inclusions, many of which may be fragments of Type A
inclusions, are the most abundant. One potential Type B fragment and one
isolated hibonite grain were found. Inclusions are largely unaltered and
50 µm across. Many have rims of anorthite, Al-diopside and/or gehlenitic
melilite; rims of the latter, rare in other meteorites, are common here. 

Discussion: The most unusual inclusions. Inclusions 59-1 and 59-3
consist of fine, wormy spinel grains rimmed by melilite, with slightly coarser
grossite (59-1), or hib (4–5 wt% TiO2) and pv (59-3), and much void space.
59-3 also has a clast of relatively coarse spinel and hib (0.5–1 wt% TiO2)
enclosed in gehlenite; this clast, its host inclusion and the melilite-anorthite-
Al-diopside rim sequence on the latter represent at least 3 generations of
nebular material. This occurrence of a hib-bearing inclusion inside another is
unlike previously reported compound inclusions.

Both 59-2 and 59-6 have straight, crystallographically controlled hib-
spinel contacts but corroded hib-grossite and spinel-melilite contacts. 59-6
has hib laths partially enclosed and wetted by perovskite (pv). The hib-spinel
(59-2) and hib-spinel-pv (59-6) assemblages are probably relict. For 59-6 we
infer a crystallization sequence of hib-grossite-pv-spinel-melilite. Inclusion
27-3 (90 × ~50 µm) has ~50 vol% relatively coarse (5–30 µm), anhedral pv
grains with interstitial hibonite and spinel enclosed in a gehlenite rim. The
common occurrence of melilite rims suggests that, unlike those in CMs,
many refractory objects in Acfer 094 encountered a nebular region where
melilite was condensing.

Comparison with previous work. Like [1, 2], we find melilite-rich
inclusions to be the most common type and that the Acfer 094 population is
most like that of the CO chondrites. Many Acfer CAIs are a) small; b)
fragments; or c) rimmed, so shape cannot be used to determine origin. An
irregularly-shaped fragment can be igneous, and a round, rimmed object can
be a condensate. Unlike [2], who concluded that most Acfer 094 CAIs are
gas-solid condensates, we find, among the ~60% of our samples large enough
for interpretation, subequal proportions of compact inclusions with textures
consistent with crystallization from liquids and “fluffy” inclusions that likely
were never molten. 

References: [1] Weber D. 1995. Meteoritics 30:595–596. [2] Krot
A. N. et al. 2004. Geochimica et Cosmochimica Acta 68:2167–2184. 
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PRELIMINARY COMPARATIVE ANALYSIS OF SHOCK
METAMORPHISM OF CRYSTALLINE BASEMENT CLASTS IN
THE HAUGHTON IMPACT EJECTA LAYER, CANADA 
A. C. Singleton1, G. R. Osinski1,2, and D. Moser1, 1Dept. of Earth Sciences,
University of Western Ontario, 1151 Richmond St., London, ON N6A 5B7
asingle2@uwo.ca,  2Dept. of Physics and Astronomy, University of Western
Ontario, 1151 Richmond St., London, ON N6A 5B7.

Introduction:  The extreme pressure and thermal conditions attained
during shock metamorphism at sometimes very limited spatial and temporal
scales [1] result in unique microscopic features that remain to be fully
explored in some common crustal phases (e.g., garnet, amphibole). This has
prompted our comparative analysis of variably shocked and exceptionally
preserved crystalline basement assemblages of the Haughton impact
structure, Canada. 

Methodology: Minerals commonly used as shock metamorphic
indicators include quartz, feldspar, and biotite [1, 2]. Of these minerals,
quartz shows the widest variety of shock effects [1, 3]. For this study, samples
of Precambrian crystalline rocks were collected from 36 sites within the
impact melt breccia unit of the 23 km diameter, 39 Ma Haughton impact
structure. These samples have a wide range of density [1.0 to 3.2 ± 0.1 g/cm3]
and physical appearance resulting from shock decompression. The shock
metamorphic state of reference minerals, primarily quartz, was determined in
representative polished thin sections and compared wherever possible to
coexisting phases. 

Results: The following is a summary of the shock effects identified in
various minerals from this sample suite. 

Quartz, Feldspar and Mica: Quartz shows the full range of shock
features including fracturing, PDFs, decrease in birefringence, diaplectic
melting, full melting with loss of grain boundaries and finally flow banding.
As the shock level increases, feldspar displays fracturing, decrease in
birefringence, diaplectic melting, full melting with loss of grain boundaries
and finally flow. No clear PDFs were observed in feldspar. The majority of
the mica grains show kink banding. Mica is absent in samples exhibiting
higher shock levels.

Mafic Phases: This sample suite includes many samples containing
garnet. Grains become more fractured with increasing shock intensity. No
planar features or diaplectic glass has been observed to date. Hornblende and
pyroxene in these samples show fracturing and then complete melting and
flow at higher shock levels.

Zircon: A small number zircons have been examined in these samples.
Overall there seems to be some fracturing at the edges of the grains as the
level increases. 

Summary: The shock effects identified in these samples range from
shock level 1 to level 7 indicating pressures ranging from 2 to 80 GPa. This
result agrees with previously published estimates for Haughton samples [4].
The progression seen in quartz and feldspar is in keeping with other studies,
and detailed SEM and spectroscopic analyses will follow to further
investigate less studied mafic phases and accessory minerals across the well
preserved shock and/or density gradients in the ejecta layer clast suite.

References: [1] Langenhorst F. 2002. Bulletin of the Czech Geological
Survey 77(4):265–282. [2] Stöffler D. 1966. Contributions to Mineralogy and
Petrology 12:15–24. [3] Stöffler D. 1971. Journal of Geophysical Research
79(23). [4] Bunch T. E. et al. 1997. LPSC XXIX.

5070
OLIVINE-HOSTED MELT INCLUSIONS IN THE BRAHIN
PALLASITE 
Y. Sonzogni, B. Devouard, A. Provost, and J.-L. Devidal. Laboratoire
Magmas et Volcans, Observatoire de Physique du Globe de Clermont-
Ferrand, Université Blaise Pascal et CNRS, 5 rue Kessler, 63038 Clermont-
ferrand Cedex, France. E-mail: y.sonzogni@opgc.univ-bpclermont.fr.

We identified two types of melt inclusions in olivine crystals from the
Brahin main-group pallasite, somewhat similar to those described in [1, 2].
Both types are relatively abundant and usually coexist within the same
olivine grain. The first type are isolated, 1–10 µm large, elongated to tubular,
and oriented along the [001] axis of the olivine host (as determined by
EBSD). These inclusions are phosphate-rich, typically made of stanfieldite, a
bubble, often phosphoran olivine (21–32 wt% P2O5), plus occasional minute
phases including metal-sulfide blebs or daubreelite. These isolated inclusions
look primary, but microprobe mapping of P revealed the scars of former
fractures joining these inclusions. The second type are 2-dimensional arrays
of abundant chromite inclusions (<100 µm) and metal-sulfide assemblages
(<50 µm). Typical metal-sulfide inclusions contain metal (kamacite and/or
taenite) + troilite + phosphoran olivine (6–24 wt% P2O5) + occasional minute
grains of withlockite, shreibersite, daubreelite, and silica. These 2D arrays
show the same morphological features that characterize secondary inclusions
and healed fractures in olivine xenocrysts and other terrestrial minerals.

Discussion: The phosphoran olivines are known in pallasites [3] but to
our knowledge it is the first description of this mineral in inclusions. We
identify this phase as olivine based on its stoechiometry, (Mg,Fe,Ca)4-x(Si1−

xPx)2O8, but its structure has not been ascertained so far. The value of 32 wt%
P2O5 is the highest of all P-rich olivines reported so far [3, 4, 5, 6]. Such high
P contents suggest an extended solid solution between olivine and chopinite
[7]. 

Melt inclusions in Brahin seem to record two distinct HT events.
According to phase diagrams, a single silicate melt enriched in P might be
sufficient to form these phosphate inclusions at T <1200 °C. On the contrary,
at least two immiscible melts are required to form the secondary inclusions:
a silicate-chromite melt and a metal-sulfide one. The abundance of chromite
requires temperatures >~1800 °C in order to accommodate Cr in the silicate
melt. It seems likely that these secondary inclusions result from a shock that
took place while the stony-iron assembly of the Brahin pallasite was already
formed. On the other hand, the lack of metal-sulfide associated with the
phosphate-rich inclusions may imply that the iron part of the Brahin pallasite
was not present when these inclusions were formed.

References: [1] Buseck P. R. 1977. Geochimica and Cosmochimica
Acta 41:711–740. [2] Koviazin S. V. and Podgornykh N. M. 2006. 37th
LPSC. pp. 1235–1236. [3] Buseck P. R. and Clark J. 1984. Mineralogical
Magazine 48:229–235. [4] Agrell S. O. et al. 1998. Mineralogical Magazine
62:265–269. [5] Tropper P. et al. 2004. European Journal of Mineralogy 16:
631–640. [6] Boesenberg J. S. et al. 2004. 35th LPSC. pp. 1366–1367. [7]
Grew E. S. et al. 2007. European Journal of Mineralogy 19:229–245.
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26AL-26MG CHRONOLOGY OF THE UNIQUE BASALTIC
ACHONDRITE NORTHWEST AFRICA 2976 
L. J. Spivak-Birndorf1 and M. Wadhwa1. 1School of Earth and Space
Exploration, Arizona State University, Tempe, AZ 85287-1404. E-mail:
Lev.Spivak-Birdorf@asu.edu.

Introduction: Northwest Africa (NWA) 2976 is a recently recovered
basaltic achondrite that is thought to be paired with NWA 011 and NWA 2400
[1]. NWA 011 was originally classified as a eucrite but has since been
determined to be from a unique parent body with possible affinities to the CR
chondrites [2]. Previous studies of 53Mn-53Cr and 26Al-26Mg systematics in
NWA 011 indicate that its parent body differentiated early in solar system
history [3,4]. Thus far there have been no chronological investigations of
NWA 2976. Here we report an investigation of the 26Al-26Mg isotope
systematics of NWA 2976 in order to better constrain its formation time on its
parent asteroid.  

Samples and Analytical Methods: An ~50 mg interior fragment of
NWA 2976 was obtained from the collection in the Center for Meteorite
Studies at Arizona State University (ASU). An ~10 mg chip was removed for
“whole-rock” analysis and the rest of the sample was crushed and sieved for
mineral separation. Two plagioclase mineral separates were obtained using
heavy liquid density separation followed by handpicking. Magnesium
isotope compositions and Al/Mg ratios were measured on the Neptune MC-
ICPMS in the Isotope Cosmochemistry and Geochronology Laboratory at
ASU using procedures similar to those described by [5].  

Results and Discussion: The 27Al/24Mg ratios of the whole-rock
sample and two plagioclase separates analyzed in this study range from 1.86
to 143. While the whole rock sample does not have a detectable excess in
radiogenic 26Mg, both plagioclase separates have clearly resolved 26Mg
excesses (∆26Mg ~0.34–0.39‰). These 26Mg enrichments correlate with
27Al/24Mg ratios indicating that 26Al was extant at the time of last Mg isotope
equilibration on the NWA 2976 parent body. The slope of the 26Al-26Mg
isochron corresponds to a 26Al/27Al ratio of (3.74 ± 0.25) × 10−7 and ∆26Mg0
= 0.011 ± 0.021. The initial 26Al/27Al ratio determined here for NWA 2976 is
a factor of ~2 lower than that reported by [4] for NWA 011 (although the
uncertainty in the value reported by [4] is substantially larger). Relative to the
D’Orbigny angrite [5, 6], the 26Al-26Mg age of NWA 2976 is 4564.1 ± 0.2
Ma. This age is slightly younger than the 26Al-26Mg age determined for NWA
011 using the data of [4]. The 53Mn-53Cr age of NWA 011, determined from
the data of [4] and relative to the D’Orbigny angrite [6, 7], is concordant with
the 26Al-26Mg age of NWA 2976 determined here, although the former has a
large uncertainty of ± 3 Ma. The highly precise Al-Mg age reported here for
NWA 2976 provides a best estimate of the time of its crystallization and
indicates that differentiation and basalt generation on its parent asteroid
occurred well within ~5 Ma of solar system formation.

References: [1] Meteoritical Bulletin no. 91 2007. Meteoritics &
Planetary Science 42:413–466 [2] Yamaguchi A. et al. 2005. Science 296:
334–336. [3] Bogdanovski O. and Lugmair G. W. 2004. Abstract #1715. 35th
LPSC. [4] Sugiura N. and Yamaguchi A. 2007. Abstract #1431. 38th LPSC.
[5] Spivak-Birndorf L. et al. 2009. Geochimica et Cosmochimica Acta, in
press. [6] Amelin Y. 2008 Geochimica et Cosmochimica Acta 72:221–232.
[7] Glavin D. P. et al. 2004. Meteoritics & Planetary Science 39:693–700.  
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QUARTZ-COESITE-STISHOVITE RELATIONS AND GENESIS IN
SHOCKED METAQUARTZITES FROM THE VREDEFORT
IMPACT STRUCTURE 
John G. Spray and Suporn Boonsue. Planetary and Space Science Centre,
University of New Brunswick, Fredericton, NB, E3B 5A3, Canada. E-mail:
jgs@unb.ca.

Introduction: Optical and analytical field emission-scanning electron
microscopy (FE-SEM), and micro-Raman spectroscopy have been deployed
to investigate the distribution of SiO2 polymorphs in shock veins within
Hospital Hill quartzite from the Vredefort impact structure of South Africa.
Whilst the presence of coesite and stishovite in these rocks has been
established for over 30 years [1], their spatial distribution and mutual
relations have not been evaluated in detail. The shock veins are less than
1.5 mm wide and occur as anastomosing fracture/slip systems. They
comprise a micro-igneous textured matrix, including SiO2 glass, which was
originally molten, within which are suspended rounded to sub-rounded SiO2
clasts.

Equipment: A Renishaw InVia Reflex micro-Raman spectrometer was
used, equipped with 514.5-nm Ar-ion laser focused through a x50 objective
lens (N.A. = 0.75) and filtered to yield ~8 mW total laser energy at the sample
surface. A Hitachi SU-70 FE-SEM equipped with an Oxford Instruments
INCAx-act EDS and HKL Technologies Nordlys EBSD was deployed to
identify and map polymorph distribution. 

Results: The matrix of the veins comprises quartz with minor feldspar
and mica microcrystallites, and interstitial SiO2 glass. Coesite is restricted to
the shock veins and does not occur in the bulk of the metaquartzite more than
10 microns into the vein walls. Coesite occurs as squat, poorly-shaped
crystals, typically 2 × 2 microns in size, but can be larger and more
rectangular in shape (e.g., 2 × 4 microns). Coesite forms individual jig-saw
shapes distributed throughout certain clasts, with quartz in between. Coesite
also occurs in clusters and aggregates in quartz grains at vein wall margins.
Coesite occupies <5% of the shock vein area. Stishovite is less common than
coesite and occurs within, and at the boundaries of, SiO2 clasts. It forms
acicular needles up to 10 microns long and 0.5 micron wide that radiate from
clast margins and vein walls. Stishovite occupies <0.5% of the shock vein
area. 

Discussion: The distribution and mutual relations of SiO2 polymorphs
reveal a specific sequence of events. First, the spatial restriction of coesite
indicates that the vein systems were subject to shock amplification, perhaps
through shock wave trapping and reverberation. This transformed solid
quartz clasts and vein margins to coesite (>35 GPa: shock stages II and III
[2]). Second, approximately 60% of the coesite reverted to quartz to leave a
patchwork coesite-quartz intergrowth (<35 GPa: shock stage Ib and below
[2]). Third, stishovite needles then developed and overgrew both coesite and
quartz. The stishovite emanates from point sources along clast and vein
margins. The growth of stishovite after coesite reversion to quartz suggests
that a distinct shock pulse took place following reverberation and initial
relaxation (15–40 GPa: shock stages Ia through II [2]). The origin of the
point-source shocks is unclear, but may be related to cavitation processes
occurring between the still liquid matrix and solid clasts and vein walls.

References: [1] Martini J. E. J. 1978. Nature 272:715–717. [2] Stöffler
D. and Langenhorst F. 1994. Meteoritics 29:155–181.
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OXYGEN- AND MG-ISOTOPE COMPOSITIONS OF CAIS FROM
RUMURUTI (R) CHONDRITES 
S. S. Rout1, A. Bischoff1, K. Nagashima2, A. N. Krot2, G. R. Huss2, and K.
Keil2. 1Institut für Planetologie, Westfälische Wilhelms-Universität Münster,
Wilhelm-Klemm-Strasse 10, 48149 Münster, Germany. E-mail:
suryarout@uni-muenster.de. 2HIGP/SOEST, University of Hawaii at Manoa,
1680 East-West Road, Honolulu, HI 96822, USA.

Introduction: We have recently characterized the mineralogy and
petrography of ~100 CAIs from ~20 R chondrites [1]. Here we report O-
isotope compositions of ten R CAIs and Mg-isotope composition of three
hibonite-bearing CAIs: H030 (Hughes 030), 2446D/2L (NWA 2446), and
1476/124 (NWA 1476), and one spinel-plagioclase-rich CAI, 753C/51 (NWA
753), measured in situ using the UH Cameca ims-1280 ion microprobe. 

Results: On a three-isotope diagram, δ17O versus δ18O, compositions
of individual minerals in most R chondrite CAIs fall along a slope-1 line.
Based on variations of ∆17O values within individual inclusions, the R
chondrite CAIs are divided into (i) 16O-rich (∆17O ~−23‰ to −26‰), (ii)
uniformly 16O-depleted (∆17O ~−2‰), (iii) isotopically heterogeneous (∆17O
ranges from −25‰ to +5‰) inclusions. H030/L has an intermediate ∆17O
value of −12‰ and a highly-fractionated composition (δ18O ~+47‰). This
CAI, also studied earlier [2], shows an excess of δ26Mg* corresponding to an
initial 26Al/27Al ratio of ~7 × 10−7. Three other CAIs measured show no
resolvable excess of δ 26Mg*.

Discussion: We infer that like most CAIs in other chondrite groups [3],
the R chondrite CAIs formed in an 16O-rich gaseous reservoir. The uniformly
16O-depleted and isotopically heterogeneous CAIs subsequently experienced
O-isotope exchange during remelting in an 16O-depleted nebular gas [4],
possibly during R chondrite chondrule formation, and/or during fluid-
assisted thermal metamorphism [5] on the R chondrite parent body. One of
the spinel-pyroxene-bearing CAIs, Dfr/53, shows an extreme O-isotope
heterogeneity (∆17O ranges from −25‰ to +5‰); ∆17O value of its fassaite
(~+5‰) is similar to the R chondrite chondrule compositions suggesting that
fassaite could have been melted during the R chondrite chondrule formation
event. CAI H030/L is characterized by highly-fractionated oxygen, indicative
of extensive melt evaporation, and by low initial 26Al/27Al ratio. The similar
characteristics are found in several HAL-like CAIs [6−8]. The absence of
resolvable δ26Mg* in the CAI 753C/51, from a metamorphosed R chondrite
NWA 753(3.9), could have resulted from metamorphic resetting of 26Al-
26Mg systematics. The lack of δ26Mg* in two hibonite-bearing CAIs, which
are from R chondrites experienced minor degrees of thermal metamorphism,
could indicate that these inclusions formed from precursors with a lower than
the canonical 26Al/27Al ratio [9]. 

References: [1] Rout S. S. and Bischoff A. 2008. Meteoritics &
Planetary Science 43:1439–1464. [2] Bischoff A. and Srinivasan G. 2003.
Meteoritics & Planetary Science 38:5–12. [3] Yurimoto H. et al. 2008. In
Oxygen in the solar system. pp. 141–186. [4] Krot A. N. et al. 2005. The
Astrophysical Journal 622:1333–1342. [5] Krot A. N. et al. 2007.
Geochimica et Cosmochimica Acta 71:4342–4364. [6] Lee T. et al. 1979. The
Astrophysical Journal 228:L93–L98. [7] Hinton R. W. and Bischoff A. 1984.
Nature 308:169–172. [8] Ireland T. R. 1992. Geochimica et Cosmochimica
Acta 56:2503−2520. [9] MacPherson et al. 1995. Meteoritics 30:365–386.
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CORRELATED ε64NI AND ε62NI IN BULK METEORITE ANALYSES 
R. C. J. Steele1*, T. Elliott1, C. D. Coath1, M. Regelous2. 1Bristol Isotope
Group, Dept. Earth Sciences, University of Bristol, UK.
*r.steele@bristol.ac.uk. 2GeoZentrum Nordbayern, Universität Erlangen-
Nürnberg.

Variability of neutron rich isotopes in meteorites can yield information
about early solar system processes, and the nucleosynthetic sources the
accreted to form the solar system. Excesses of neutron rich nuclides in bulk
meteorite analyses of iron peak elements were initially reported for Ti [1, 2]
and later augmented by similar observations for Cr [3]. This early work has
been supported by several subsequent studies using different procedures [4,
5, 6]. Thus, excesses of the neutron rich nuclides of Ni might also be
anticipated, but contrasting results have been reported by different groups
working on similar meteorites. Notably, some workers have argued for a
range in ε62Ni between ordinary and carbonaceous chondrites [7, 8], albeit of
different magnitudes, whereas other studies have suggested there is no
resolvable mass-independent variability in ε62Ni [9, 10, 11]. However, a
common conclusion of all studies is that any mass-independent variability of
Ni isotopes in bulk samples is small (<1ε), so detection of these anomalies
requires high precision analyses and careful control on accuracy. 

This debate can be further explored using 64Ni, the most neutron rich
stable Ni isotope. From theory and earlier measurements on CAIs it is
expected that ε64Νi should exhibit larger anomalies than ε62Ni [12], and that
the two parameters should be correlated.  However, even with the potentially
larger variations of ε64Ni, its measurement remains problematic owing to the
presence of the isobaric 64Zn interference.

Here we present advances in Ni isotope analysis, building on the work
of Regelous et al. [7], in both the chemical separation, with a dramatically
reduced Zn blank, and the MC-ICP-MS procedures. This enables us to
measure ε64Ni with a reproducibility ~±20 ppm 2 s.d. and re-examine our
earlier ε62Ni measurements.  The new measurements of a range of chondrites
and irons reaffirm our published ε62Ni data and, moreover, show that they are
positively correlated with ε64Ni. We document a range of ~100 ppm in ε64Ni
for the samples analysed to date. Given the rather different controls on the
accuracy of ε62Ni and ε64Ni their correlation provides strong support for the
robustness of our observations and thus further evidence for significant
variability in the neutron rich nuclides of iron peak nuclides in bulk solar
system materials.

References: [1] Niederer et al. 1985. 49, 835–851. [2] Niemeyer et al.
1985. GRL 12 733–736 [3] Rotaru 1992. Nature 358, 465–470. [4] Leya et al.
2008. Earth Planet. Sci. Lett. 266, 233–244. [5] Trinquier et al. 2007. APJ
655 1179–1185. [6] Trinquier et al. 2009. Science 324, 374–376. [7]
Regelous et al. 2008. EPSL, 212 330–338. [8] Bizzarro et al. 2007. Science
316, 1178–1181. [9] Cook, et al. Analytical Chemistry 2006. 78 8477–8484.
[10] Chen, et al. 2009. Geochim et Cosmochim Acta 73, 1461–1471. [11]
Dauphas et al. 2008. APJ 686, 560–569. [12] Birck and Lugmair 1988. EPSL
90 131–143.
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BREAKUP, SORTING, MIXING, AND MELTING OF COMETARY
DUST DURING CAPTURE BY STARDUST 
Thomas Stephan. Chicago Center for Cosmochemistry and Dept. of the
Geophysical Sciences, University of Chicago, 5734 S Ellis Ave, Chicago, IL
60637, USA. E-mail: tstephan@uchicago.edu.

Introduction: Dust from comet Wild 2 was collected at a velocity of
6.1 km/s by the Stardust spacecraft using low-density silica aerogel [1].
During deceleration, dust particles fragmented, mixed with aerogel, and were
thermally modified, often melted. In order to disentangle the properties of
impacting cometary particles from those caused by the capture process, Wild
2 material from various locations along the aerogel tracks was analyzed.

Samples and Analytical Technique: Altogether, sections of 16
cometary fragments from seven Stardust tracks (Tracks 2, 25, 32, 35, 44, 69,
77) were studied using TOF-SIMS. Six fragments represent terminal particles
from the very end of slender tracks or slender parts of tracks. Three fragments
are from bulbous parts of tracks, two are from the slender parts leading to
track termini. Five fragments can be described as quasi-terminal particles,
since they were found at the termini of tiny sidetracks.

Elemental distributions in particle sections were investigated by TOF-
SIMS at a lateral resolution of ~0.3 µm. Element ratios were determined for
bulk samples as well as for selected regions within the sections using
established techniques [2, 3].

Results: The TOF-SIMS results clearly demonstrate that cometary
matter extracted from along the tracks is heavily mixed with aerogel, as can
be inferred from Si/Mg-ratios up to 64. While two terminal particles also
showed high Si/Mg-ratios from aerogel admixture, four other terminal
particles are mostly aerogel-free in their interior. From their elemental
composition, they can be identified as being dominated by Mg-rich pyroxene
(En95 and En96) and olivine (Fo87) as well as Ca-Al-Mg silicates. These
particles are mostly crystalline and compact, whereas the fragments with high
Si/Mg-ratios are typically amorphous, probably melted and mixed with
melted aerogel during impact [4]. Quasi-terminal particles have chemical and
textural properties intermediate between terminal particles and material from
track bulbs. They often show some slight enrichment of SiO2 from aerogel,
but are also mostly compact.

The fragments extracted from along the tracks have close to CI
carbonaceous chondritic chemical composition, whereas individual terminal
particles that often consist of single or only a few minerals show large
deviations from CI. An almost exact match with CI was found for fine-
grained material within tracks [5].

Conclusions: The results corroborate earlier suggestions that Wild 2
particles consist of a mixture of mono- and multi-mineralic grains, embedded
in a fine-grained, porous matrix [6]. During their encounter with Stardust
aerogel, the matrix, which probably represents the greater part of Wild 2
material, was stripped from the larger mineral grains, melted and mixed with
aerogel, and was deposited along the track walls. Grains that are more
compact survived as terminal or quasi-terminal particles.

References: [1] Brownlee D. et al. 2006. Science 314:1711–1716. [2]
Stephan T. et al. 2008. Meteoritics & Planetary Science 43:285–298. [3]
Stephan T. 2001. Planetary and Space Science 49:859–906. [4] van der
Bogert C. H. et al. 2009. Abstract #2404. 40th LPSC. [5] Stephan T. et al.
2008. Meteoritics & Planetary Science 43:233–246. [6] Stephan T. and van
der Bogert C. H. 2008. Meteoritics & Planetary Science 43:A147.
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MINERALOGY AND PETROLOGY OF STARDUST PARTICLES
ENCASED IN THE AEROGEL OF TRACK 80
J. Stodolna, D. Jacob and H. Leroux. Laboratoire de Structure et Propriété de
l’Etat Solide UMR CNRS 8008 Université de Lille 1. E-mail:
julien.stodolna@ed.univ-lille1.fr.

Introduction: Stardust returned to Earth samples from comet Wild 2.
Until now most of the studies have been performed on terminal particles
located at the end of the deceleration tracks. However, synchrotron X-ray
fluorescence studies showed that a significant fraction of the cometary
material is unevenly distributed along the tracks [1–2]. Here we present
results of a transmission electron microscopy (TEM) investigation of a piece
of aerogel extracted from a track wall. 

Experiments: The piece of aerogel was extracted from the track 80.
The TEM samples have been prepared at the University of Washington by the
acrylic embedding method [3]. The aerogel has been compressed between
two glass slides, embedded in an acrylic resin, ultramicrotomed, and then
washed with chloroform to dissolve acrylic. This method avoids the biased
optical selection of particles and preserves the aerogel medium in which Wild
2 particles are encased. This configuration allows the study of small particles
which are hardly visible under the optical microscope and thus hardly
extractable separately. TEM results have been obtained using a Philips CM30
and a FEI G2-20 both equipped with Energy Dispersive X-ray Spectroscopy
(EDX) (see [4] for a full description of the analytical procedure).

Result and Discussion: The walls of track 80 contain abundant Wild 2
material which consists of a mixture of amorphous and crystalline materials.
In accordance with the penetration depth of the particles in the aerogel, the
crystalline fraction is about 0.5 at the border of the wall to 0.85 deeper in the
aerogel, in good agreement with [5]. Furthermore, crystalline grain found
deeper in the aerogel are bigger (typically 2 µm) than those at the border
(<1 µm). 

 The amorphous components consist of a silica-rich glassy matrix
embedding a large number of small Fe-Ni-S inclusions and vesicles. This is a
clear evidence of thermal-induced modification due to the heating that
occurred during the particle deceleration stage [6]. The average composition
of these components is close to CI. Concerning the crystalline particles,
various phases are detected: pigeonite and enstatite showing some
microstructural defects comparable to those observed in terminal particles
[7], olivine with a large composition range (Fo40–Fo95), cristobalite,
magnetite and apatite. The two last suggest a hydrous alteration signature. 

Our study suggests an initial aggregate of crystalline grains having
different origins sticked together by a fine-grained material with an average
composition close to CI. The latter strongly suffered thermal alteration and is
found fully melted and mixed with molten aerogel. On the opposite, the
bigger crystalline grains have been partially preserved.

References: [1]  Ishii H. A. et al. 2008. Meteoritics & Planetary
Science  43:215–231. [2] Lanzirotti A. et al. 2008. Meteoritics. & Planetary
Science 43:187–213. [3] Matrajt G. and Brownlee D. E. 2006. Meteoritics &
Planetary Science 41:1715–1720. [4] Leroux H. et al. 2008. Meteoritics &
Planetary Science 43:97–120. [5] Westphal A. J et al. 2009. The
Astrophysical Journal 694:18–28. [6] Leroux H. et al. 2009. Geochimica et
Cosmochimica Acta 73:767–777. [7] Jacob D. et al. 2008. Abstract #1684.
39th LPSC.
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VARIATIONS IN POROSITY AMONG MULTIPLE SAMPLES OF A
SINGLE METEORITE 
M. M. Strait1 and G. J. Consolmagno, S. J.2. 1Alma College, Alma, MI 48801.
E–mail: straitm@alma.edu. 2Specola Vaticana, V-00120, Vatican City State. 

Introduction: Porosity is a fundamental physical property of
meteorites that can be used to infer a number of factors in the history of
meteorites and their parent bodies. We have been measuring the porosity of
meteorites for a number of years by imaging thin sections using backscatter
scanning electron microscopy and measuring porosity by counting pixels
with a computer measurement [1]. eteorites are not necessarily homogeneous
from one thin section to another [2], and even in hand samples one sometimes
sees significant inhomogeneity in porosity among different samples of the
same fall [3]. Since a thin section is usually represented by only a few dozen
images, any variations in porosity could cause significant variations in the
point-counting results depending on where the images were taken across the
surface of the thin section. By evaluating the  porosity in different thin
sections from the same meteorite, we should be able to determine how
uniform the porosity is across the sample. This, in turn, can further speak to
the nature of the processes that produced the porosity in the first place.

We have chosen a sample to begin evaluating this question that is
represented by four thin sections cut from the same hand sample. Buck
Mountain Wash is a genomict breccia (H3–5) that contains three chondritic
lithologies:  a main lithology which is primarily type 5, and two shock
blackened lithologies [4]. Two of the thin sections are cut in the main
lithology and are facing, parallel samples (BMW-7A and BMW-7B).  The
other two thin sections represent parts of a longitudinal slice that samples the
other two lithologies and the contacts between the three lithologies (BMW-3
and BMW-4).  Only the three thin sections with the main lithology present
were evaluated for this study.

Results:  Approximately 50 images were acquired on each thin section.
The average porosity is the same within the error for the three samples of the
main lithology:  BMW-4 (2.7 + 0.5%), BMW-7A (3.0 + 0.4%) and BMW-7B
(2.9 + 0.4%). The three samples also have a similar range in values amongst
the images:  BMW-4 (1.7–3.8%), BMW-7A (2.5–3.8%) and BMW-7B (2.1–
3.8%).  The porosity is on the low end of the range exhibited by the typical
ordinary chondrite, but the sample is a find and has extensive weathering of
the opaque phases.

Similar to the findings in Knyahinya [2], where the thin section was
completely imaged and found to have a slight variation (~1%) between one
end of the sample and the other, we find that the porosity between different
thin sections of the same hand sample is similar, with a variation less than 1%
between sections.

This study will be extended to look at thin sections from the same
meteorite that are prepared in different labs and from different hand samples.
In addition, the variations caused by the shock darkening of the different
lithologies in Buck Mountain Wash will also be evaluated.

References: [1] Strait M. M. et al. 1996. 27th LPSC. pp. 1285–1286. [2]
Strait M. M. and Consolmagno G. J.  2001. Meteoritics & Planetary Science
36:A199. [3] Consolmagno G. J. and Britt D. T. 1998. Meteoritics &
Planetary Science 33:1231–1242. [4]  Hutson M. et al. 2007. Meteoritics &
Planetary Science 42:963–978.
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CORRELATED MICROANALYSIS OF CARBONACEOUS
NANOGLOBULES
R. M. Stroud1, C. M. O’D. Alexander2, G. D. Cody2, B. T. De Gregorio1, A.
L. D. Kilcoyne3, L. R. Nittler2, T. J. Zega1 1Materials Science and
Technology Division, Naval Research Laboratory, Washington, DC 20375,
USA. 2Carnegie Institution of Washington, Washington, DC 20015, USA.
3Chemical Science Division, Lawrence Berkeley National Laboratory,
Berkeley, CA 94720, USA.

Introduction: Recent work has shown that sub-micron carbonaceous
spheres (“nanoglobules”) constitute a microstructurally distinct, ubiquitous
form of extraterrestrial organic carbon.  Nanoglobules have been reported to
occur in the insoluble organic matter (IOM) of carbonaceous chondrites, in
the matrices of primitive chondrites, in interplanetary dust particles and in
Wild 2 samples [1–4]. Nanoglobules are carriers of D and/or 15N enrichments
relative to bulk IOM and are often identified as components of isotopic
“hotspots” [5]. To better understand the origin and processing histories of the
nanoglobules we are conducting spatially correlated studies of meteoritic and
cometary organic matter, to characterize the same sub-micron samples for
their molecular chemistry, morphology, structure and isotopic compositions. 

Results: We have now performed transmission electron microscopy
(TEM) and X-ray absorption near-edge structure spectroscopy (XANES),
and secondary ion mass spectrometry. (SIMS) isotopic characterization on
two globules identified in Wild 2 samples, and TEM and XANES on several
globules and surrounding non-globule IOM in the residues of six primitive
chondrites. The two Wild 2 globules are distinct in both molecular chemistry
and isotopic composition [4].

Preliminary results on meteoritic globules indicate that in a given
meteorite, the majority of globules and bulk IOM exhibit similar C-XANES
spectra, although the globules appear to exhibit slightly enhanced C-O
bonding (e.g., carboxyl and vinyl-keto groups). Some globules with unusual
spectra are also observed, e.g., purely aromatic C. The enhanced C-O
bonding and aromatic signatures could result from radiation damage during
electron beam analysis or preaccretionary radiation processing. Evidence for
preaccretionary, rather than laboratory processing, comes from analysis of
two spatially co-located globules in an IOM residue of Murchison. These
globules, which experienced identical low dose electron imaging conditions
prior to C-XANES analysis, show very different spectra: one typical of
Murchison IOM and one graphite-like. Post-XANES high-resolution TEM
imaging confirmed that the highly aromatic globule was in fact an amorphous
hollow globule and not a graphite grain; no evidence of long-range graphitic
order was observed.  We have also observed globules with graphitic C-
XANES signatures in Bells IOM that exhibit no signature of crystalline
graphite in TEM analyses. Isotopic measurements of the meteoritic globules
are in progress. 

References: [1] Garvie and Buseck 2006. Meteoritics & Planetary
Science 41:633–642. [2] Nakamura-Messenger et al. 2006. Science 314:
1439–1442. [3] Messenger et al. 2008. LPSC XXXIX, Abstract #2391. [4]
De Gregorio et al. 2009. LPSC XL, Abstract #1130. [5] Busemann et al.
2006. Science 312:727–730. 
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PUBLIC OUTREACH OF IMPACT RESEARCH: THE RIES EVENT 
D. Stöffler1. 1Museum für Naturkunde, Invalidenstrasse 43, D-10115 Berlin,
Germany.

Introduction: The secrets and the exploration of planet Earth’s cosmic
neighborhood have been of prime interest to human beings at all times.
Alexander von Humboldt, an early pioneer of the public outreach of
planetary science, has perfectly expressed the reasons for the fascination of
the “cosmos” in general and of “meteorite objects” falling on Earth in
particular. This certainly holds also for sites of hypervelocity collisions of the
Earth. Public outreach on these topics provides an important feed-back to
impact research and its public support. 

Past Efforts and Achievements. There are only a few sites worldwide
that have made it so far into the top list of natural landmarks fully supported
by local or regional authorities and made attractive for tourism and focused
geotourism. A pioneering site is the Barringer crater in Arizona. Substantial
efforts were made at some craters in Europe [1] and Africa [2, 3]. Vredefort
is the only site listed in UNESCO’s World Heritage Sites.

Elements of Public Outreach at Impact Sites: Public outreach
programs can be and have been established by private, national, and
international organizations. They include permanent information/education
centers (museums, visitor centers, self-guided round-trips), print and other
media on a popular science level, and temporary educational events
(lecturing, guided tours, special celebrations). The organizational structure is
to be provided by local administrations (city, county, state) eventually
supported by national or international agencies (geoparks or world heritage
sites as defined and supported by UNESCO).

The Case of the Ries-Steinheim-Moldavite Event: The Ries and
Steinheim twin craters and their tektite (moldavite) strewn field known as
unique geological sites since about 200 years provide a perfect study case of
the requirements and benefits of public outreaching and its effects on (1) the
local (economic) situation, e.g., geotourism, in a densely populated region of
rich cultural heritage, (2) positive feed-backs in support of improved
research, and (3) geoconservation [3]. At both craters very successful
museums are operating since some 20 years, and both sites have been
recently declared “National Geoparks” [5, 6]. 

Conclusions and Recommendations: We recognize that a very
devoted and patient promotion by individuals or groups of impact researchers
is required to initiate the public outreach at their “home” crater. Local
communities or counties are not active if not ignorant unless pressure is put
on them by impatient scientists with international reputation. Substantial
effects on the economy and general visibility of the regions in question were
achieved by this strategy. More impact sites need to be publicized and
eventually be promoted as candidates for national geoparks or world heritage
sites. The Ries-Steinheim-moldavite triplet is only one but a convincing
candidate for the latter.

References:  [1] Stöffler D. et al. 2008. In: Abstracts of the 3rd Int.
UNESCO Conf. on Geoparks, Osnabrück, Germany.  [2] Reimold W. U. et al.
2006. In: R. Dowling and D. Newsome (eds.), Geotourism, 3, Butterworth-
Heinemann, Oxford, UK, pp. 42–62.  [3] Reimold W. U. 1999. J. African
Earth Sci. 29:469–483. [4] http://whc.unesco.org/en/list/1162. [5] http://
www.geopark-alb.de; http://www.geopark-ries.de. [6] Pösges G. et al. 2008.
Schriftenreihe der DGG 56:167–173. 
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SOLVING THE PARENT BODIES OF MICROMETEORITES WITH
HIGH-PRECISION OXYGEN ISOTOPE RATIOS 
C. Suavet1, A. Alexandre1, I. A. Franchi2, J. Gattacceca1, C. Sonzogni1, R. C.
Greenwood2, L. Folco3 and P. Rochette1, 1CEREGE, Aix-Marseille
Université, CNRS, France. Email: suavet@cerege.fr. 2PSSRI, Open
University, United Kingdom. 3Museo Nazionale dell’Antartide, Università di
Siena, Italy.

Introduction: Previous petrographic and ion probe studies [1] have
concluded that 99% of small (150–250 µm) micrometeorites should come
from carbonaceous, possibly cometary parent bodies. We measured oxygen
isotope ratios of 33 large (>500 µm) silicate type cosmic spherules (CS) from
the Transantarctic Mountains collection [2] with different textures (23 barred
olivine (BO), 3 porphyritic olivine (PO) and 7 glassy) using IR-laser
fluorination/mass spectrometry.

Results: As CS melt during atmospheric entry, their oxygen isotopic
composition is a mixture between primary extraterrestrial components and
high altitude atmosphere interaction. Most BO CS (16/23) have ∆17O ≈ −3 to
−5‰ and δ18O in the 10–30‰ range, which could correspond to the
atmospheric contamination of a parent material with ratios on the
carbonaceous chondrite anhydrous minerals line, e.g., typical of CO/CV
carbonaceous chondrites. Five BO CS and 2 glassy CS  have ∆17O around
−1‰ and δ18O in the 15–35‰ range, which could correspond to atmospheric
contamination of hydrothermally processed carbonaceous material, e.g., CM/
CR parent material. Two BO, all 3 PO, and 3 glassy CS have ∆17O ≈ 0.4 to
0.8‰ and δ18O in the 10–20‰ range, which could correspond to atmospheric
contamination of ordinary chondrite parent material. It is the first time that
any evidence has been uncovered for ordinary chondrite parent material for
CS. Two glassy CS have ∆17O ≈ +1.8‰ and δ18O  41‰. The only known
parent material could be an R chondrite, or the high ∆17O component
observed in the magnetites [3] and the mesostasis of unequilibrated ordinary
chondrites [4].

Conclusions: Our finding of  30% of spherules above the terrestrial
fractionation line (TFL), while previous studies by ion probe found none [1,
5] (or 6% [6]), may be related to the lower precision of the ion probe, and/or
to a higher proportion of ordinary chondrite related material in our large
(>500 µm) spherules, that may show an intermediate proportion between
meteorites (80% above TFL) and small micrometeorites (0–6% above TFL).

References: [1] Engrand C., Maurette M. 1998. Meteoritics &
Planetary Science 33:565–580. [2] Rochette P., Folco L., Suavet C., van
Ginneken M., Gattacceca J., Perchiazzi N., Braucher R., and Harvey R. P.
2008. Proc. Natl. Acad. Sci. 105:18206–18211. [3] Choi B. G., McKeegan
K. D., Krot A. N., Wasson J. T. 1998. Nature 392:577–579.  [4] Franchi I. A.,
Baker L., Bridges J. C., Wright I. P., Pillinger C. T. 2000. Phil. Trans. Royal
Soc. A 359:2019–2034. [5] Matrajt G., Guan Y., Leshin L., Taylor S., Genge
M., Joswiak D., Brownlee D. 2006. 70:4007–4018. [6] Yada T., Nakamura T.,
Noguchi T., Matsumoto N., Kusakabe M., Hiyagon H., Ushikubo T., Sugiura
N., Kojima H., Takaoka N. 2005. 69:5789–5804.
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A PRELIMINARY STUDY ON 55MN/52CR RELATIVE SENSITIVITY
FOR A SYNTHETIC CALCITE: IMPLICATIONS 
N. Sugiura1, K. Ichimura1, W. Fujiya1, N. Takahata2 and Y. Sano2

1Department of Earth and Planet. Sci., Univ. of Tokyo, Japan. E-mail:
Sugiura@eps.s.u-tokyo.ac.jp. 2Ocean Research Institute, Univ. of Tokyo.

Introduction: Mn-Cr isochron ages obtained by secondary ion mass
spectrometry (SIMS) have been reported for many carbonates in
carbonaceous chondrites. The ages range over 10 Ma and the oldest ones are
as old as CAIs if the Mn-Cr ages are anchored to the absolute age of the LEW
86010 angrite. However, the Mn/Cr relative sensitivity factor (RSF) which is
needed for calculating isochron ages have not been well established. The only
reported RSF for carbonates was ~1.1 with an uncertainty of 30% [1]. Here
we report a Mn/Cr RSF for a synthetic calcite. Technical details on the
production of carbonate and SIMS measurement are given in [2].

Results: The results are summarized as follows. Mn/Cr RSF is time
dependent (depth dependent). It is initially 0.7~0.8 and approaches a nearly
constant value of 0.5~0.6 after ~20 minutes. Some cautionary notes are due
here. (1) The RSF was obtained for NanoSIMS 50 under the measurement
conditions described in [2]. It could be different for other ion probes and
could be different even for NanoSIMS 50 under different measurement
conditions. (2) Our measurements started after 5 min of pre-sputtering. If
measurements were started earlier, RSF at the start of the measurement is
higher. (3) Since RSF seems to be depth dependent, RSF are expected to be
dependent on a primary beam density. If a beam density is smaller, RSF
would be initially higher and stays high for a longer time. (4) Most carbonates
used for Mn-Cr dating are dolomite rather than calcite. RSF for dolomite may
be different from that for calcite.

Discussion: In previous studies [e.g., 3], RSF for silicates (~1.1) were
often used as a proxy. Compared with such a value, the RSF for the synthetic
calcite is nearly 1/2 after 20 minutes. This means that previously reported
Mn-Cr ages could be younger by as much as ~3.7 Ma. Some of the previously
reported Mn-Cr ages of carbonates (e.g.,Y791198 [4]) were as old as that of
CAIs. Such an old age was problematic because a parent body in which such
a carbonate formed would be completely molten by the energy provided by
decay of 26Al. Adopting the RSF obtained here, such a difficulty can be
avoided.

Previously, it was argued that even if the absolute Mn-Cr ages were
incorrect due to incorrectly chosen RSF, a time span between two carbonate
ages must be correct because RSF is expected to be the same for two
carbonates. This is no longer valid because RSF seems to be depth dependent.
In order for a time span between two carbonate ages to be calculated, one has
to make sure that two measurements are made under exactly the same
condition. But quantitatively, errors due to incorrect choice of RSF is rather
small; 1~2 Ma. Therefore, carbonate formation in carbonaceous chondrites
parent bodies seems to have continued for more than 10 Ma [4], which is
rather difficult to explain unless the parent bodies were very large.

References: [1] Hoppe P. et al. 2007. Meteoritics & Planetary Science
42:1309–1320. [2] Fujiya et al. 2009. Meteoritics & Planetary Science, this
volume. [3] Tyra M.A. et al. 2009. Abstract # 2474. 40th LPSC. [4] Brearley
A. J. et al. 2001. Abstract #1458. 32 nd LPSC. 
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KINETIC CONDENSATION OF MAGNESIAN SILICATES IN
REDUCING AND OXIDIZING CONDITIONS 
S. Tachibana1, H. Nagahara1 and K. Ozawa1. 1Department of Earth and
Planetary Science, University of Tokyo, 7-3-1 Hongo, Tokyo 113-0033,
Japan. E-mail: tachi@eps.s.u-tokyo.ac.jp.

Introduction: Magnesian silicates are dominant constituents of dust
particles in the solar system and protoplanetary disks, and around evolved
stars.  The sizes, shapes, compositions, and crystallinities of magnesian
silicates should depend on their formation conditions and histories, and it is
therefore important to understand formation processes of magnesian dust
particles under plausible circumstellar conditions.  Understanding of kinetics
of dust formation processes is essential because dust formation in
circumstellar environments is likely to occur under non-equilibrium
conditions. 

Experiments: In order to simulate formation of magnesian silicate dust
in space, we have carried out condensation experiments in the Mg-Si-O
system using infrared vacuum furnace [e.g., 1], where a gas source of
forsterite has been heated in a graphite crucible.  However, the graphite
capsule used as a light absorber may make a reducing condition in the
furnace, and may be the cause of formation of molybdenum silicide on the Mo
substrate. 

In this study, we carried out condensation experiments of magnesian
silicates under the same experimental conditions to the previous study [1]
except for using forsterite put in an iridium crucible as a gas source.  The
heating temperature of the gas-source forsterite was ~1850 K, and the
condensation temperatures ranged from 1420 to 800 K depending on the
interval between the gas source and the Mo substrate.  The typical
experimental duration was ~20 hours.

Results and Discussion: No condensates were found at 1400, 1330,
and 1260 K. Magnesium silicates of 10–100 nm in diameter condensed at
1190 K. They formed at lower temperatures as well (1060, 1000, 940, and
800 K). Condensates were too small for EBSD analyses; crystallinities of
condensates have not yet been determined.

In the present experiments using the iridium crucible, no molybdenum
silicide was found and magnesium silicates formed 1190 K, while
molybdenum silicide formed at a similar temperature (1130 K) in the
previous experiments using a graphite capsule.  Such a difference of
condensates clearly shows that the graphite capsule worked as a reducing
agent in the previous experiments, and that evaporation of silicon as
monatomic Si may have resulted in formation of Mo silicide as condensates.

Condensates formed in the present study are different from those
formed in previous condensation experiments [2, 3], where crystalline
forsterite easily formed at higher temperatures.  Differences in fluxes of
condensing gas species and their motion in the furnace may cause the
difference in crystallinity of condensates, i.e., smaller incoming fluxes of Mg,
SiO, and O onto the substrate and rare encounter of adsorbed atoms
(molecules) may prevent nucleation of magnesian silicates at high
temperatures with low supersaturation in the present experiments.

References: [1] Tachibana et al. 2008. Meteoritics & Planetary Science
43:A5270. [2] Nagahara H. et al. 1988. Nature 331:516. [3] Tsuchiyama A.
1998. Mineral J. 20:50–89. 
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METEORITES OF THE NORTH CAROLINA MUSEUM OF
NATURAL SCIENCES: RE-EXAMINATION AND
RECLASSIFICATION 
R. C. Tacker1, S. Singletary2 and D. Lawver1. 1North Carolina Museum of
Natural Sciences, Raleigh, NC, 27603. 2Fayetteville State University,
Fayetteville, NC, 28301.

Introduction: The North Carolina Museum of Natural Sciences
(NCMNS) is located in Raleigh, NC and houses a wide variety of exhibits,
collections and research programs related to the Natural Sciences. A group of
fourteen meteorites comprise part of the Museum’s holdings. All of the
meteorites were found or observed to fall in NC. Several specimens are on
display in the museum and all are available for research. Here we present the
results of a collaboration with faculty at Fayetteville State University (FSU)
to re-examine (and if necessary, reclassify) the NCMNS meteorite collection.

History: The Geology Collection began with the collections of the
North Carolina Geological Survey, which predates the Museum’s founding in
1879. Samples have been added sporadically by purchase, trade and/or
collection, principally by former Curator Harry Davis. The last effort to
classify and curate these is unknown due to a twenty-three year hiatus
between curators. Currently, the Collection is curated by Dr. Chris Tacker
who is overseeing this re-examination of the meteorite collection as part of an
effort to reinvigorate and showcase astromaterials research in North Carolina.

The Collection: The collection contains fourteen specimens with
several notable members.  The collection contains six stony meteorites, and
eight iron meteorites. The jewel of the collection is the Moore County Eucrite
while the largest is the 75 kg Uwharrie iron. Five meteorites are on permanent
display in the Museum: Uwharrie, Farmville, Moore County, Rich Mountain
and Deep Springs meteorites.

Specific problems are apparent. A meteorite listed in Museum records
as “McDowell County” (found May 1921) may be the same meteorite as
Wood’s Mountain (found 1918); “McDowell County” is given as a synonym
in the Catalogue of Meteorites. The Deep Springs meteorite is an ungrouped
iron and several iron meteorites are listed only as NiFe bearing in the
museums records. 

5062
TRACING AND MAPPING THE EXTRATERRESTRIAL
CONTAMINATION IN IMPACTITES WITH PORTABLE µ-XRF
INSTRUMENTS: POTENTIALS AND REAL TIME FIELD TESTING
AT ROCHECHOUART
R. Tagle1 and P. Lambert2. 1Bruker AXS Microanalysis, E-mail:
Roald.Tagle@bruker-axs.de. 2Sciences and Applications, 85 Ave Kennedy,
33700 Bordeaux-Merignac-France. 

The first reports on projectile contamination at large terrestrial impact
structure came from the recognition of anomalous high Ni concentration in
impactites compared to the target rocks [e.g., 1 and 2]. Those were later
completed by PGEs, or Cr- and Os-isotopes data allowing the identification
of the projectile component [e.g., 3 and 4]. 

We have tested of the newest generation of portable µ-XRF handheld
spectrometer Tracer TurboSD manufactured by Bruker and its potentials for
field measurement of Ni and Cr in impactites. Several well studied impact
rock samples from Popigai, Lockne, Lappajärvi, Lake Mistastin,
Rochechouart and Sääksjärvi were used for laboratory tests. A measuring
time of 60 s was found to be sufficient to detect the presence of Ni down to
~10 ppm, a value significantly lower than the average composition of the
continental crust ~60 ppm [6]. The reproducibly was better than 20%, despite
the small size of the measured spot of 5 mm in diameter. No significant
effects due to roughness of the surface were observed. A comparison between
impactites and target rocks and a mapping of the projectile contamination
within selected suevites, impact melt rocks and fine-grained impactites will
be presented as part of a full benchmarking and field testing experiment at
Rochechouart. The measurements will be performed in real time during the
2009 MetSoc pre-conference field trip. Data will be evaluated and discussed
both in the field and at the conference as part of the testing experiment.

Conclusion: The new µ-XRF instruments are confirmed as powerful
tools for fast in situ geochemical characterization of rocks and geo-materials,
for example the potential for tracking and mapping extraterrestrial
contamination at impact craters. The high element sensitivity and easy
handling of these instruments are fundamental features for the geological
field work in general. 

References: [1] Lambert P. 1975. Meteoritics 10:433–436. [2]
Lambert  P. 1977. In Impact and explosion cratering, Roddy D. J. et al., eds.
Pergamon Press. pp. 449–460. [3] Tagle and Hecht 2006. Meteoritics &
Planetary Science 41:1721–1735. [4] Koeberl C. et al. 2007. EPSL 256:
534–546. [6] Wedepohl H. K. 1995. Geochimica et Cosmochimica Acta 59:
1217–1232. 
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LOW-CALCIUM PIGEONITE IN NORTHWEST AFRICA AND
ASUKA UREILITES WITH REFERENCE TO PLANETARY
PROCESSES 
Hiroshi Takeda1, A. Yamaguchi2, M. Otuki3 and T. Mikouchi1. 1Dept. of
Earth and Planetary Science, Univ. of Tokyo, Hongo, Tokyo 113-0033,
Japan. E-mail: takeda.hiroshi@it-chiba.ac.jp (Chiba Inst. of Technology).
2National Inst. of Polar Research, Tachikawa, Tokyo 190-8518, Japan,
3Ocean. Res. Inst., Univ. of Tokyo, 1-15-1 Minamidai, Nakano, Tokyo 164-
8639, Japan.

Introduction: The pyroxene polymorphic pairs found in the Antarctic
ureilites have been helping us to deduce their annealing temperatures and
cooling histories [e.g., 1–3]. Coexisting orthopyroxene (Opx) and pigeonite
(Pig) assemblages occur only in the magnesian group [3]. Low-Ca
clinopyroxenes with a chemical composition of Opx were also found in
ferroan diogenites [4]. We report mineralogy of two ureilites with such low-
Ca Pig in the Northwest Africa [5] and Asuka collections, and discuss their
formation conditions in terms of pyroxene mineralogy.

Samples and Experimental Methods: One PTS of Asuka ureilite (A-
881989) was obtained from NIPR and that of Northwest Africa (NWA) 4928
from National Sci. Museum in Tokyo (originally from Hori Mineralogy in
Tokyo) [5]. Our methods include an optical microscope and EPMA at Ocean
Res. Inst. (ORI) of Univ. of Tokyo and NIPR. Elemental distribution maps
were produced to obtain modal abundances of minerals.

Results: Textures and chemical compositions and the crystallographic
information of pyroxenes are given for each ureilite. 

 NWA 4928. One PTS of NWA 4928 consists of large to medium grains
of olivine (up to 1.8 × 1.5 mm in size, core Fo80−82) and pyroxene (1.1 ×
1.6 mm to 0.7 × 0.4 mm), with a ureilite-like texture with dark veins, and
many smaller grains (less than ~0.3 mm) in some parts of the PTS disturb the
crystalline texture. Modal abundances of minerals are: olivine 58 vol%, low-
Ca pyroxenes 20%, metal and others 23%. Some pyroxene grains show a
twin texture. X-ray diffraction study of a pyroxene crystal indicates the Pig
structure (Y. Nakamuta, KyuU) [5]. Ca mol. % of pyroxenes (Fs17Wo5Cr2O3 =
1.2 wt%) range from 5.2 to 5.6. 

 Asuka 881989. The PTS shows an aggregate mainly (~70%) composed
of elongated olivine grains (in longest dimension ~2 mm). Dark material
occurs interstitially. Olivine composition is Fo86.8–77.8 with a cluster around
Fo79–80. Pyroxene composition is Fs17.6–19.4Wo6.0–6.1, and is low in Ca. A
grain with lamellae texture shows some variations of Ca (Fs13.7Wo5.2 –
Fs13Wo14).

Discussion: If it were low-Ca pigeonite, its crystallization temperature
is very high [3]. Formation at high temperature facilitate escape of partial
melt by disequilibrium partial melting, and is in line with larger amounts of
olivine in these ureilites [6]. Such low-Ca pyroxenes were found in the
ureilite from asteroid 2008 TC3 [7] and Dingo Pup Donga.

References: [1] Takeda H. 1987. Earth & Planetary Science Letters 81:
358–370. [2] Takeda H. et al. 1989. Meteoritics 24:73–81. [3] Takeda H.
1989. Earth & Planetary Science Letters 93:181–194. [4] Yamaguchi A. et
al. 2009. Abstract #1547. 40th LPSC. [5] Weisberg M. K. et al. 2009.
Meteoritical Bulletin 95. p. 11. [6] Ikeda Y. and Prinz M. 2001. Meteoritics
& Planetary Science 36:481–499. [7] Jenniskens P. et al. 2009. Nature 458:
485–488.
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CONDENSATION ANISOTROPY OF CORUNDUM IN
CIRCUMSTELLAR DISKS 
A. Takigawa1, S. Tachibana1, and H. Nagahara1 1Department of Earth and
Planetary Science, University of Tokyo, 7-3-1 Hongo, 113-0033 Tokyo,
Japan. E-mail: takigawa@eps.s.u-tokyo.ac.jp.

Introduction: Equilibrium condensation models predict that corundum
(Al2O3) is one of the first condensates both in protoplanetary disks and
around evolved stars, and presolar corundum grains in chondrites [e.g., 1]
give a strong evidence of corundum formed by condensation. However,
because of the lack of experimental data (e.g., kinetics in condensation), the
formation conditions of circumstellar corundum are still poorly constrained.
An anisotropic crystal may have a specific morphology depending on the
anisotropy in formation processes and conditions, and the morphologies of
corundum grains in chondrites and those observed by infrared spectroscopy
might contain their formation conditions [e.g., 2].  In this study, we focus on
the morphology of corundum and conducted condensation experiments of
corundum. 

Experiments: Condensation experiments were conducted in a vacuum
chamber made of stainless steel with a tungsten mesh heater. The chamber
was evacuated using a rotary and a turbo molecular pump to high vacuum
(~10−4 Pa).  An alumina pipe (15 mm φ), put in the chamber as an evaporation
source, was heated at 1535°C for 240 hours and was quenched by turning off
the heater.  Gas evaporated from the pipe condensed on a molybdenum
substrate (20 × 20 mm2), which was placed at the top of the pipe. The
supersaturation ratio (S) of Al-bearing gas species at the surface of the substrate
was controlled by changing the gas-source temperature and the position of
the substrate.  

Results and Discussion: EDS analyses showed that all the condensates
had the chemical composition of Al2O3 and EBSD analyses showed that they
were corundum (α-alumina). Corundum condensed on the substrate inside
the pipe had whisker-like shapes elongating along the c-axis, while
hexagonal platy corundum flattened along the c-axis condensed on the
substrate outside the pipe.  Such a difference in shape of condensates clearly
shows the change of anisotropy in corundum condensation on the substrate
inside and outside the pipe.

The pressure of gases evaporated from corundum should be higher in
the inside of the pipe than the outside because of conductance of the pipe.
Therefore, S on the substrate was higher and lower inside and outside of the
pipe (Sin and Sout).  Sin is roughly evaluated to be <100–1000. Theoretical
studies of corundum condensation and the analytical study of corundum
grains in the chondrite matrix have shown that corundum grains condense
and grow at S of 10–100 in the cooling solar nebula [3, 4], which is
comparable with the estimated Sin in the present study and much lower than
those used in previous experiments [e.g., 5].  Thus, the present results can be
the analogue of condensation of corundum in protoplanetary disks, and imply
that corundum in circumstellar disks have different morphologies depending
on the condensation conditions. Difference of dust morphology can be
estimated from the observed infrared spectra, and thus, formation conditions
of corundum in circumstellar disks can be evaluated by combining
experimental results and infrared observations. 

References: [1] Stroud R. M. 2004. Science 305:1455. [2] Takigawa A.
et al. 2008. XXXIX LPSC, 1523. [3] Kozasa T. and Hasegawa H. 1987.
Progress of Theoretical Physics 77:1402. [4] Nakamura T. et al. 2007.
Meteoritics & Planetary Science 42:1249. [5] Toppani A. et al. 2006.
Geochimica et Cosmochimica Acta 70:5035.
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SELF-CONSISTENT GROWTH OF DECIMETER-SIZE DUST
AGGLOMERATES AND BEYOND 
J. Teiser1 and G. Wurm1. 1Institut für Planetologie, Wilhelm-Klemm-Str. 10,
D-48149 Münster, Germany. E-mail: j.teiser@uni-muenster.de.

Introduction: It is widely accepted that collisions between dust
agglomerates lead to growth of larger bodies in the early solar system.
Collision parameters change with evolving time and depend on the model for
the solar nebula.  For the first growth phase from µm to cm size (v <<1 m/s)
the growth process is well understood [1]. Eventually, collision velocities
reach values of up to 60 m/s. We modeled this regime in collision
experiments. A transition from slow to fast collisions occurs at decimeter size
but no data exist in this size range. This would be important as the outcome
of the following high speed collisions strongly depends on the make-up of the
growing decimeter bodies [1]. Therefore, we also carried out collision
experiments to determine the make-up of a decimeter body as key stone in the
growth sequence. 

Methods: For collisions between dm-size agglomerates (targets) and
small particles (1–10 mm) we developed an experiment using a crossbow as
projectile launcher [3]. An additional setup has been developed to determine
how a dm-body evolves if exposed to a large number (literally millions) of
small (~100 µm) particles impacting with ~8 m/s [4]. In this setup small
particles are accelerated by gravity.

Results: Decimeter dust aggregates do grow in the parameter range
studied. Dust agglomerates growing by multiple impacts of small particles
are highly compressed (volume filling of 31%). This is a higher compression
than possible by one-directional compression and close to values feasible by
local compression (33%). We observed direct sticking as well as sticking by
reaccretion due to gravity. Dm-size objects in protoplanetary disks are
exposed to a head wind and reaccretion by gas drag is of the same order as
gravity in the laboratory. High velocity experiments with compact targets
showed that projectile thickness is the critical parameter for further growth.
For increasing velocities projectiles have to be thinner to be accreted by the
target. In erosive collisions ejecta always are smaller than the original
projectile. 

Conclusions: The size range between several cm and several dm is
easily bridged by sticking collisions. Further collisions with larger projectiles
are then erosive but the mass loss of the target is of minor importance with
respect to the target size. Fragments ejected in erosive collisions are always
smaller than the original projectile. Ejected particles, which are small enough
to lead to growth, can be accreted by another large body in a secondary
collision. This way, a fragmentation/accretion cascade finally leads to a net
growth also in the high velocity range.

References: [1] Blum J. and Wurm G. 2008. Annual Review of
Astronomy and Astrophysics 46, 21–56. [2] Wurm G., Paraskov G., Krauss O.
2005. Icarus 178:253–263. [3] Teiser J., Wurm G. 2009. Monthly Notices of
the Royal Astronomical Society 393:1584–1594. [4] Teiser J., Wurm G. 2009.
Astronomy and Astrophysics, submitted.
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SILICATE INCLUSIONS IN THE ELGA (IIE) IRON
S. N. Teplyakova1, M. A. Nazarov1. Vernadsky Institute of Geochemistry and
Analytical Chemistry, Russian Academy of Sciences. E-mail:
svun2002@mail.ru. 

Introduction: Silicate inclusions (SIs) in irons are rare and were
documented in 8 IIE meteorites. These inclusions can vary in composition
from chondritic SIs in Netschaevo to “differentiated” ones in Colomera and
Kodaikanal. Previous investigations of silicate inclusions in IIE irons
suggested that SIs were probably formed by the partial melting of H-
chondrite precursors or by condensation of the solar nebula gas [1–4]. Here
we report on mineralogy, petrology and mineral chemistry of fifteen SIs of
the Elga (IIE) meteorite.

Results: The Elga SIs consist of euhedral and skeletal pyroxene
crystals (Wo37–44En44–50; Cr2O3 1.5 wt%; Fe/Mn = 15–31) embedded in a
SiO2-rich feldspathic glass (Ab72–92Or7–26 to Ab38–43Or53). Mineral modes
(vol%) are pyroxene 22–34; glass 66–78. Minor phases are bronzite,
chromite (TiO2 5.5 wt%), whitlockite, F-apatite, taenite, troilite, kamacite,
pentlandite and swathing schreibersite. Some inclusions consist of glass only.
The glass has normative composition (wt%): silica 70, feldspar 30
(Ab30Or70). The mean bulk composition of the SI silicate portion is (wt%):
SiO2 66.76 ± 3.67; TiO2 0.42 ± 0.05; Al2O3 12.83 ± 0.63; Na2O 4.34 ± 0.51;
K2O 2.13 ± 0.31; CaO 5.84 ± 2.07; MgO 3.77 ± 0.28; MnO 0.08 ± 0.01; FeO
2.14 ± 0.13; Cr2O3 0.26 ± 0.03; P2O5 3.28 ± 2.52. One SI analyzed with
INAA shows a large negative Eu anomaly and enrichment in LREE (25 × CI).

Discussion: Similar to Some SIs of IIE Irons: the Elga SIs have
granitic composition. In chemistry and mineralogy, the Elga SIs are close to
SIs of Kodaikanal (IIE) [2], cryptocrystalline inclusions of Miles (IIE) [1],
glassy SIs of Weekeroo Station (WS 2, 7, A) (IIE) [4] and SIs of ungrouped
Sombrerete and Guin irons. However SIs of Elga are higher in K, Na, and Si
compared to those in other IIE irons. Granitic clasts of similar composition
were reported also in some stone meteorites: Adzhi-Bogdo (LL), the GRA
06128/06129 ungrouped ureilite, polymict ureilites (DaG 164/165, DaG 319,
DaG 665, EET 83309, EET 96001, FRO 93008), and lunar meteorites
(Dhofar 925, 960) [6–8]. The REE pattern of the Elga SIs points to a
differentiated precursor. The prominent negative Eu anomaly suggests that
feldspar could be lost during crystal-liquid fractionation. The SI composition
is controlled by redox reactions. Fe/Mn ratios and MG# of the SIs show
negative correlation that indicates FeO reduction. Whitlockite is in a direct
contact with schreibersite and, therefore, confirms the redox reactions. Based
on the bulk composition and the REE data we conclude that the Elga SIs
originated from a differentiated precursor which was mixed with the Elga IIE
metal and reduced due to metal-silicate reactions. 

References: [1] Ikeda Y. et al. 1997. Antarctic  Meteorite Research 10:
355–372. [2] Kurat G. et al. 2007. Meteoritics & Planetary Science 42:
1441–1463. [3] Olsen E. et al. 1994. Meteoritics 29:200–213. [4] Ruzicka A.
et al. 1999. Geochimica et Cosmochimica Acta 63:2123–2143. [5] Bischoff
A. et al. 1993. Meteoritics 28:570–578. [6] Arai T. et al. 2008. LPSC XXXIX,
abstract #2465. [7] Cohen et al. 2004. Geochimica et Cosmochimica Acta
68:4249–4266. [8] Demidova S. I. et al. 2005. LPSC XXXVI, abstract# 1607.
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THE PHYSICS OF SHOCK WAVES AND EXPERIMENTAL SHOCK
METAMORPHISM: DIETER STÖFFLER AND THE ERNST-MACH-
INSTITUT 
K. Thoma, U. Hornemann and F. Schäfer. Fraunhofer EMI (Ernst-Mach-
Institut), Eckerstrasse 4, D-79104 Freiburg, Germany. E-Mail:
klaus.thoma@emi.fraunhofer.de.

Introduction: The cooperation between Dieter Stöffler and Ernst-
Mach-Institut (EMI) [1–14] goes back to 1972 when first experiments were
performed to shock single crystal feldspars by steel plates that were
accelerated with an explosive plane wave generator [1, 7]. The shock
experiments initiated a series of studies that required versatile and reliable
test methods for the generation of Hugoniot shock pressures in the range of
5–80 GPa, where shock metamorphism is the dominant physical process.  

Experimental Methods: In solids, Hugoniot shock pressures in the
range of 1–20 GPa are generated from flyer plates accelerated to velocities of
between 10 and 1000 m/s. Higher pressures are reached for the same velocity
using multiple shock reverberations. With explosively driven flyer plates
reaching impact velocities of between 1000–3000 m/s, Hugoniot pressures of
between 20–80 GPa are reached. Two-stage light-gas guns, accelerating flyer
plates to velocities of 2000–6000 m/s, generate Hugoniot shock pressures of
above 100 GPa in the impacted samples. 

Results: Stöffler’s early work with EMI investigates shock
metamorphism of single crystal feldspars [1, 3], of rocks such as dunite [2],
and of single-crystal quartz [4]. Stöffler applied extensively EMI’s
explosively driven flyer plate method, that allows recovery of the specimen,
for mineralogical shock wave barometry of α-Quartz and Gneiss [5, 6, 7] and
for investigating temperature effects on shock metamorphism of single-
crystal quartz [8, 9].  His contributions to understanding the formation of
pseudotachylites along lithological surfaces is published in [10]. In [11],
Stöffler was involved in synthesizing diamonds from graphite and gneiss.
Recent work investigates survival rates of bacteria following high shock
loads, to understand whether bacteria can survive loads from impact ejection
from Mars [12–14].

Conclusions and Outlook: Dieter Stöffler has been cooperating with
EMI over 35 years, investigating shock metamorphosis by employing the
method of explosively driven flyer plates, a versatile and reliable tool for
geological and mineralogical shock wave research. As consequence of this
long lasting cooperation the aspect of morphological changes introduced
from a hypervelocity impact in sandstone will be further studied in a joint
project intended to create and analyze meteorite impacts under lab conditions
(MEMIN-Multidisciplinary Experimental and Modeling Impact Crater
Research Network [15]).

References: [1] Stöffler D. et al. 1972. Meteoritics 7:371–394. [2]
Reimold and Stöffler. 1978. Proc. LPSC 9. pp. 2805–2824. [3] Ostertag R.
et  al. 1980. 11th LPSC. [4] Rehfeldt-Oskierski A. et al. 1986. 17th LPSC,
697–698. [5] Grothues J. et al. 1989. 20th LPSC, 365–366. [6] Grothues J.
et al. 1989. 20th LPSC, 363–364. [7] Stöffler and Langenhorst. 1994.
Meteoritics 29:155–181. [8] Langenhorst F. et al. 1992. Nature 356:507–509.
[9] Langenhorst F. and Deutsch A. 1994. Earth & Planet. Sci. Lett. 125:683–
698. [10] Kenkmann T. et al. 2000. Meteoritics & Planetary Science 35:
1275–1290. [11] Kenkmann T. et al. 2005. Meteoritics & Planetary Science
40. [12] Horneck G. et al. 2001. Icarus 149:285–290. [13] Stöffler D. et al.
2007. Icarus 186:585–588. [14] Horneck G. et al. 2008. Astrobiology 8:17–
44. [15] Schäfer et al. 2006. Proc. ESLAB-40, ESA SP-612.
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SPATIAL RELATIONS BETWEEN D/H AND N ISOTOPIC
ANOMALIES IN ORGUEIL AND MURCHISON INSOLUBLE
ORGANIC MATTER: A NANOSIMS STUDY 
A. Thomen, F. Robert, S. Mostefaoui, L. Piani, Y. Marrocchi, A. Meibom,
LMCM, MNHN-CNRS (athomen@mnhn.fr,robert@mnhn.fr), Paris, France.

Introduction: Most of the organic carbon in Carbonaceous Chondrites
(CC) is in the form of Insoluble Organic Matter (IOM). Isotopically, the IOM
in CC appears to be highly unequilibrated: discrete H and N isotopic
anomalies—the so-called hotspots—with δ values up to +19400‰ and
+1770‰, respectively, are embedded in the bulk IOM, which has average
compositions that are lower by a maximum one order of magnitude [1]. This
isotopic heterogeneity is often interpreted as a result of interstellar-like
processes occurring in the solar nebula or inherited from its parent molecular
cloud [1]. Previous studies have observed that the D and 15N hotspots can be
either spatially correlated (i.e., at the same location in the IOM) or
uncorrelated [1,2]. Here we present new Hydrogen and Nitrogen isotopic
measurements with the NanoSIMS in order to shed light on these spatial
correlations.

Methods: IOM from Murchison and Orgueil, extracted by acid attack
from the bulk meteorite [3], was pressed in pure gold foil. Two terrestrial
kerogen standards (Type I and III) were analyzed in parallel. A 16 keV Cs+

primary ion beam of 10 pA rastered across a 20 × 20 µm2 surface with an ion
spot of 200 nm and a counting time of 1 ms/pixel. Three magnetic fields were
used to measure successively: (i) H− and D−, (ii) 12C14N− and 12C15N− and
(iii) 13C− and 13CH−. To improve the counting statistic, especially for
Hydrogen isotopes, a typical measurement of IOM is composed of 100 such
cycles. Under these conditions, the total acquisition time for the 100 cycles is
about 7 hours. Each of these 100 cycles is systematically bracketed by 2
standard measurements to monitor the possible instrumental shifts.

Results: In Orgueil and Murchison IOM, about 57% and 80% of the
hotspots in D and 15N are spatially correlated, respectively. Hydrogen and
Nitrogen isotopic composition of Orgueil hotspots range from +2300‰ to
+4000‰ and from +135 ‰ to +412‰ respectively. For Murchison, H and N
hotspots range from +2400‰ to +4500‰ and from −157‰ to +480‰,
respectively. No correlation is observed between the magnitude of the hotspot
anomalies, i.e., δD and δ15N, in Orgueil and in Murchison. Based on H/C and
N/C elemental ratios, the hotspots are, at a first approximation,
indistinguishable from the bulk IOM chemical composition within the 25%
relative error.

Recent studies performed on IOM isolated from Orgueil show
hydrogen isotopic variations at a molecular scale. [3, 4]. For instance, the
Orgueil D-rich hotspots are a mixing between D-rich radicals (δD  =
+95,000‰) and the bulk IOM (δD = +1360‰) [4, 5]. As for the D-rich
radicals, it can be hypothesized that the spatially correlated D-rich and 15N-
rich hotspots are caused by 15N-rich radical carriers. Such an assumption
could be validated by EPR spectroscopy.

As a corollary of this hypothesis, the occurrence of spatially
uncorrelated hotspots suggests that some D-rich radicals do not have any
Nitrogen in their chemical formula, therefore yielding a δ15N equal to that the
bulk IOM.

References: [1] Busemann H. et al. 2006. Science 312:727–730. [2]
Nakamura-Messenger K. et al. 2006. Science 314:1439–1442. [3] Remusat
L. et al. 2006. EPSL 243:15–25. [4] Gourier  D. et al. 2008. Geochimica et
Cosmochimica Acta 72:1914–1923.  [5] Halbout J. et al. 1990. Geochimica et
Cosmochimica Acta 54:1453–1462.
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THE PLAGIOCLASE-MASKELYNITE TRANSITION IN AN
EXTERNAL HEATED DIAMOND ANVIL CELL 
N. Tomioka1, H. Kondo2, A. Kunikata2, T. Nagai3. 1PML, ISEI, Okayama
University, Misasa 682-0193, Japan, 2Department of Earth and Planetary
Sciences, Kobe University, Kobe 657-8501, Japan, 3Department of Earth
Sciences, Hokkaido University, Sapporo 060-0810, Japan, e-mail:
nao@misasa.okayama-u.ac.jp.

Introduction: In heavily shocked stony meteorites, plagioclase in the
host rock has transformed into glass (maskelynite) in a solid-state reaction.
So far, the formation pressure of maskelynite has been estimated only based
on dynamic high-pressure experiments [1]. However, duration of pressure in
laboratory shock experiments is significantly smaller (10−6 s) than that in
meteorite parent bodies (10−1 s) estimated by the mineralogy of shock veins
[2–3]. Therefore, there is a possibility that shock pressures of heavily
shocked meteorites are overestimated due to kinetic effect on the plagioclase
amorphization. In this study, amorphization pressure of plagioclase was
investigated based on static high-pressure and -temperature experiments that
can produce longer pressure duration (103–4 s) than dynamic compression.

Experimental Methods: Fine-grained powders (~5–30 micron) of
natural Ab99 plagioclase were compressed by an external heated diamond
anvil cell in pressure ranges of 20–39, 21–41 and 24–32 GPa at room
temperature, 170 and 270 °C, respectively. The samples were kept at elevated
pressures and temperatures for ~30 minutes and then decompressed after
cooling. Recovered samples were examined by laser-Raman spectroscopy
and transmission electron microscopy.

Results and Discussion: In the sample compressed at 20 GPa at room
temperature, strong Raman peaks of plagioclase (mainly at ~290, 480, 510,
760, 820, 1100 cm−1) were observed. These peaks became weaker with
increasing pressure. At 32 GPa, broad Raman peaks of maskelynite appeared
at ~470, 580, 790, 990, and 1090 cm−1 in addition to those of plagioclase. The
sample compressed at 39 GPa only showed Raman peaks of maskelynite. In
TEM observation of the sample compressed at 33 GPa, some of grains
showed powder diffraction rings from extremely fine grains, but most of
grains in this sample showed diffuse scattering in electron diffraction that
suggest an amorphous nature. In the sample compressed at 37 GPa, all grains
are amorphous in electron diffraction. The above results suggest that
amorphization of Ab99 plagioclase completed at ~37 GPa. In compression of
the plagioclase at 170 °C, amorphization pressure is nearly the same
(~38 GPa) with that at room temperature. In contrast, at 270 °C, the pressure
largely decreased to ~31 GPa. 

   In comparison with amorphization pressure of albitic plagioclase in
laboratory shock experiments [4], that in the present static experiments is
significantly lower (>10 GPa) even at room temperature. This suggests that
shorter pressure duration results in smaller amorphization rate of plagioclase.
The formation of maskelynite in shocked meteorites would not necessarily
require very high shock pressure (30–55 GPa) that was previously estimated
by shock recovery experiments [1].

References: [1] Stöffler D. et al. 1991. Geochim. Cosmochim. Acta 55:
3845–3867. [2] Xie X. et al. 2001. Eur. J. Mineral. 13:1177–1190. [3]
Ohtani E. et al. 2004. Earth Planetary Sci. Lett. 227:505–515. [4] Velde B.
et al. 1989. Phys. Chem. Minerals 16:436–441.
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A COMBINED SYNTHESIS AND MODELLING APPROACH TO
INVESTIGATE FORMATION OF CARBONATES ON MARS
T. Tomkinson1, I. P. Wright1, A. Hagermann1, A. W. Needham1, 2 and M. M.
Grady1, 2. 1PSSRI, The Open University, Milton Keynes, UK
(t.o.r.tomkinson@open.ac.uk). 2Natural History Museum, London, UK.

Introduction: Prior to material being brought back directly from Mars
by a sample return mission, Martian meteorites provide the best source for
analysis of the fine-scale mineralogy of the Martian surface. The origins of
ALH 84001 carbonates are of great importance for understanding the ancient
Martian environment. Thought to have formed ~3.9 Ga [1], they are assumed
to have precipitated from fluids with neutral to alkaline pH in contact with
CO2 [2]. Approximately 0.6 Ga separates primary crystallization of ALH
84001 from formation of secondary mineral assemblages. The period in
which the carbonates formed has been called the Phyllosian era, owing to the
outcrops of phyllosilicates discovered by the OMEGA and CRISM NIR
spectrometers [3, 4]. Carbonates have also been identified by the orbiters,
predominantly in the form of magnesite [2]. Their ancient age, abundance
and mineralogical variations make ALH 84001 carbonates ideal candidates to
provide insights into early Martian environmental conditions. 

Modelling: We are attempting to constrain the carbonate precipitation
environment by modelling how changes in fluid and atmospheric
composition, oxygen fugacity, temperature, etc. change the final precipitation
products. We are using the Geochemist WorkbenchTM program to assist with
modelling the Mg-Fe-Ca system. A variety of initial concentrations will be
combined with CO2 fugacities and temperatures to assess the effect of each
variable on the system. It should be possible to model the evolution of the
carbonate assemblage as water evaporates, at set P/T conditions (or with
“sliding” variables) with some constraints on either Eh/O2 fugacity and
partial pressure/fugacity of CO2.

Synthesis: In order to determine the boundary conditions for
precipitation, without straying into kinetically, or thermodynamically,
unviable environments, we are also producing synthetic carbonates from
fluids of known composition at known temperatures, following on from the
precipitation experiments by Golden et al. [6, 7]. The resulting samples will
then be characterized by XRD and SEM for compositional analysis, imaging
and mapping. We will compare the synthesized carbonates with carbonate
rosettes from ALH 84001 to ensure that our derived environments are
realistic for the Martian surface. Solution compositions from our synthetic
carbonate production experiments, as well as simulated or approximated
compositions taken from literature [2, 8] will define the initial starting
conditions for the modelling. 

Implications: The results from modelling and carbonate synthesis will
help reveal the conditions of the period on Mars that is of greatest interest for
future missions when the planet may have had a “warm and wet”
environment.

References: [1] Borg L. E. et al. 1999. Science 286:90–94. [2] Ehlmann
B. L. et al. 2008. Science 322:1828–1832. [3] J.-P. Bibring et al. 2006.
Science 312:400–404. [4] Mustard J. F. et al. 2008. Nature 454:305–309. [5]
Golden D. C. et al. 2001. American Mineralogist 86:370–375. [6] Golden D.
C. et al. 2000. LPSC. XXXI, 1799. [7] Corrigan C. M. and Harvey R. P. 2004
Meteoritics & Planetary Science 39:17–30.
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RECOIL LOSS OF COSMOGENICALLY PRODUCED HELIUM
AND NEON IN PRESOLAR GRAINS 
R. Trappitsch and I. Leya. Space Research and Planetary Sciences,
University of Bern, CH3012 Bern, Switzerland.  trappitsch@space.unibe.ch. 

Introduction: Presolar dust grains found in meteorites are widely
considered to originate from areas beyond the solar system, an assumption
mainly based on their unique isotope composition [1]. Of special interest
among these grains are those consisting of silicone carbide (SiC), which
represent the second most abundant type of presolar grains found in
meteorites. SiC grains are usually larger than the other presolar grain types.
Furthermore, SiC grains have a similar hardness as diamond and were
therefore able to survive the solar system forming processes almost unaltered
[1]. Since the presolar grains were irradiated by galactic cosmic-rays on their
way through the interstellar medium (ISM), it is possible to determine their
cosmic-ray exposure ages using stable cosmogenic nuclides. However, for a
proper interpretation of the cosmogenic nuclide record, a detailed knowledge
of the production rates is needed. In contrast to bulk meteorites, where
physical models are available [2,3], no reliable model exists for presolar
grains and/or micrometeorites.

Model: Modeling the cosmogenic production rates in presolar grains
and micrometeorites requires—besides of the nuclear production pathways—
to consider also recoil losses. Doing so, we calculated the recoil spectra for
the relevant target-nuclide combinations for energies from 1 MeV to
240 MeV using the code TALYS-1.0 [4]. Recoil spectra for higher energies
will be modeled using state-of-the-art Monte Carlo methods. By combining
the thus obtained data with stopping calculations we are able to quantify total
recoil losses based on very few input parameters (chemical composition and
size of the grain, shape of the GCR spectrum). 

Irradiation Experiment: To validate our model we will perform
various irradiation experiments with Si foils and artificial SiC grains. The
experiments will be performed with protons having primary energies of
72 MeV and 260 MeV at the Paul Scherrer Institute in Villigen/Switzerland.
In this irradiation experiments recoil losses of radionuclides (7Be, 22Na) and
noble gases (3,4He, 21,22Ne) can directly be measured and compared with our
model predictions.

Discussion: Setting up a reliable model for production rates of
cosmogenic nuclides in presolar grains and micrometeorites will
significantly improve our understanding of the origin and history of the
presolar grains as well as helping to constrain the conditions in the ISM
before the formation of the solar system.

References: [1] Hoppe P. and Zinner E. 2000. Journal of Geophysical
Research. 105:10371–10385. [2] Ammon K., Masarik J. and Leya I. 2009.
Meteoritics & Planetary Science, in press. [3] Leya I. and Masarik J. 2009.
Meteoritics & Planetary Science, in press. [4] Koning A. J., Hilaire S. and
Duijvestijn M. C. 2005. Proceedings of the International Conference on
Nuclear Data for Science and Technology – ND2004. 769:1154. 
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OVERCOMING THE ACCRETION BARRIER IN
PROTOPLANETARY DISCS BY CONDITIONS PREVAILING AT
CHONDRULE FORMATION 
M. Trieloff1, J. Blum2, H. Klahr3 1Institut für Geowissenschaften, Univ.
Heidelberg, 69120 Heidelberg, Germany (trieloff@min.uni-heidelberg.de).
2Institut für Geophysik und extraterrestrische Physik, TU Braunschweig,
Germany. 3Max-Planck-Institut für Astronomie, 69117 Heidelberg,
Germany.

To form planets in protoplanetary discs, micrometer sized dust particles
need to grow by hit-and-stick collisions to km sized planetesimals, followed
by further proto-planetary growth by gravitational forces. A serious obstacle
of coagulation of large bodies is their increasing collision velocity: while
larger bodies orbit with Keplerian velocity, small dust couples to the gas that
rotates with sub-Keplerian velocity [1]. Increasing velocity differences
impede further growth in two respects: i) sticking by weak surface forces
becomes ineffective during high velocity collisions,  and i) larger particles
experience gas drag and head wind causing radial drift and final loss of this
material into the central star. This theoretical problem is confirmed by our
coagulation experiments which indicate that growth beyond dm sizes is
prevented by collisional destruction of the dust aggregates which collide with
a few m/sec, i.e. at relative speeds expected for disc models with standard
gas-to-dust ratios of ∼100 [2]. 

This problem rises the question by which mechanism planetesimals
formed in the early solar system. Recent studies demonstrate that mm-sized
chondrules formed at conditions with significantly enhanced dust-to-gas
ratios [e.g., 3–5], which can be derived from i) lack of isotopic fractionation
of elements like Si and K, ii) Na content, iii) abundance of compound
chondrules, and iv) thermodynamic stabilization of chondrule melts.
Chondrules obviously formed at significantly enhanced dust-to-gas ratios
(higher than a factor of 1,000–10,000) in regions probably a few 100 km to a
few 1,000 km across [4]. Isotope chronology and modeling of internal parent
body heating further tell us that meteorite parent bodies formed over few Ma,
but parent body accretion apparently followed rapidly the formation of its
individual chondrule population [6, 7], a concept also supported by chemical
complementarity [8, 9].  This indicates that dust enrichments prevailing at
chondrule formation potentially prevented collisional fragmentation and
supported accretion to chondrite parent bodies, possible by mechanisms like
gravoturbulent accretion [10, 11].

References: [1] Weidenschilling S. J. 1977. Monthly Notices of the
Royal Astronomical Society 180:57. [2] Blum J., Wurm G. 2008. Annual
Review of Astronomy and Astrophysics 46:21–56. [3] Alexander C. M. O’D.
et al. 2008. Science 320:1617. [4] Cuzzi J. N. and Alexander C. 2006. Nature
441:483. [5] Ebel D. S. and Grossman L. W. 2000. Geochimica et
Cosmochimica Acta 64:339–366. [6] Trieloff M. and Palme H. 2006. In:
Planet Formation, eds. H. Klahr and W. Brandner, pp. 64–89, Cambridge:
Cambridge University Press. [7] Scott E. R. D. 2007. Ann. Review of Earth
and Planetary Sciences 35:577. [8] Huss G. R. et al. 2005. In: Chondrites and
the Protoplanetary Disk, eds. Krot A. N., Scott E. R. D. Reipurth B. ASP
Conference Series, vol. 341. [9] Bland P. A. et al. 2005. Proceedings of the
National Academy of Sciences 39:13755–13760. [10] Johansen A. et al.
2007. Nature 448:1022–1025. [11] Cuzzi J. N. et al. 2008. The Astrophysical
Journal 687:1432–1447.
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FEASIBILITY OF IN SITU 40AR-39AR DATING BY A LUNAR
LANDER MISSION 
M. Trieloff1, E. K. Jessberger2, H. Hiesinger2, P. Hofmann3, H.-G. Bernhard3,
W. H. Schwarz1, J. Hopp1, 1Institut für Geowissenschaften, Ruprecht-Karls-
Universität Heidelberg, D-69120 Heidelberg, Germany. E-mail:
trieloff@min.uni-heidelberg.de. 2Institut für Planetologie, Westfälische
Wilhelms-Universität Münster, 48149 Münster, 3Kayser-Threde GmbH,
81379 München, Germany.

40Ar-39Ar dating of neutron-activated samples is one of the most
reliable radioisotopic methods to determine the absolute age of impact
metamorphosed rocks and to decipher lunar, asteroidal or terrestrial impact
cratering histories [e.g., 1–6]. Hence, in situ 40Ar-39Ar dating at landing sites
of a lunar mission is of utmost scientific importance, as the highest-priority
science goals for lunar exploration are related to chronology: testing the
cataclysm hypothesis, determining the age of the South Pole Aitken basin,
establishing a precise absolute chronology, or dating very young basalts
(∼1.2  Ga) south of the Aristarchus Plateau, which likely mark the end of
active volcanism on the Moon [7, 8]. Though of vital scientific interest, in
situ dating of planetary surfaces has not been performed up to now.

Based on a feasibility study with DLR co-funding in the frame of the
“LUROP” project [9], we discuss the development of a compact self-standing
in situ dating instrument. It includes a small neutron source (252Cf, half live
2.6 yr) and sophisticated radiation shielding. As an alternative, fusion sources
may be candidates for neutron sources in the future. Due to radiation
mitigation the neutron source should be deployed from the lander spacecraft.
A rover or a robotic arm is required to collect the samples and for transport
between neutron irradiation unit and analysis unit. After irradiation, collected
samples and reference samples are heated in a furnace to achieve noble gas
extraction, and are analyzed by mass spectrometry. The mass spectrometric
analyses of argon and other noble gases will allow dating impact
metamorphism and crystallization (40Ar from in situ decay of 40K), as well as
cosmic ray exposure ages using cosmogenic nuclides (e.g., 38Ar from Ca) and
solar wind implanted noble gases, yielding information on small cratering
events or regolith reworking. The mass has been estimated to be 9–15 kg
(depending on the neutron source type and shielding measures, and
miniaturization potential). Advantages of this concept are the superior
interpretation when compared to conventional K-Ar ages and dating of both
high temperature events and (low temperature) surface exposure events on
the same samples, when compared, for example, to in situ Rb-Sr dating. The
proposed instrument could be part of the payload to any planetary mission.

References: [1] Turner G. 1977. Phys. Chem. Earth 10:145. [2]
Jessberger E. K. et al. 1974. Proc. 5th LPSC 1419–1449. [3] Jessberger E.K.
et al. 1974. Nature 248:199−202. [4] Trieloff M. et al. 1998. Meteoritics &
Planetary Science 33:361–372. [5] Korochantseva E.K. et al. 2005.
Meteoritics & Planetary Science 40:1433–1454. [6] Korochantseva E. V. et
al. 2007. Meteoritics & Planetary Science 42:113–130.  [7] Hiesinger H. et
al. 2000. Journal of Geophysical Research 105:29239–29275. [8] Hiesinger
H. and Head J. W. 2006. In New Views of the Moon, eds. Jolliff et al. Reviews
in Mineralogy and Geochemistry, vol. 60. pp. 1–81. [9] P. Reißaus H.-G.
Bernhard, J. Faulstich, K. Lenfert, T. Zeh, P. Hofmann 2008. Payloads for
Future Lunar Lander Missions. European Planetary Science Congress,
Münster, Germany.
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THE PUERTO LÁPICE EUCRITE. FREE SAMPLE DELIVERY
FROM VESTA: TRAJECTORY, ORBITAL SOLUTIONS, AND
SHOCK HISTORY FROM CATHODOLUMINESCENCE
J. M. Trigo-Rodríguez1, J. Llorca2, J.M. Madiedo3, A. Jambon4, and H.
Chennaoui Aoudjehane5. 1 Institute of Space Sciences (CSIC-IEEC).
Campus UAB, Fac. Ciències, Torre C5-p2. 08193 Bellaterra, Spain. 2 Institut
de Tècniques Energètiques. Universitat Politècnica de Catalunya, Diagonal
647, ed. ETSEIB. 08028 Barcelona, Spain. 3 Observatorio Astronómico de la
Universidad de Huelva, CIECEM, Parque Dunar S/N, Matalascañas, 21760
Almonte, España. 4 Université P. et M. Curie and Institut de Physique du
Globe, Paris, France. 5 Université Hassan II Ain Chock, Faculté des Sciences,
BP 5366, Mâarif, Casablanca, Morocco.

Introduction: A daylight fireball was witnessed all over Spain in the
afternoon of May 10, 2007. Several pictures of the fireball’s train taken from
different locations in Spain, and eyewitnesses reports allowed the
determination of its trajectory and range of orbital solutions. The progenitor
meteoroid was in an Apollo-type orbit, with low inclination and perihelion
distance just below 1 astronomical unit (AU) [1]. The meteorite was
recovered a few weeks after its fall, and presented to the community in the
Meteoroids 2007 conference of Barcelona in June 2007 [2]. A detailed
characterization of Puerto Lápice meteorite revealed its eucritic and
brecciated nature [3]. Oxygen isotopes also confirmed that it belongs to the
HED suite, the main group of basaltic eucrites [3]. The meteorite probably
suffered a complex shock history as reveals the presence of abundant shock
veins that evidence at least three different shock events.

Procedure: To learn more about the shock history of Puerto Lápice
eucrite we have used a catholuminescence system based in a scanning
electron microscope (SEM), Zeiss SUPRA 55VP working at 25 kV and a
sample current of <1 nA. The system has a mirror that allows the collection
of CL photons either to obtain a CL image or to derive the spectrum of the
emitted light with a probe. This system has been previously used to propose
a shock index for shergottites [4]. We will mainly focus in the small grains of
silica identified in this eucrite [3] to try to identify other silica phases formed
during shock compression. 

Conclusions: The range of orbital solutions found for Puerto Lápice
eucrite [1] indicate that the progenitor meteoroid was in an Apollo-type orbit
probably released from Vesta family by the 3:1 or ν6 resonances. This is a
different source than the recently recovered Bunburra Rockhole eucrite in
Australia [5]. Fine grained recrystallized clasts containing silica were
previously identified in Puerto Lápice eucrite [3]. Our present CL study of the
silica phases present in those clasts permits to constrain the maximum shock
pressure suffered by this meteorite. This information provides additional
clues on the collisional history suffered from its progenitor. All together will
provide a more complete view of the dynamic pathway, and the presumable
complex history for delivering this rock from Vesta to our planet. 

References: [1] Trigo-Rodríguez et al. 2009. Meteorit. Planet. Sci. 44:
175–186. [2] Trigo-Rodríguez et al. 2008. Earth Moon and Planets 102:1–4
[3] Llorca J. et al. 2009. Meteorit. Planet. Sci. 44:159–174. [4] Chennaoui
Aoudjehane H. et al. 2005. Meteorit. Planet. Sci. 40:967–979. [5] Bland P. A.
et al. 2009. Abstract #1664. 40th LPSC.
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STRENGTH MEASUREMENT OF CARBONACEOUS
CHONDRITES AND MICROMETEORITES USING MICRO
COMPRESSION TESTING MACHINE 
A. Tsuchiyama1, E. Mashio1, Y. Imai1, T. Noguchi2, Y. Miura3, and H. Yano4,
T. Nakamura5. 1Graduate School of Science, Osaka University.
akira@ess.sci.osaka-u.ac.jp, 2Ibaraki University, 3Tokyo University, 4ISAS
and JSPEC/JXA, 5Kyushu University. 

Introduction: It is important to know the mechanical properties, such
as strength, of extraterrestrial materials for understanding dust aggregation in
the early solar system, shapes and surface morphology of small solar system
bodies, and development of sampling devices for sample return missions
from small bodies. Strengths of carbonaceous chondrites, which are from C-
type or related asteroids, have not been known so far except for Murchison
meteorite [1] due to lack of samples with sufficient sizes for conventional
strength measurement (e.g., [2]). In this study, strengths of small pieces of
fragile carbonaceous chondrites and micrometeorites were measured using a
micro compression testing machine.

Experimental: Five carbonaceous chondrites (CM: Murchison and
Murray, CI: Ivuna and Orgueil, Tagish Lake [TL]) and seven micrometeorites
collected from Antarctic ice or snow were used. For comparison, one L6
ordinary chondrite (La Criolla) and aggregates of spherical particles were
also used. Most of the samples were crushed, and ~50–200 µm fragments
were picked up. Spherical meteorite samples were also made by Bond
method. Most samples were observed under an SEM before and after the
compression experiments. 3-D structures were also obtained by
microtomography for some samples. The compression test was made using
Shimadzu MCT-W500 with 500 µmφ flat diamond indenter (load: 9.8–
4903 mN, displacement: 0–100 µm). Tensile strength was obtained from a
load-displacement curve [3].

Results and Discussion: Tensile strengths of carbonaceous chondrites
are scattered from ~0.3 to ~30 MPa. Any shape effects on the strength, such
as by the difference between sphere and irregular shape and aspect ratios,
were not observed. The averages show a tendency of CM>CI>TL in the
strength. The strength of the L6 chondrite (~40 MPa) is larger than those of
the carbonaceous chondrites. This is consistent with prospect that highly
thermal-metamorphosed chondrites have large strengths. The strengths of
the micrometeorites range from 4 to 40 MPa and are also larger than those of
the carbonaceous chondrites in general. This is also consistent with that the
present micrometeorite samples are more or less scoriaceous and heated
during atmospheric entry. The present results show that the strengths can be
measured for more primitive micrometeorites and probably smaller IDPs,
especially of cometary origin.

It is generally expected that the strength is dependent on the sample
size, such as due to Weibull distribution, which predicts that the strength
decreases with increasing the size [4]. Size dependency was not observed in
a limited volume range (~10−4–10−3 mm3) of the present samples. In addition,
no size dependency were observed even in a wide volume range (~10−4–
103 mm3) for Murchison and sintered glass beads samples when we
compared with strengths measured by conventional method.

References: [1] Miura Y. et al. 2007. JAXA Symp. Space Science,
abstract. (in Japanese). [2] NIPR (ed.), “Science in Antarctica” 6 Antarctic
Meteorites, 440 p.[3] Hiramatsu Y. et al. 1965. Nihon Kougyo Kaishi, 81,
1024–1030. In Japanese. [4] Weibull W. 1951. J. Appl. Mech.-Trans. ASME
18:293–297.
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OXYGEN ISOTOPE VARIATION AT NANOMOLAR CARBONATE
IN THE CM2 CARBONACEOUS CHONDRITES 
Shin Tsutsui1 and Hiroshi Naraoka1. 1Department of Earth and Planetary
Sciences, Kyushu University, Japan. E-mail: stsutsui@geo.kyushu-u.ac.jp.

Introduction: Carbonaceous chondrite is one of the most primitive
meteorites that had experienced aqueous alteration on the parent body.
During aqueous alteration, carbonates have been formed as a secondary
product from other carbon-bearing materials. Carbonates in carbonaceous
chondrites occur by up to ~0.3 wt% of the whole-rock sample with the 13C-
enriched composition (+20 to +80‰, VPDB: [1]). Although the aqueous
temperature on the parent body alteration is estimated from δ18O value of
carbonate, the δ18O value of carbonate in meteorites is highly heterogeneous.
As the carbonate is likely to occur in different mineral textures in
carbonaceous chondrites [2], we have measured amount and isotope
distributions of carbonate in different textures for sub-mm scale in this study
to discuss the carbonate occurrence with respect to textural and
environmental conditions of the meteorite parent body.

Sample and Analytical Procedures: A piece of three CM2
carbonaceous chondrites (Murchison, Murray and A881458) was drilled to
obtain powder samples (~0.5 to ~2.0 mg) selectively from multi-points of the
following three texture types under microscope: 1) black area (mainly
matrix), 2) white area (mainly CAI and/or chondrule), 3) boundary area
between 1) and 2). The samples were reacted with 100% phosphoric acid at
25 °C for 18 hours to extract CO2 from carbonate (calcite). After cryogenic
purification, carbon and oxygen isotopic analyses of the CO2 were conducted
by gas chromatography/isotope ratio mass spectrometry. Our developed
isotope analysis gives analytical error (1ó) of oxygen isotope ratios of ±
0.7‰ at more than 0.8 nmol of CO2 gas.

Results and Discussion: The carbonate content in Murchison ranges
from 3 to 90 ppm C with the δ18O value of +32 to +40‰ (VSMOW) in this
study. This range of carbonate content is lower than that of previous reports
(80 to 2260 ppmC, [1] [3] [4]). This result suggests different extent of
aqueous alteration or heterogeneity of precursor materials of the carbonates
in the meteorite. Although there is no significant δ18O difference between
three texture types, the δ18O value has an apparent correlation with ä13C
value. Using an isotopic fractionation factor between calcite and water [5],
the alteration temperature is estimated about 20 to 70 °C for Murchison,
which is consistent with the previous study [6]. As it seems unlikely that such
a large temperature difference (~50 °C) had been subjected at the same time
for mm scale, this result may indicate lateral change in aqueous temperature
during carbonate precipitation or isotopic heterogeneity resulting from
brecciation of different source materials in mm scale.

References: [1] Grady M. M. et al. 1988. Geochimica et Cosmochimica
Acta 52:2855. [2] Armstrong J. T. et al. 1982. Geochimica et Cosmochimica
Acta 46:575. [3] Chang S. et al. 1978. LPSC IX, 157. [4] Kvenvolden K. et al.
1970. Nature 228:923. [5] Baker L. et al. 2002. Meteoritics & Planetary
Science 37:977. [6] Guo W. and Eiler J. M. 2007. Geochimica et
Cosmochimica Acta 71:5565.
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TESTING THE SURVIVAL OF MICROFOSSILS DURING ENTRY
INTO THE EARTH’S ATMOSPHERE: THE STONE 6 EXPERIMENT 
F. Foucher1, F. Westall1, F. Brandstätter2, R. Demets3, J. Parnell4, C. Cockell5,
H. Edwards6, G. Kurat2, A. Brack1. 1Centre de Biophysique Moléculaire,
CNRS, Orléans, France, E-mail: frederic.foucher@cnrs-orleans.fr, 2Natural
History Museum, Vienna, Austria, 3ESA-ESTEC, Nordwijk, The
Netherlands, 4University of Aberdeen, UK., 5Open University, Milton
Keynes, UK, 6University of Bradford, UK. 

Introduction: Studies related to the origin of life on Earth are
hampered by the fact that suitable rocks dating from the first billion years are
lacking due to metamorphism and plate tectonics. Thus the oldest traces of
life occur in rocks formed ~3.5 billion years ago [1, 2], a billion years after
the formation of the Earth. As a consequence, the investigations now focus on
Mars where the ancient terrains have not been destroyed by plate tectonic
activity. 

One means of studying hypothetical Martian traces of life would be to
analyze sedimentary meteorites. However, only 49 meteorites of presumed
Martian origin have been so far been found and all have a basaltic
composition. The aim of this study was to determine if sedimentary rocks and
their embedded microfossils could survive the shock of entry into the Earth’s
atmosphere. 

Experiment: The STONE 6 experiment (September 2007, ESA) tested
the survivability of samples fixed on the apex of the heat shield of a FOTON
capsule during entry into the Earth’s atmosphere. One of these samples, from
the 3.466 Ga-old Kitty’s Gap Chert, in the Pilbara region, NW Australia, was
composed of silicified volcanic sand deposited in a littoral environment. This
rock is considered to be a good analogue for lithified Martian volcanic
sediment and contains small colonies of fossilized prokaryote-like
microorganisms [2].

Results: Of the original 2 cm sample thickness, 8 mm remained after
ablation upon entering the Earth’s atmosphere. Several types of analyses
were made to observe and study the survival of the microfossils and the
modification of the rock composition. Optical observations show that a white
fusion crust formed during entry. This contrasts with black crust of basaltic
meteorites and may explain why sedimentary stony meteorites have not been
yet found (meteorite hunters look for black fusion crusts). Atomic Force
Microscopy (AFM) and Scanning Electron Microscopy (SEM) were used to
observe the sub-micrometric microfossils. Raman spectroscopy was also
used to study the changes in the carbonaceous matter and minerals
throughout the sample thickness, up to the fusion crust. Although the
kerogenous material near the fusion crust is graphitized, we demonstrate that
the microfossiliferous structures located deeper in the sample were well
preserved. An analytic model is also proposed to estimate the variation in
temperature throughout the thickness of the sample. This model is consistent
with the observed alteration of the minerals. We conclude that, if sedimentary
Martian meteorites were found on Earth, they could contain eventual traces
of extraterrestrial life and maybe of the first living organisms.

References: [1] J. W. Schopf et al. 2007. Precambrian Research 158:
141–155. [2] F. Westall et al. 2006. Geological Society of America Special
Paper 405. pp. 105–131.
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PINK ANGEL: ARGON AND XENON DIFFUSION, I-XE
CHRONOLOGY, AND THE 36CL PROBLEM 
G. Turner1, S .A. Crowther1, R. Burgess1, G. J. Wasserburg2 S. P. Kelley3, and
J. D. Gilmour1 1SEAES, University of Manchester, Manchester M13 9Pl,
UK. grenville.turner@manchester.ac.uk.  2California Institute of Technology,
USA. 3Open University, UK.

Introduction: The reported presence in Allende Pink Angel sodalite of
excess 36S [1] attributed to 36Cl decay is at odds with the apparent absence of
a corresponding excess of 36Ar, which is the major decay product of 36Cl.  In
an attempt to throw light on the problem we have reviewed new and existing
data on the diffusion of Ar and Xe in sodalite, carried out new high resolution
I-Xe analyses of Pink Angel, and devised a new methodology for searching
for small excesses of 36Ar from 36Cl decay.

Diffusion of Ar and Xe in Sodalite:  Our experiments on neutron
irradiated terrestrial sodalite indicate high retentivity of Cl-derived 38Ar.
During stepped heating, maximum release occurred around 1100 °C and
release was essentially complete by 1250 °C.  An activation energy of 280 kJ/
mol/K was calculated.  Published data [2] from an I-Xe analysis of Pink
Angel sodalite indicates peak release of I-derived 128Xe around 1200 °C with
significant release up to 1400 °C.  An activation energy for Xe diffusion of
460 kJ/mol/K is inferred.  To calculate the implications for possible Ar and
Xe loss over time scales appropriate to the early solar system we scale time,
t, and absolute temperature, T, using the expression:  1/T2  = 1/T1 + R/E.ln(t2/
t1)  where subscripts 1 and 2 refer to the laboratory and early solar system
times and temperatures, respectively.  To release essentially all of the Cl-
correlated Ar and I-correlated Xe on a time scale of 1 Myr would require
sustained temperatures of around 460 °C and 740 °C respectively. 

I-Xe Analyses: We have carried out laser stepped heating I-Xe analyses
of Pink Angel sodalite using the RELAX resonance ionization spectrometer.
Two samples, weighing 40 µg and 80 µg have been analysed with a total of
90 individual extractions. A well defined plateau indicates 129I/127I  = (0.93 ±
0.02) × 10−4, corresponding to an I-Xe age 3.2 ± 0.3 Ma after our monitor, the
Shallowater achondrite.  Lower 129I/127I ratios in the early release could imply
a 12% later loss of 129Xe concomitant with significant loss of 36Ar.

36Cl Searches Based on 36Ar: We suggest a new method to search for
36Ar excesses which makes use of a plot of 36Ar/38Ar versus Ca/38Ar. End
members are trapped, cosmogenic and cosmogenic secondary neutron-
induced argon. In suitable circumstances excess 36Ar would plot above this
mixing triangle. Determination of Ca using a reactor irradiation requires low
fluences and Cd-shielding to minimize 38Ar production from Cl.  

In conclusion we note that absence of excess 36Ar in spite of the high
retentivity of sodalite leaves open the possibility that either the reported 36S
excess is an artifact or else it is inherited from an unidentified pre-existing Cl-
rich phase which has lost 36Ar and the apparent correlation with Cl/S
represents a two component mixing line and not an isochron. 

References: [1] Hsu W. et al. 2006. The Astrophysical Journal 640:
525–529. [2] Swindle T. D. et al. 1988. Geochimica Cosmochimica Acta 52:
2215–2227.



A208 72nd Meeting of the Meteoritical Society: Abstracts

5139
MICROSCOPIC MAGNETIC STUDY OF ORDINARY CHONDRITE
USING MAGNETO-OPTICAL IMAGING 
M. Uehara1, J. Gattacceca1, and C. J. van der Beek2. 1CEREGE, CNRS/Aix-
Marseille University, France. E-mail: uehara@cerege.fr. 2 Laboratoire des
Solides Irradiés, Ecole Polytechnique, France.

Fe-Ni alloys, which are kamacite (<10 wt% Ni), taenite (30 ~40 wt%
Ni), and tetrataenite (ordered Fe50Ni50), are the dominant magnetic minerals
in the metamorphic (type 5–6) ordinary chondrites [1], and the carrier of the
remanent magnetization is high coercivity tetrataenite [1, 2, 3].
Metallographic studies reported that there are two types of Fe-Ni grains in the
metamorphic ordinary chondrites: zoned taenite + kamacite and zoneless
plessite that consists of tetrataenite micron-sized plates and kamacite matrix
[4]. In the high-Ni outer region of zoned taenite grains, tetrataenite appear as
clear-etching 1–3 µm thick rim and dark-etching “cloudy-zone (CZ)”
consists of submicron intergrowth of tetrataenite, taenite, and martensite [4,
5]. Despite various shape and size, relationships between tetrataenite
morphologies and their remanent magnetizations are still unknown due to the
small grain size of metallic grains (<1 mm).

Recently, we succeeded to observe magnetizations of rock samples by
magneto-optical imaging (MOI) microscopy [6]. This technique utilizes
Faraday rotation of garnet film and can observe vertical component of
surface magnetic field in 10 µm resolution under reflected light microscope.
Using this new technique, we observed Fe-Ni grains in Ausson (L5, S2)
ordinary chondrite [7] and characterized the carrier of the remanent
magnetization.

Sample is 6 mm in thickness and magnetized by 3T upward field.
Magnetic images and petrographic settings of metallic grains were
simultaneously observed by reflected light microscopy. After acquisition of
magnetic images, the metal particles were etched with Nital (1 vol% HNO3,
balance ethanol) for 30 sec. Microstructure of metallic grains were observed
by reflected light microscopy, scanning electron microscope (SEM) and
field-emission SEM (FE-SEM) after etching. 

Magnetic and optical microscopy reviled that zoned taenite + kamacite
grains are magnetized. We demagnetized zoneless plessite grains were not
found in the present observation. To compare with etched-grain images,
magnetic signatures do not correspond to clear-etching tetrataenite rim but
accord with dark-etching CZ. Some large grains contain non-magnetic core
that consists of taenite or martensite. FE-SEM observations revealed that
magnetic part of CZ consists mainly of <100 nm spherical or fiber-shaped
particles. To compare with previous SEM study of CZ [4], these particles are
probably tetrataenite. Therefore, these results suggest that such fine
tetrataenite particles are the dominant magnetic carrier in metamorphic
ordinary chondrites.

References:  [1] Wasilewski P. et al. 2002. Meteoritics & Planetary
Science 37:937–950. [2] Funaki M. 1993. Proceedings of the NIPR
Symposium on Antarctic Meteorites 6:391–400. [3] Gattacceca J. et al. 2003.
Physics of the Earth and Planetary Interiors 40:343–358. [4] Reisener R. J.,
and Goldstein J. I. 2003. Meteoritics & Planetary Science 38:1679–1696. [5]
Yang C.-W et al. 1997. Geochimica et Cosmochimica Acta 61:2943–2956.
[6] Uehara M. et al. 2009. Geophysical Research Abstracts 11, EGU2009-
7362-5 [7] Bennett M. E. and McSween H. Y. 1996. Meteoritics & Planetary
Science 31:255–264.
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OBSERVATION OF EJECTION PROCESS OF IRON GLOBULES
FROM MELTED CHONDRULES 
M. Uesugi1, M. Oka1, K. Saiki1 and A. Tsuchiyama1. 1Department of Earth
and Space Science, Graduate School of Science, Osaka University 1–1
Machikaneyama-cho, Toyonaka-shi, Osaka, Japan. E-mail:
uesugi@astroboy.ess.sci.osaka-u.ac.jp.

Introduction: Uesugi et al. [1–2] have investigated the possibility of
ejection of iron globules from melted chondrules, which may explain
depletion of siderophile elements in chondrules compared to the solar
elemental abundance [e.g., 3]. The papers indicated that if an iron globule is
transported from inside to the surface of a melted chondrule, the iron globule
would be ejected to the outside of the chondrule, due to surface tension force
[1]. Heating experiments revealed that the ejection of metallic iron from
melted silicate material actually occurs, though the ejection process is not
directory observed [2]. They also showed that significant evaporation of Fe
occurred after the ejection of iron globules. Then a possibility arises that
major effect of the ejection may be evaporation, not surface tension.

We investigated the ejection process of Fe from inside to outside of the
melted silicate. 

Experiment: A mixture of reagent grade oxides was used as a starting
material in the present experiments. We used CaCO3, K2CO3, and Na2CO3
instead of CaO, K2O and Na2O. Bulk composition of the sample is solar
elemental abundance. Fe was included as FeO in the sample. The sample was
compacted into 20 mg pellets with 3 mm radius and 1mm height, and fixed on
a Pt wire. The sample and the Pt wire were covered by carbon capsule.
Furnace was filled by H2 atmosphere with 4 torr pressure. The liquidus
temperature of this composition is 1900 K. The heating and cooling rate is
100K/min. Samples were observed by X-ray CT at Osaka university, with
pixel size 11 µm.

Results and Discussion: More than 90% of Fe was ejected to the
outside of the melted silicate as spherical globules, within 10 sec above 1873
K. In contrast, less than 20% of Fe was ejected to the outside, if we heated the
sample 30 s at 1843 K. This result indicates that ejection occurs very short
duration (~30 s) from 1843 K to 1873 K. Iron globules inside the melted
silicate kept their radius almost constant against the heating duration, though
iron globules ejected to the outside of the silicate material gradually reduced
as heating duration increases. The reducing of the radius of iron globules
would be due to evaporation of Fe, and melted silicate would suppress the
evaporation of Fe from iron globules inside of the melted silicate. The silicate
material was already partially melted and has smooth surface at 1843 K. This
means that Fe evaporation from inside was suppressed at that temperature,
and Fe should be ejected as iron globules to the outside. In addition, if the
ejection occurred due to the evaporation, quick evaporation would also make
it impossible to form iron globules on the surface of the carbon capsules.
These results strongly indicate that the ejection of Fe occurs due to the
surface tension force. 

References: [1] Uesugi M. Sekiya M. and Nakamura T. 2008.
Meteoritics & Planetary Science 43:717–730. [2] Uesugi M. et al. 2008.
Meteoritics & Planetary Science 43, Abstract 5014. [3] Osborn T. W. et al.
1973. Geochimica et Cosmochimica Acta 37:1909–1942. 
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SIMULTANEOUS  NANODIAMOND  SYNTHESIS  AND XE-HL
FORMATION  IN  THE  SHOCK  WAVES  OF  SUPERNOVA
EXPLOSIONS
G. K. Ustinova. Institute of Geochemistry and Analytical Chemistry, RAS,
Moscow.  E-mail: ustinova@dubna.net.ru.

Introduction: Apart from  the isotopically normal Xe-P3 component,
the anomalous Xe-HL component in nanodiamonds is about twice enriched
with the light neutron-deficient, as well as with the heavy neutron-rich
isotopes [1]. Since the Xe-HL component is observed only in nanodiamonds
and it is absent in other presolar relics of meteorites, it is natural to suppose
that this component was formed under the same conditions, in which the
nanodiamond was synthesized, in particular, under the conditions of shock-
wave reprocessing of the matter at the supernova explosions. Hence, it seems
logical that just the regularities of fractionation and peculiarities of change of
the noble gas isotopic relations during the propagation of strong shock waves
[2] represented the cause of the exotic isotopic composition of Xe-HL. 

 Shock Wave Isotopic Effects: At the front of shock waves, the
enhancement of the rigidity of a power-law energy spectrum F(>E0) ~E–γ (γ
→1) of nuclear-active particles [3] and its enrichment with heavier ions [4]
take place. There is a comparison in the table below: by how many times the
isotopic ratios in Xe-HL are higher than in Xe-P3 (* according to [1]), and by
how many times the isotopic ratios of cosmogenic xenon generated at the
front of shock waves (at γ~1) are higher than those in the case of calm
medium (γ = 3) [5]. The best agreement is for light neutron-deficient isotopes,
which are mostly produced in spallation reactions and other ones with
protons (p-process). It serves as a natural evidence of genesis of the light Xe-
L component just in the rigid radiation conditions of the pre-fronts of the
explosive shock waves. In its turn, these  transient local regions of pre-fronts
of the explosive shock waves are the most enriched reservoirs of heavy
neutron-rich isotopes of xenon [2, 4, 5], supplementing the formation of the
heavy component Xe-H. 

     Nanodiamond Synthesis: The high compression of matter in the
pre-front range (which is the unlimited function of the Mach number) and the
strong fall of temperature behind the front could be considered as ideal
conditions for rapid nanodiamond synthesis, which might be possible in the
extreme PT-conditions of the pre-front range, as well as due to nucleation in
the underpressure range behind the shock front and due to irradiation of the
carbonaceous grains with high-energy particles. The Xe-P3  could be trapped
too, but, most likely, that component was implanted later under the
homogeneous mixing of the matter by supersonic turbulence, and this
implantation continued up to the accretion of the meteorite parent bodies. 

      References: [1] Huss G. R. and Lewis R. S. 1995. 59:115–160. [2]
Ustinova G. K. 2007. Solar System Research 41:231–255. [3] Ellison D. C.
and Eichler D. 1984. The Astrophysical Journal 256:691–701. [4] Eichler D.
and Hainebach K. 1981. Phys. Rev. Lett. 47:1560–1563. [5] Ustinova G. K.
2009. Abstract #1007. 40th LPSC. 
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CHEMICAL MIXING MODEL AND K-TH-TI SYSTEMATICS OF
HED METEORITES FOR THE DAWN MISSION 
T. Usui1, H. Y. McSween Jr.1, D. W. Mittlefehldt2 and T. H. Prettyman3.
1Department of Earth and Planetary Sciences, University of Tennessee,
Knoxville. E-mail: tusui@utk.edu. 2NASA Johnson Space Center, 3Planetary
Science Institute.  

Introduction: The Dawn mission will explore 4 Vesta, a large
differentiated asteroid believed to be the parent body of the howardite, eucrite
and diogenite (HED) meteorite suite. The Dawn spacecraft carries a gamma-
ray and neutron detector (GRaND), which will measure the abundances of
selected elements on the surface of Vesta. This study provides ways to
leverage the large geochemical database on HED meteorites as a tool for
interpreting chemical analyses by GRaND of mapped units on the surface of
Vesta.  

Three-Component Mixing Model: Because the spatial resolution of
GRaND is coarser than spectral heterogeneity on Vesta’s surface, we propose
a three-component mixing model for interpretation of GRaND spectra based
on whole-rock compositions of HED meteorites. The mixing model uses
abundances of K, Ti, Fe and Mg that will be analyzed more accurately than
other prospective GRaND-analyzed elements. The surface of Vesta is
predicted to reflect the mixture of at least three rock types: diogenite,
cumulate eucrite and basaltic eucrite [1]. The mixing relations for these three
rock types can be displayed on two-dimensional diagrams of K versus
[Fe+Mg] and Ti versus [Fe+Mg]. By selecting specific meteorites as end-
member components, we can delineate mixing lines and quantitatively
evaluate the contribution of the three rock types to GRaND spectra.
Moreover, we examine propagated errors due to GRaND analytical
uncertainties and intrinsic errors that stem from an assumption introduced
into the mixing model. The error investigation suggests that the mixing
model can adequately estimate the mixing ratios of the three end-member
components as well as the abundances of most major and minor elements for
the GRaND-analyzed surface. 

K-Th-Ti Systematics: HEDs are not the only achondrites representing
asteroid crusts. Moreover, clustering of cosmic-ray exposure age
distributions for HEDs suggests that the HED suite might have sampled only
selected localized geologic terranes [e.g., 2]. This might imply that there may
be lithologic types on the surface that have not been sampled and/or are
related to other achondrite suites. We examine the variability of moderately
volatile/refractory incompatible element ratios (K/Th and K/Ti) in HED
meteorites, and compare those with other achondrite suites that represent
asteroidal crusts; these ratios are expected to be determined accurately by
GRaND. The whole-rock K-Th-Ti data of the HED suite were carefully
screened because these data can be affected by sample heterogeneity and
disturbed by terrestrial alteration. The K-Th-Ti systematics study indicates
that the K/Th and K/Ti variations can differentiate HED meteorites from
angrites and some unique eucrite-like lithologies, but not mesosiderites.
These latter can be distinguished by their higher Fe contents. The results
suggest that K, Th and Ti data obtained by GRaND will not only confirm that
Vesta is the parent body of HED meteorites but may also allow recognition of
as-yet unsampled compositional terranes on Vesta. 

References: [1] Usui T. and McSween H. Y. 2007. Meteoritics &
Planetary Science 42:255–269. [2] Eugster O. and Michel T. 1995. 59:177–
199. 

Table 1. 

Ratios
Xe-HL*/
Xe-P3

Xe(γ ~ 1)
Xe(γ = 3)

124Xe/132Xe 1.86 1.87
126Xe/132Xe 1.43 1.53
128Xe/132Xe 1.12 1.17
129Xe/132Xe 1.02 0.94
130Xe/132Xe 0.97 1.09
131Xe/132Xe 1.03 0.92
134Xe/132Xe 1.85 1.38
136Xe/132Xe 2.26 1.44
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THE AGE OF THE MONTURAQUI IMPACT CRATER 
M. Valenzuela1, P. Rochette2, D.L. Bourlès2, R. Braucher2, T. Faestermann3,
R. C. Finkel2, 4, J. Gattacceca2, G. Korschinek3, S. Merchel2, 5, D. Morata1, M.
Poutivtsev3, G. Rugel3, C. Suavet2. 1Universidad de Chile, Santiago, Chile,
edvalenz@ cec.uchile.cl. 2CEREGE, Aix-en-Provence, France. 3TU
München, Garching, Germany. 4LLNL, Livermore, CA, USA. 5FZ Dresden-
Rossendorf, Dresden, Germany.

Introduction: The Monturaqui crater is the only meteorite impact
related structure yet found in Chile. The simple crater of ~400 m diameter
and ~34 m of depth [1] is localized at 3015 m altitude in the precordillera near
the southern end of Salar de Atacama. The crater age was estimated as older
than 0.1 Ma with an appreciable error by [2] by thermoluminescence
analysis. We are reporting the first absolute ages of the Monturaqui impact
following two approaches: a) the terrestrial age of the impactor by measuring
the residual activities of 10Be, 26Al, 36Cl, 41Ca, 59Ni, 60Fe, and 53Mn in iron
shale samples, which corresponds to the altered fragments of the impactor
(coarse octahedrite—group I—deduced from Fe-Ni-spherules found in
impact melt ejecta [2,3]), and b) surface exposure ages by measuring in situ
produced 10Be in the granite outcrops exposed to cosmic radiation on Earth.

Experimental: Accelerator mass spectrometry of 10Be and 26Al took
place at ASTER, 36Cl at CAMS, and 53Mn at the Maier-Leibnitz-Laboratory.
Other nuclides are foreseen soon.

Results: Measured concentrations are compared with depth-depending
production rates (PRs) from theoretical Monte-Carlo calculations [priv.com.,
I. Leya]. As these PRs are based on the chemical composition (in space),
remaining fragments are highly altered and precise chemical analyses could
not yet be achieved, certain assumptions are influencing the discussion of
our, thus preliminary, data.

The longest-lived radionuclide 53Mn (t1/2 = 3.7 Ma), normalized to a
fully corroded Fe2O3-sample, is the least sensitive nuclide to a varying
terrestrial age, thus, providing us with the best value for a shielding depth:
62–71 cm. The best fit of the measured shortest-lived radionuclide 36Cl (t1/2
= 0.3 Ma) with theoretical PRs at that depth is for a terrestrial age of 500–
600 ka. The 26Al-activity (t1/2 = 0.7 Ma) validates that age. The measured
10Be is far too high compared to theoretical PRs (based on a C-content of
0.1%, as Canyon Diablo). This goes along with earlier studies [4, 5]
demonstrating the big influence of inhomogeneously distributed traces as C,
S, and P on the production of light nuclides.

Our second approach, using terrestrial 10Be, leads to a minimum in situ
exposure age of two quartz-rich samples from the crater wall of 200–250 ka.
However, a larger age is very likely due to the subsequent erosion of the
crater walls.

Preliminary paleomagnetic measurements of the granite within the
crater revealed mixed normal and reverse magnetic field polarities
suggesting a possible age for the impact remagnetization older than 780 ka. 

Acknowledgements: CRONUS-EU, CNRS-CONICYT, M. Arnold, G.
Aumaître, L. Benedetti, and I. Leya.

References: [1] Ugalde H. et al. 2007. Meteoritics & Planetary Science
42:2153. [2] Buchwald V. F. 1975. Handbook of iron meteorites 1. 262 p. [3]
Bunch P. E. and Cassidy W. 1972. Contrib. Mineral. Petrol. 36:95. [4] Leya
I. and Michel R. 1998. Abstract #1172. 29th LPSC. [5] Leya I. et al. 1997.
Meteoritics & Planetary Science 32:A78.
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SIMS STUDY OF TUCSON (IRUNGR) SILICATES
M. E. Varela1, E. Zinner2, and G. Kurat3. 1CASLEO/CONICET, San Juan,
Argentina. 2Dept. Physics, Washington University, St. Louis, MO, USA.
3Dept. Lithosph. Sci., University of Vienna, Vienna, Austria.

Introduction: Tucson is a unique polycrystalline ataxite with about
8 vol% silicates and a chemical composition of the metal (high Si: 0.8, Cr:
0.8 wt% and very low Ge, [1]) that make it distinctive among silicate-bearing
iron meteorites [2–3].

Results: Silicate inclusions in the sections L3951 and Tucson B (NHM,
Vienna) vary in size from ~40 to 1200 µm and are arranged in sub-parallel,
curved plate aggregates (“flow pattern”). Inclusion sizes vary with the phases
present. Small inclusions consist mostly of one (olivine) or two (olivine and
glass) phases. Large ones are multiphase (e.g., olivine and pyroxenes as
major phases, with minor glass, metal and brezinaite) and have serrated and/
or smooth, curved interfaces with metal. 

A typical large silicate inclusion consists of rounded olivines and
irregular, cracked low-Al enstatite, all embedded in Al-rich low-Ca
pyroxene. All phases are Fe-poor. Trace element contents of the Al-rich and
Al-poor pyroxenes (arranged in decreasing order of Al2O3 content in the Fig.)
are different. Variation among them is clearly observed over more than 1
order of magnitude in the abundances of the HREE (~0.05 to 1 × CI). In
addition, low-Al pyroxene is poorer in Zr, Ti, Y, and Ca with respect to the
high-Al pyroxenes. All phases (including olivine and glasses [4]) have a
strong Nb- abundance anomaly, apparently caused by co-existing brezinaite,
which has a very strong Nb+ anomaly The Al-rich pyroxene obviously is the
latest phase that possibly formed by reaction of mainly olivine with a Si- and
Al-rich medium. Consequently, the late addition of Al2O3 (and other
refractory elements plus Si) to the early formed silicates must have been
triggered by a (probably oxidative) destabilization of an early refractory
element-rich phase. Like in other meteorites, silicates in Tucson also record
highly reducing early and increasingly oxidizing conditions during their
evolution—before they became trapped in the metal.

Acknowledgements: CONICET and Agencia PICT 212 (Argentina),
NASA (USA) and FWF (Austria) supported this study.

References: [1] Wai and Wasson. 1969. 33:1465–1471, [2] Wasson
1970. 34, 957–964, [3] Wänke et al. 1983. Meteoritics 18:416, [4] Varela
et al. 2008. LPSC 39, #1373.pdf. 
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SIMS STUDY OF AN UNKNOWN SILICATE PHASE FROM THE
PATOS DE MINAS IIA IRON
M. E. Varela1, E. Zinner2, M.E. Zucolotto3, and G. Kurat4. 1CASLEO/
CONICET, San Juan, Argentina. 2Dept. Physics, Washington University, St.
Louis, MO, USA. 3Museu Nacional da UFRJ, RJ, Brazil. 4Dept. Lithosph.
Sci., University of Vienna, Vienna, Austria.

Introduction: Patos de Minas is a normal hexahedrite that contains a
few angular nodules of troilite with daubreelite exsolution lamellae [1–2].
Here we report on a chemical study of the first silicate phase observed in this
meteorite.

Results: The polished section of Patos de Minas from the Museu
Nacional du UFRJ, Brazil contains a perfectly round silicate inclusion within
an almost perfectly round sulfide inclusion imbedded in the metal. The
sulfide is decorated by a thin rim of metallic-looking phases [3]. It consists of
two phases: Cr-bearing troilite (Fe: 58.5; Cr: 1.8; S: 39.4 wt%) and
daubreelite (Fe: 18.5; Cr: 30.7; S: 48.4 wt%), each occupying half of it. Bars
of troilite are present in the daubreelite and vice-versa. The spherical silicate
inclusion (400 µm in diameter) is surrounded by both sulfides, is isotropic,
indicating a glass, and has a major element composition that varies widely
from: SiO2: 38.3–73, FeO: 1.7–47.4, CaO: 0.04–17, Na2O: 3.7–0.03 wt%.
The low totals of the analyses (80–93 wt%) could be indicative of an
alteration by (partial) hydration of an unknown precursor phase. The whole
object (silicate and sulfides) is thinly enveloped (~100–200 µm) by cohenite
(Fe: 90, Ni: 1.6 wt%) and schreibersite (Fe: 53.6; Ni: 30.6; P: 15 wt%). 

Trace element abundances in the Fe-rich silicate phase (FeO: 33.6–
47.4 wt%) as determined by SIMS show a peculiar pattern, with the heavy
REEs (~0.6 × CI abundances) depleted with respect to the light REEs (~6 ×
CI). This REE pattern, with a weak Tm+ and a strong Eu+ anomaly, is
reminiscent of the group II CAI REE abundance pattern. It is a strong
indication that the silicate (or its precursor) has formed from a vapor, which
was depleted in the super-refractory elements. 

The Nb abundance is extremely high (~300 × CI), and abundances of
moderately volatile and volatile elements are also high (5–20 × CI). The very
high Nb content suggests that the silicate had a sulfide precursor, which was
subsequently oxidized. Metasomatic processes probably added the
moderately volatile and volatile elements from a reservoir with chondritic
relative abundances as indicated by the Fe/Mn ratio. The missing volatile
phase, possibly (OH), could be terrestrial. However, the trace element
abundances do not show any terrestrial contamination. Further studies are
needed.

Acknowledgements: CONICET and Agencia PICT 212 (Argentina),
NASA (USA), and FWF (Austria) supported this study.

References: [1] Buchwald. 1975. Handbook of Iron Meteorites, Univ.
of California, 965 p. [2] Kracher et al. 1980. Geochimica et Cosmochimica
Acta 44:773–787. [3] Zucolotto et al. 2006. V Encontro da SBPMat. 
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STEPPED COMBUSTION TECHNIQUE FOR MEASUREMENT OF
SOLAR WIND N ISOTOPIC COMPOSITION IN GENESIS
TARGETS 
A. B. Verchovsky, I. A. Franchi and S. Sestak.  PSSRI, Open University,
Milton Keynes, UK. Email: a.verchovsky@open.ac.uk.

Introduction: Measurement of N isotopic composition in the Genesis
samples has turned out to be a tricky business. The results obtained so far in
two laboratories [1, 2] are different by 700‰ (from −400 to +300‰)! The
laboratories used different extraction methods and target materials:
amalgamation of gold on sapphire [2] and UV laser ablation of gold plated
stainless steal [1]. Both techniques are proven to be efficient enough and have
been checked using artificially implanted target samples. However the
dramatic discrepancy between the results clearly suggests that there is
something wrong with one of the two, or perhaps both measurements. And
though no obvious mistakes in the measurements have been found yet, both
of them are suffered from some problems. In the case of laser extraction the
main problem is with a high level (90% and more) of contamination of the
gold layer with terrestrial N. Therefore, the SW δ15N value has been obtained
in this case by a very long extrapolation. In the case of amalgamation a
potential problem is underestimating of the CO contribution at masses 28 and
29.

We have developed an alternative technique for analysis of SW N
which supposes stepped oxidation of the diamond-like- carbon (DLC) on Si
(DoS) Genesis targets. For the measurements we use our Finesse machine – a
complex of three mass spectrometers all working in static mode and fed from
a single extraction line. The machine allows to make measurements of C, N
and some noble gases (in the case of the Genesis sample –Ne)
simultaneously. C is used to monitor the thickness of the carbon layer
oxidised and Ne to monitor the SW fluence.

N Yield: In order to provide a high yield of N, Si is first dissolved in hot
KOH and oxidation of the residual DLC film is performed at high (1100oC)
temperature. For the first step at 1100 °C no oxygen is used – and removes the
bulk of the surface contamination. The following steps at 1150, 1200, and
1300 °C are made with variable oxygen pressure in order to remove the first
20 nm layer (at 1150 °C) and extract gases only from the 20 to 70 nm layer,
where most of the SW N is located (at 1200 °C). This way of oxidising the
DLC film provides the lowest possible contamination of the SW N with
laboratory organic N. This experimental protocol has been developed by
using 15N implanted samples and provides SW N yield not less than 80%.

Banks and Contamination: The extraction blank (without any
sample) of the mass spectrometric system is typically 0.1 ng or lower. The
most important source of N contamination is surface contamination by
organic compounds/particles, present on both the Pt foil and DLC films. Its
level is variable (3–10 ng), but it is possible to get rid of almost all of this
surface contamination before the main SW N component starts to
release. Thus, 1 cm2 of concentrator DoS target with ~1 ng of SW N can be
analysed with less than 50% of the measured signal from contamination. The
isotope ratio of ~1 ng of N can be measured with a precision of ~ ± 5‰. We
hope to present first results for the flight samples on the conference.

References:  [1] B. Marty et al. 2009. LPSC XL, abstr. #1857;  [2] R.
Pepin et al. ibid., abstr. #2103.
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EVIDENCE FOR 26AL HOMOGENEOUS DISTRIBUTION IN THE
EARLY SOLAR SYSTEM FROM CHONDRULES MG ISOTOPIC
COMPOSITION 
J. Villeneuve1, M. Chaussidon1, G. Libourel1,2, 1CRPG-Nancy Université-
INSU-CNRS, UPR2300, BP 20, 54501 Vandoeuvre-lès-Nancy, France.
2ENSG-Nancy Université, 54500 Vandoeuvre-lès-Nancy, France. (E-mail:
johanv@crpg.cnrs-nancy.fr).

The knowledge of precise time scales for early processes in the solar
nebula provides strong constraints on models of the protosolar nebula. With
a half-life of 0.73 Ma, 26Al is potentially a high resolution relative
chronometer for objects formed earlier in the solar nebula. A recent bulk-rock
isochron from Allende  CAIs show a (26Al/27Al)0 ratio of  5.23 (±0.13) ×
10−5 and δ26Mg*0 of −0.040 (±0.029)‰ [1] Chondrules show lower (26Al/
27Al)0 ratios (<2 × 10−5) than CAIs [2–5, and references therein]. However,
since the initial Mg isotopic compositions of chondrules have never been
determined precisely, the evolution of Mg isotopes in the solar nebula cannot
be discussed.

Here we report the first high precision ion probe analysis of Mg isotope
composition (and Al/Mg ratio) in chondrules, which allow to determine
precisely both the slope and the initial of the 26Al isochrons. Measurements
were performed with the CRPG-CNRS ims 1270 ion microprobe in multi-
collection mode, using four Faraday cups. A typical external reproducibility
of ± 0.005‰ (2σ) can be reached for ∆26Mg determination in standards. In
chondrules internal errors for δ26Mg* were ranging from ± 0.015‰ to
± 1.983‰ depending of the Mg contents. Fourteen ferromagnesian
chondrules show well-resolved isochrons with (26Al/27Al)0 ranging from
1.619  (±0.1672) × 10−5 to 3.023 (±1.240) × 10−6 and δ26Mg*0 ranging from
−0.0185 (±0.0140) ‰ to 0.0047 (±0.0098) ‰.

Our Al-Mg data can be compared to that for bulk CAIs [1] in a simple
model of closed system evolution of Mg isotopes in the protosolar disk and
allow to demonstrate that 26Al and Mg isotopes were homogeneously
distributed at respectively ~ ± 0.5 × 10−5 (~ ± 10%) and ~ ± 0.004‰ in the
inner solar system. In that case supra-canonical values for (26Al/27Al) in CAIs
[6] and large δ26Mg* variations in hibonites [7] could be understood as to be
due to fractions of components with supra-canonical ratios and hibonites type
materials within CAIs and chondrules precursors. These results also provide
very new constraints for astrophysical models of origin of 26Al and formation
of chondrules, e.g., (i) for the source of 26Al (by irradiation from the young
Sun or last minute injection from a nearby SN), (ii) for mixing processes that
allow to homogenize both 26Al and Mg isotopes within the disk (iii) for time
scales of formation of chondrules and their precursors, (iv) for chondrules
preservation in the accretion disk as single floating objects for a few millions
years.

References:  [1] B. Jacobsen et al. 2008. EPSL 272:353–364. [2] S. S.
Russell et al. 1996. Science 273:757–762. [3] N. Kita et al. 2000. Geochimica
et Cosmochimica Acta 64:3913. [4] S. Mostéfaoui et al. 2002. Meteoritics &
Planetary Science 37:421–438. [5] E. Kurahashi et al. 2008. Geochimica et
Cosmochimica Acta 72:3865–3882. [6] E.D. Young et al. 2005. Science 308:
223–227. [7] M-C. Liu et al. 2006. LPSC XXXVII, 2428.
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81KR-KR DATING TO DETECT PRE-IRRADIATION EFFECTS IN
CAIS: FEASIBILITY AND FIRST RESULTS 
N. Vogel1, H. Baur1, A. Bischoff2, I. Leya3, J. Roszjar2, R. Wieler1. 1Institute
for Isotope Geology and Mineral Resources, ETH Zürich, Switzerland.
2Institut für Planetologie, WWU Münster, Germany. 3Institute of Physics,
University of Bern, Switzerland. nadia.vogel@erdw.ethz.ch.

Introduction: Ca,Al-rich inclusions (CAIs) are prime candidates to
search for irradiation effects from the young active Sun due to their very early
formation. An early solar irradiation might express itself by excesses of
cosmogenic noble gases in CAIs compared to each other and to their host
meteorites. Previous similar studies on chondrules report small [1, 2] to large
[3] excesses in cosmogenic noble gases for some chondrules. However, it is
unclear whether these are to be ascribed to a high fluence of solar energetic
particles or rather a selective irradiation by galactic cosmic rays (GCR) on a
parent body. The enrichment of major target elements for cosmogenic Kr
production in CAIs might allow us to use 81Kr-Kr dating [4], which is much
less sensitive to shielding and chemical composition of a sample than, e.g.,
21Ne-dating. To test this and to search for potential pre-irradiation effects, we
analyzed noble gases in three well studied Allende CAIs. Here, we focus on
preliminary Kr results.

Samples and Methods: Several 100 mg of one fassaite-poor type A
and two compact type B CAIs were extracted. About 40 mg of each were
used for noble gas analyses. Remaining material will be used for chemical
analyses. For mineralogical investigations thick sections were prepared from
the same CAIs. Noble gases were extracted by IR-laser heating. The Kr-Xe
fraction was analyzed separately from He-Ne, and Ar. 

Results and Discussion: Cosmogenic 81Kr ([1–2] × 10−13 cm3 STP/g,
corrected for interfering 81Br) was detected in all CAIs. The correction for
trapped Kr is substantial and also depends on whether the trapped component
is assumed be to air or phase Q. For the calculation of 81Kr-Kr ages we used
3 different equations [5]. These results vary by ~5–30%. Preliminary ages are
~4 Ma for the type A and ~5–7 Ma for the type B CAIs. The age differences
might correlate with chemical differences between type A and B CAIs. The
exposure ages exclude massive pre-irradiation excesses as found for some
Murchison chondrules [3]. Due to rather large age uncertainties (counting
statistics, blank, trapped Kr correction), potential small irradiation effects
corresponding to ≤3 Ma at present-day GCR fluxes cannot be resolved. 

Perspectives: To refine CAI exposure ages, we will (i) perform a
stepwise heating experiment to better define the trapped Kr component, (ii)
analyze element concentrations of major target elements for cosmogenic Kr
and Ne production on remaining sample material, and (iii) determine new
production rates for cosmogenic Kr [6]. This will hopefully reduce
uncertainties associated with the calculation of exposure ages and better
constrain the parameters of the 81Kr-Kr dating equations for CAIs.

References: [1] Eugster, O. et al. 2007. Meteoritics & Planetary
Science 42:1351–1371. [2] Polnau, E. et al. 2001. Geochimica et
Cosmochimica Acta 65:1849–1866. [3] Roth A. S. G. et al. 2009. LPSC 40,
A1838. [4] Marti K. 1967. Physical Review Letters 18:264–266. [5] Leya I.
et al. 2004. Antarctic Meteorite Research 17:185–199. [6] Dalcher N. et al.,
this issue. 
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AL-MG ISOTOPE SYSTEMATICS IN THE EFREMOVKA E60 CAI:
EVIDENCE OF RE-EQUILIBRATION 
M. Wadhwa1, P. E. Janney, and A. N. Krot2. 1School of Earth and Space
Exploration, Arizona State University, Tempe, AZ 85287, USA. E-mail:
wadhwa@asu.edu. 2HIGP/SOEST, University of Hawai’i at Mãnoa,
Honolulu, HI 96822, USA.

Introduction: In recent years, the calcium-aluminum-rich inclusion
(CAI) E60 from the Efremovka reduced CV3 chondrite has been used as an
age anchor for the Al-Mg extinct chronometer (t1/2 ~0.73 Ma) since an
internal Al-Mg isochron corresponding to a 26Al/27Al ratio of (4.63 ± 0.44) ×
10−5 has been determined for it [1] and a highly precise 207Pb-206Pb age of
4567.11 ± 0.16 Ma has also been reported [2]. However, recent investigations
have noted discrepancies between 207Pb-206Pb ages and 26Al-26Mg
systematics in several meteoritic materials. For example, Al-Mg systematics
in the angrites D’Orbigny and Sahara 99555 anchored to the E60 CAI yield
ages that are ~2 Ma younger than the Pb-Pb ages for these achondrites ([3]
and references therein). Therefore, with the goal of assessing the suitability of
the E60 CAI as a time anchor for the 26Al-26Mg system, we initiated a high-
precision laser ablation multicollector inductively coupled plasma mass
spectrometer (LA-MC-ICPMS) study of internal 26Al-26Mg isotope
systematics in this inclusion. We have previously presented some preliminary
results from this investigation [4]. Here, we report the results of further
analyses that demonstrate evidence for re-equilibration of the Al-Mg system
in E60.

Analytical: A polished thick slice of the Efremovka E60 CAI was
studied at UH using a Cameca SX-50 electron microprobe and a JEOL JSM-
5900LV SEM equipped with a Thermo Electron energy dispersive
spectrometer. Magnesium isotopes were measured with a Thermo-Finnigan
Neptune MC-ICPMS instrument and a Photon Machines fast excimer laser
ablation system (producing 193 nm wavelength and 4 ns pulse length) at
ASU using methods similar to those described earlier [4]. 

Results and Discussion: Previously we reported analyses of a
diopside-rich rim (1 spot), diopside in the interior (2 spots), melilites in the
rim and in the interior (3 spots each), and anorthites in the rim (3 spots) of the
E60 CAI [4]. Since anorthites in E60 are typically fine-grained and we used
beam spots up to ~90 µm, we were unable to get clean analyses of this phase,
and the highest 27Al/24Mg ratios reported in [4] were only up to ~16. The
majority of these preliminary data defined a slope corresponding to a 26Al/
27Al ratio of (2.9 ± 0.5)×10−5 and an initial 26Mg/24Mg ratio of 0.23 ± 0.09 ‰
(MSWD = 0.9); the exceptions were the melilite rim analyses which fell
above this isochron. We have now made additional analyses of interior
diopside (2 spots), melilites in the rim and the interior (2 spots each) and
anorthites in the rim (4 spots). We used beam spot sizes of ~30–40 µm, and
were able to obtain 27Al/24Mg ratios up to ~90 for the anorthites. With the
exception of the 3 previous melilite rim analyses, all the data taken together
define an Al-Mg isochron with a slope corresponding to a 26Al/27Al ratio of
(3.20 ± 0.35)×10−5 and an initial 26Mg/24Mg ratio of 0.19 ± 0.08 ‰ (MSWD
= 1.5). Assuming a canonical initial solar system 26Al/27Al ~5×10−5, these
data indicate that the Al-Mg system in E60 was re-equilibrated ~0.5 Ma after
the beginning of the solar system.

References: [1] Amelin Y. et al. 2002. Science 297:1678–1683. [2]
Amelin Y. et al. 2006. Abstract #1970, 37th LPSC. [3] Spivak-Birndorf L.
et al. 2009. Geochimica et Cosmochimica Acta, in press. [4] Wadhwa M.
et al. 2009. Abstract #2495, 40th LPSC.
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CHROMIUM FLUENCE MEASUREMENTS IN GENESIS SAMPLES
USING A NANOSIMS 
J. Wang, L. R. Nittler1, M. Humayun2 and D. S. Burnett3. 1Dept. Of
Terrestrial Magnetism, Carnegie Institution of Washington. E-mail:
jwang@ciw.edu. 2Florida State University, 3Caltech.

Introduction: Our Sun holds most of the mass of the solar system
(99.9%) and its chemical and isotopic composition thus provides the
reference standard for astronomical, cosmochemical and geochemical
studies. The Genesis mission returned solar wind implanted samples for
studying solar wind composition. Previous studies of solar wind Cr fluence in
Genesis samples showed over-estimates of it due to surface contamination
[1–2]. We analyzed three different Si target samples (60040, 30877 and
60490) by NanoSIMS. With smaller analysis area (10–15 µm2 in a 30 µm2

rastered area) and meticulous cleaning procedures (sample 60490) [3], the
surface contamination of Cr can be avoided. We obtained an average Cr
fluence value 3.3 ± 1.1 × 1010atom/cm2 (2σ).

Analytical Methods: We measured positive secondary ions of  24Mg,
25Mg, 26Mg, 30Si, 52Cr, 56Fe and 57Fe simultaneously using a Cameca
NanoSIMS 50L ion microprobe at Carnegie Institution of Washington. The
16 keV O− primary beam was rastered over 30 µm2 areas, with  signal
collection only from the central 10 and 15 µm2 region to avoid crater edge
effects. The primary beam intensity was around 200pA with a size of 2–3 µm.
Each analysis took a little over one hour with 250 measurement cycles. Ratios
of 52Cr/30Si were averaged in every 5 cycles and summed and the beginning
8 minutes of transient period were not included in the final data. This result
was compared with the average results of 3 analyses of a 52Cr implant
standard (3 × 1013 atm/cm2) to obtain the solar wind implanted 52Cr fluence.
Three different Genesis samples (60040, 30877, and 60490) were measured
with a total of 20 analyses. Sample 60490 was carefully cleaned with the hot
aqua regia cleaning procedure at the Florida State University [3].

Results: The photospheric Cr/Mg ratio is 0.0126 [4]. Thus, taking the
Genesis Mg fluence to be 2.15 × 1012 atom/cm2 [5] and considering the
terrestrial isotopic abundance of 52Cr (83.8% of total Cr) gives an expected
fluence for 52Cr of 2.3 × 1010 atom/cm2. We obtain average 52Cr fluences for
60040, 30877, and 60490 of 7.3, 2.8 and 1.3 × 1010 atom/cm2, The average
fluence of 3.3 × 1010 ± 1.1 atom/cm2 is in good agreement with the expected
fluence and with a previous SIMS measurement [6].  Since, in order to avoid
transient sputtering effects, we did not include the beginning 8 minutes of
data, we might have under-determined the 52Cr solar fluence especially in the
extremely cleaned sample 60490. The somewhat higher value for 60040 is
mostly surface contamination. Clearly, obtaining more accurate analyses of
the 52Cr fluence requires not only careful cleaning of the sample surface, but
also understanding, reduction of the transient effects at the beginning of the
data collection and accurate 52Cr implant standards. Mg and Fe isotopic data
will be presented at the conference.

References: [1] Wang J. et al. 2007. 70th Meteoritical Society Meeting
abstract. [2] Veryovkin I. V. et al. 2009. 40th LPSC. pp. 2422–2423. [3]
Huang S. et al. 39th LPSC. pp. 1976–1977. [4] Lodders K. 2003. The
Astrophysical Journal 591:1120–1247. [5] Jurewicz A. J. G. et al. 2008. 39th

LPSC. pp. 2272–2273.  [6] Burnett D. S. et al. 2007. 38th LPSC. pp. 1843–
1844.
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ULTRA-FINE GRAINED EUCRITE NWA 999, AND THE PARADOX
OF THOROUGH EQUILIBRATION, WITHOUT MUCH TEXTURAL
MATURATION, IN TYPICAL NONCUMULATE EUCRITES 
Paul H. Warren and Wonhie Choe. Institute of Geophysics, UCLA, Los
Angeles, CA 90095, USA; pwarren@ucla.edu.

The Northwest Africa 999 eucrite is perhaps without precedent for
being unusually fine-grained. Apart from a percent or so of scattered relict
phenocrystic (or xenocrystic?) matter, it consists of a groundmass of grains
mostly well under 50 µm in maximum dimension; 40 × 20 µm is most
typical. Compositionally (based on our customary combination of INAA
with fused-bead e-probe analysis [1]), this meteorite is uncommonly ferroan
(mg  = 37 mol%) and as indicated by the plot of La versus Sc (cf. [2]), appears
linked to the Nuevo Laredo trend, although also not far from the “Main
Group” (which appear closely related, anyway).

NWA999 contains 12 ± 3 µg/g Ni, which is very low but ordinarily
would be enough to indicate a polymict eucrite. However, it is crisscrossed
by thin (typically only about 5 µm), widely scattered veins of shock-melt
glass. Compositionally, this glass resembles the bulk rock, except for
enrichments in Al2O3 (15 wt%) and CaO (11.5 wt%), possibly derived by
preferential shock melting of feldspar in the vein-source material. The shock
veins, which clearly postdate and have no connection with scattered relict
phenol/xenocrysts, might be the only repository of high Ni in the rock; which
thus might still be practically monomict.

Despite the very shallow origin implied by its grain sizes, NWA 999
shows a high degree of metamorphic equilibration. Its pyroxenes cluster
tightly at En32–33Wo2 and En28Wo44. Like other typically equilibrated non-
Stannern trend, noncumulate eucrites, NWA999 does not show a high degree
of textural equilibration (development granulitic texture with abundant 120°
triple junctions). Delicate volcanic structures have not been completely
overprinted. In rare places, a relict variolitic texture is discernible. This
stands in sharp contrast with the typical status of lunar granulitic breccias,
which in general have not equilibrated (mineralogically) nearly as thoroughly
as NWA 999 [e.g., 3]. As noted by [4], the paradox of thorough equilibration,
without much textural maturation, in typical noncumulate eucrites is
enigmatic; probably some form of dry autometamorphism is required.

References: [1] Warren P. H. et al. 2009. Geochimica et Cosmochimica
Acta, submitted. [2] Gardner K. G. and Mittlefehldt D. W. 2004. LPSC 35,
abstr. #1349. [3] Hudgins J. A. et al. 2008. Geochimica et Cosmochimica
Acta 72:5781–5798. [4] Schwartz J. M. and McCallum I. S. 2005. American
Mineralogist 90:1871–1886.
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FORMATION OF METAL DEPOSITS ON CHONDRULES 
John T. Wasson and Alan E. Rubin, Inst. of Geophysics and Planet. Phys.,
Univ. of California, Los Angeles, CA 90095, USA.

Many low-FeO chondrules have metal and/or FeS deposits on their
surfaces.  Those on CR chondrules tend to form ellipsoidal globules and are
commonly free of FeS. We estimate that about 40% of low-FeO CR
chondrules have such metal on their surfaces.  In other chondrite groups the
fraction of metal-clad low-FeO chondrules is much smaller. For example, in
CO3.0 chondrites the estimated abundance is <20%.

In a typical CR thin section the metal is distributed as 20 to 100 µm
globules around the periphery of the chondrules. Commonly some similarly
sized metal globules are also found in the interior, but the volumetric fraction
is much smaller relative to that of surficial metal.  Because of the paucity of
FeS, we can infer that the nebular temperature was >700 K when the CR
metal-clad chondrules formed and that the peak temperature reached during
the flash-melting event was higher than the melting point of FeS-free metal,
~1750 K.

Various origins have been proposed for the concentration of metal on
chondrule surfaces. Wood [1] suggested that these textures were the result of
surface tension effects during the formation of chondrules by condensation
from a hot, high-pressure solar nebula.  Although there are strong arguments
against formation of chondrules by condensation, we agree that surface and
interface tension are responsible for the metal distribution.

Grossman and Wasson [2] suggested that centrifugal forces were
responsible for the denser metal migrating to surfaces. Because most CR
chondrules show isotropic rather than equatorial distributions of metal
globules, centrifugal forces have played at most a minor role. Uesugi et al. [3]
inferred that interface tension would in chondrule interiors would produce
forces that would cause metal droplets to migrate rapidly to the chondrule
surface and be ejected. They hypothesized that this might be the main reason
that most chondrules are depleted in metal.

Consideration of surface and interface tension offers a rather simple
scenario for producing the observed metal distribution. We assume a fully
molten chondrule but a small fraction of silicate clasts should have relatively
little effect on the scenario.  

The obvious explanation for the isotopic distribution is that, when
temperatures were high, the interface tension between molten metal and
silicate was low and that the metal wet the surface of the silicates and formed
a film. Presumably, the metal is on the exterior because its surface tension
relative to the vacuum of space was appreciably smaller than that of the
molten silicates.

We must then explain why the metal is now present as globules. We
suggest that, with cooling, the interface tension became larger than the
surface tension and that the metal balled up to minimize surface forces under
the changed conditions.

Most (>90%) CR chondrules are low-FeO, contain no FeS and have
anorthitic plagioclase; thus, high temperatures were involved in their
formation. We suggest that such high-temperature conditions favored the
formation of metal-clad chondrules. Despite the requirements of high
temperatures, the CR chondrules experienced multiple melting events.
Compound chondrules are common and many chondrules have thick,
convoluted rims [4].

References: [1]  Wood J. 1963. Icarus 2:152–180. [2] Grossman J. and
Wasson J. 1983. [3] Uesugi M. et al. 2008. Meteoritics & Planetary Science
43:717–730 [4] Zanda B. et al. 2002. LPSC 33, Abstract #1852.
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GEOCHEMICAL STUDY OF SOME HOWARDITES AND
POLYMICT EUCRITES 
B. S. Wee1, A. Yamaguchi2 and M. Ebihara1. 1Department of Chemistry,
Tokyo Metropolitan University, Tokyo 192-0397, Japan. E-mail:
wee@ed.tmu.ac.jp. 2National Institute of Polar Research, Tachikawa, Tokyo
190-8518, Japan.

Introduction: Howardites and polymict eucrites are polymict breccias
composed of eucrites, diogenites and other lithologies [1, 2, 3]. Previous
studies showed that howardites contain chondritic clasts [e.g., 4, 5].
Howardites and polymict eucrites may contain metals which are related to
impactors [6, 7, 8]. On the basis of chemical composition and mineralogical
data, we will discuss the provenance of projectile materials in these
meteorites.

Methods: Interior chip samples of howardites (Kapoeta,21, Y-
7308,120, Y-791573,40) and polymict eucrites (Y-75015,40, Y-74450,40, Y-
792769,120) were homogenized for chemical composition analyses using
PGA, INAA and ICP-MS. In addition, SEM and electron microprobe are
used for direct identification of projectile materials.

Results and Discussion: Kapoeta,21 showed higher siderophile
contents than other Kapoeta data from literatures [3, 4]. The Ni/Co, Ni/Ir, Co/
Ir and Au/Ir values of Kapoeta,21 are similar to those of chondrites with
concentrations of Co, Ni, Ir and Au approximately 10 times lower than
chondrite values. On the basis of average chondritic values of Co, Ni, Ir and
Au contents, it is estimated that Kapoeta,21 contains 7 to 10 wt% of
chondritic projectiles. Textural observations showed that carbonaceous
chondrites-like clasts and metal grains are distributed in a PTS made from a
chip next to Kapoeta,21. 

The Co, Ni, Ir and Au abundances in the polymict eucrites studied here
are less variable within a factor of 2.5. Their siderophile elemental ratios are
non-chondritic, suggesting other non-chondritic projectiles (e.g., iron
meteorites). This is consistent with our previous study that polymict eucrites
contain a variety of non-chondritic projectiles [8]. The current study implies
that the HED parent body may have experienced multiple impact events
caused by chemically variable projectiles.

References: [1] Pun A. et al. 1998. Meteoritics & Planetary Science
33:835–851. [2] Gounelle M. et al. 2003. Geochimica et Cosmochimica Acta
67:507–527. [3] Lorenz K. A. et al. 2007. Petrology 15:109–125. [4] Chou C-
L. et al. 1976. Proceedings, 7th Lunar Science Conference, 3501–3518. [5]
Zolensky M. E. et al. 1996. Meteoritics & Planetary Science 31:518–537. [6]
Hewins R. H. 1979. Geochimica et Cosmochimica Acta 43:1663–1673. [7]
Isa J. et al. 2007. Abstract #5204. Meteoritics & Planetary Science 43:A64.
[8] Okamoto C. et al. 2005. Abstract #5257. Meteoritics & Planetary Science
40:A118. 
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AR-AR IMPACT AGES OF SHOCKED LL CHONDRITES 
J. R. Weirich1, C. Isachsen1, T. D. Swindle1, and D. A. Kring2. 1University of
Arizona. E-mail: jweirich@lpl.arizona.edu.  2Lunar and Planetary Institute.

Introduction: Due to the relatively low closure temperature of
feldspar, Ar-Ar ages of shocked meteorites typically record the age of an
impact, not the formation age.  Ar-Ar dating of lunar rocks has shown an
increase in the impact rate around 3.9 Ga [1], and many eucrites [2] and H
chondrites [3] give similar ages, but with a larger spread than in the lunar
case.  Although only a small number of shocked LL chondrites have had Ar-
Ar ages determined, there seems to be clustering around 4.2–4.3 Ga [4–6],
possibly indicating an impact event at that time.  To better constrain the
impact history of the LL chondrite parent body, we have collected a suite of
shocked LL chondrites.  Here we present Ar-Ar age data for two melted LL-
chondrites. 

Results: Both NWA 1701 and LAR 06298 are variably crystallized,
clast-rich impact melt rocks that contain sub-mm to cm-size lithic clasts.
More pronounced weathering affected the melt in NWA 1701, effectively
oxidizing most Fe-Ni metal.  In contrast, LAR 06298 is a fresh sample of melt
rock, in which highly shocked chondrite clasts are intruded with glassy shock
melt veins. Macroscopically, LAR 06298 resembles the L chondrite Cat
Mountain [7]. Three melt samples of NWA 1701 each gave two plateaus.
Although the total range in ages of the apparent plateaus is only ~900 Ma to
~1200 Ma, the plateaus are not the same between any two samples,
complicating the interpretation [8]. Clast samples of NWA 1701 indicate
partial resetting, and yield older ages up to ~4 Ga. Preliminary results of a
single sample of the clast portion of LAR 06298 gives a plateau of 5 steps,
which all agree within 2ó errors. These 5 steps give an age of 960 ± 130 Ma
after summing all steps together. A plateau of 3 steps that all agree within 1σ
error give an age of 1240 ± 170 Ma, again after summing all 3 steps together.
This constrains the Ar-Ar age of LAR 06298 to 950–1250 Ma. While very
different from many shocked LL chondrites, this age agrees well with the Ar-
Ar age of NWA 1701 and Y-790964 [9]. More samples of both melt and clast
of LAR 06298 will be run to further constrain the Ar-Ar age.

Discussion: The Ar-Ar ages of NWA 1701 and LAR 06298 chronicle
an impact on the LL-chondrite parent body at ~1 Ga. Thus, our data
substantiates a second severe impact event on that asteroid, which post-dates
the major collision at around 4.25 Ga. At present, there is no indication for a
more recent large impact on the LL-chondrite asteroid, such as that found on
the L-chondrite asteroid at ~470 Ma [1] and the H-chondrite asteroid at
~310 Ma [3].    

References:  [1] Bogard D. 1995. Meteoritics & Planetary Science 30:
244. [2] Bogard and Garrison 2003. Meteoritics & Planetary Science 38:669.
[3] Swindle et al. 2009. Meteoritics & Planetary Science, in press. [4]
Trieloff et al. 1989. Meteoritics & Planetary Science 24:332. [5] Trieloff
et al. 1994. Meteoritics & Planetary Science 29:541. [6] Dixon et al. 2004.
Geochimica et Cosmochimica Acta 68:3779. [7] Kring et al. 1996. Journal of
Geophysical Research 101:29353–29371. [8] Swindle et al. 2006. Abstract
#1423. 37th LPSC. [9] Takagami and Kaneoka 1987. Proceedings of the NIPR
Symposium on Antarctic Meteorites 5:290.



A216 72nd Meeting of the Meteoritical Society: Abstracts

5191
COSMOGENIC RADIONUCLIDES IN THREE PAIRED
HOWARDITES AND A POLYMICT DIOGENITE FROM PECORA
ESCARPMENT ICEFIELD, ANTARCTICA 
K. C. Welten1,  M. W. Caffee2, A. W. Beck3 1Space Sciences Laboratory,
University of California, Berkeley, CA 94720, USA, (E-mail:
kcwelten@berkeley.edu), 2Department of Physics, Purdue University, West
Lafayette, IN 47907, USA, 3University of Tennessee, Knoxville, TN 37919,
USA.

Introduction: The Pecora Escarpment (PCA) stranding area in
Antarctica has yielded 9 small howardites and 2 diogenites in an area
informally known as the Pecora North Forty Icefield. Based on petrographic
studies [1,2], it was concluded that at least three of the howardites are paired,
even though they show remarkable heterogeneity on a cm-scale. The
heterogeneity of howardites at this small scale is relevant to observations of
Vesta that will made by the Dawn mission. In this work we measured
cosmogenic radionuclides in three howardites, PCA 02009, 02013, and
02015, to verify pairing, and to investigate possible pairing with PCA 02008,
a polymict diogenite which contains ~10% of eucritic material, and was
derived from an object with a pre-atmospheric radius of 50–60 cm [3]. We
also performed a petrographic study of PCA 02008 to investigate its possible
relationship to the PCA howardites.

Petrography of PCA 02008: PCA 02008 is a fragmental diogenite
breccia dominated by OPX clasts (88 vol%) ranging in size from 70 µm to
2 mm. Small (30–100 µm) eucritic fragments, rich in plagioclase and CPX,
occur in veins between larger OPX clasts. Since PCA 02008 contains a larger
proportion of CPX (7 vol%) and glass (0.4%) than typical diogenites, a
relationship to the PCA howardites cannot be ruled out.

Cosmogenic Radionuclides: The 10Be concentrations in these four
HED samples are relatively constant at 24.0 ± 0.5 dpm/kg. The 36Cl
concentration ranges from 7.6 dpm/kg in PCA 02008 to 17.1 dpm/kg in PCA
02015, but are linearly correlated with the bulk Ca content (Table 1). When
normalized to the main target elements, Fe and Ca, the four samples yield a
constant 36Cl concentration of 19.9 ± 0.7 dpm/kg[Fe+15Ca], which is
consistent with pairing. 

Conclusions: Both the petrographic observations and cosmogenic
nuclide concentrations in PCA 02008, 02009, 02013, and 02015 are
consistent with the hypothesis that these three howardites and one diogenite
were all part of a single, meter-sized, polymict HED meteoroid. 

Acknowledgments: This work was supported by NASA’s
Cosmochemistry program.

References: [1] Beck A. W. et al. 2007. LPSC XXXVIII, #1123. [2]
Beck A. W. et al. 2007. Meteoritics & Planetary Science 42:A17. [3]
Welten K. C. et al. 2007. Nuclear Instruments and Methods B 259:653–662.
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COSMOGENIC RADIONUCLIDES IN BUNBURRA ROCKHOLE
ACHONDRITE FALL 
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Bland4, P. Spurn˝5, 1Space Sciences Laboratory, Univ. of California,
Berkeley, CA 94720-7450, USA. 2PRIME Laboratory, Purdue Univ., West
Lafayette, IN 47907, USA. 3Isotope Geology, ETH Zürich, CH-8092 Zürich,
Switzerland. 4IARC, Dept. of Earth Science and Engineering, Imperical
College, London, SW7 2AZ, UK, 5Astronomical Institute of the Academy of
Sciences, Fricova 298, CA-251 65 Ond¯ejov Observatory, Czech Republic.

Introduction: In October, 2008, the Bunburra Rockhole (BBR)
achondrite fall was recovered in the Nullarbor region of Australia based on
fireball data from the Desert Fireball Network [1, 2]. It is the first achondrite
with an accurately known orbit, which is characterized as an Aten-type orbit.
While the mineralogy and bulk composition suggested that BBR is a eucrite,
oxygen isotope analysis have indicated it is an ungrouped achondrite [1]. We
received a chip of BBR for cosmogenic nuclide analyses. Here we report the
cosmogenic radionuclide concentrations, while the noble gas concentrations
are reported in [3].

Experimental Methods: We dissolved 61.5 mg of BBR along with Be
and Cl carriers in HF/HNO3. After dissolution, we separated Be, Al, Cl, and
Ca. An aliquot was taken for chemical analysis. AMS measurements of 10Be,
26Al and 36Cl were performed at PRIME lab, Purdue University. We report
36Cl, while 10Be and 26Al results will be reported at the meeting.

Results and Discussion: The bulk composition of BBR, including a
Fe/Mn ratio of ~32, is consistent with HED meteorites, but does not rule out
a distinct ungrouped achondrite. The cosmogenic 36Cl concentration of 16.8
± 0.8 dpm/kg is consistent with a small pre-atmospheric mass of ~50 kg (R =
15 cm), as derived from the fireball data, and thus indicate a minimum CRE
age of ~1 Myr. The 10Be and 26Al data will further constrain the pre-
atmospheric size as well as the CRE age of BBR.

References: [1] Bland P. et al. 2009. LPSC 40, #1664. [2] Spurn˝ P.
et al. 2009. LPSC 40, #1489. [3] Meier M. et al. 2009. Meteoritics &
Planetary Science, this issue.

Table 1. Concentrations of major elements and cosmogenic radionuclides 
(in dpm/kg) in PCA diogenite and howardites.

PCA Mg Al Ca Fe 10Be 36Cl

02008 15.4 1.29 1.67 12.8 24.4 ± 0.5 7.6 ± 0.2
02009 13.9 1.64 2.18 15.3 23.4 ± 0.5 9.2 ± 0.3
02013 12.5 2.23 2.81 15.7 24.3 ± 0.5 11.0 ± 0.3
02015 9.7 3.82 4.32 17.9 23.6 ± 0.5 17.1 ± 0.6

Table 1. Concentrations of major elements (in wt%) and cosmogenic 36Cl 
(in dpm/kg) in Bunburra Rockhole.

Mg Al Ca Mn Fe 36Cl 36Cl*

BBR 3.7 6.2 6.9 0.43 14.0 16.8 ± 0.8 24 ± 1
*Normalized to Fe + 8Ca.
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PETROLOGY AND TERRESTRIAL AGE OF MACALPINE HILLS
L4 BRECCIAS 
L. C. Welzenbach1, T. J. McCoy1, K. C Welten2 and K. Nishiizumi2.
1Smithsonian Institution, Washington, DC 20560, USA. welzenbl@si.edu
2Space Sciences Laboratory, University of California, Berkeley, CA 94720,
USA.

Introduction: Terrestrial ages of Antarctic meteorites provide a useful
tool, in combination with detailed locations and petrology for identifying
paired meteorites [1] We report on the petrology and terrestrial age of MAC
02454, one of several large L4 chondrite breccias found in close proximity to
the MAC 87302 L4 regolith breccia [2] and possibly paired to others of
similar composition and texture.  We discuss implications for  future study
and pairing of Antarctic meteorites.

Petrology:  MAC 02454 (1762 g) was selected as a possible paired
sample with MAC 87302 on the basis of cognate xenoliths observed from the
exterior surface.  

Matrix. The matrix of MAC 02454 exhibits the typical light-dark
coloration associated with regolith breccias.  Chondrules exhibit distinct
outlines, with microcrystalline mesostasis.  Olivine compositions peak at
Fa23–24, with values to Fa10.  

Clasts. Light clasts occupy >10% of the sample, generally exceed 1cm
in maximum dimension and have textures typical of a type 5 chondrite.
Shock darkened clasts, which occupy <10% of the sample and approach 1cm
in maximum dimension, exhibit a fine-network of metal and sulfide injected
in and around silicates.  Melt clasts are small, ~0.5cm, dark, fine grained and
virtually devoid of metal and sulfide. Small equant olivines (Fa12–25) exhibit
both normal and reverse zonation and relict grains.

 Terrestrial Age:  The terrestrial age was determined using 36Cl  (half-
life  = 3.01 × 105 yr.) [3]. The 36Cl concentration for MAC 02454 is 24.8 ±
1.6 dpm/kg, compares favorably with 36Cl 23.0 ± 0.8 dpm/kg reported for
MAC 87302.  These concentrations indicate young terrestrial ages <31–
39 kyr, respectively. Other MacAlpine Hills L4 samples that have terrestrial
ages between 30–50 kyr include MAC 02601, 02918 and 87305 [4–5].

Discussion: MAC 02454 is likely paired with MAC 87302 based on
composition, texture and terrestrial age, despite the poorly known find
location of 87302.   Of particular note, brecciated MAC samples in excess of
1 kg exhibit remarkably similar populations of clast types and sizes. Age
dating of 14 meteorites from MacAlpine Hills shows a range of terrestrial
ages from <27 kyr to 230 ± 60 kyr.   All of the L4’s discussed here exhibit
relatively young age (typically <50 kyr).  This apparent clustering of young
ages, combined with the petrologic similarity, strongly supports pairing.
While such pairing is apparent in these kg+ masses, the vast majority of
meteorites collected in the MacAlpine Hills have masses less than 10 g. This
makes them unsuitable for terrestrial age determinations and likely
unrepresentative if they sample this complex breccia. It seems likely that a
large number of meteorites sampled from MacAlpine Hills are a young
pairing group, although random sampling of this regolith breccia may result
in individual, small meteorites exhibiting an apparently wide range of
petrologic types and shock histories. 

References: [1] Welten K. C. et al. 2009. LPSC XL #1488. [2]
Welzenbach L. C. et al. 2005. LPSC XXXVI #1425. [3] Welten K. C. et al.
2005. LPSC XXXVI #5315. [4] Righter K. 2006. Antarctic Meteorite
Newsletter 29(1). [5] Righter K. 2008. Antarctic Meteorite Newsletter 31(1). 
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DETECTION EFFICIENCY AND NOISE RATES IN THE
STARDUST@HOME INSTRUMENT 
A. J. Westphal1, D. Anderson1, A. L. Butterworth1,  D. Frank2, Z.
Gainsforth1, R. Lettieri1, W. Marchant1, B. Mendez1, J. Von Korff1, D.
Zevin1, >26,000 Stardust@home dusters3  1Space Sciences Laboratory, U. C.
Berkeley, USA. 2NASA/JSC, Houston, TX, USA. 3Worldwide.

Introduction: In 2006, the Stardust spacecraft returned the first
samples from a known comet and the first samples of contemporary
interstellar dust. The cometary dust collection consists of thousands of
particles captured in aerogel and aluminum foil.  Many of these particles are
>10 µm in size and so are relatively straightforward to analyze. The
interstellar dust collection is orders of magnitude more challenging than the
cometary collection for two reasons: the dust particles are less than a
thousandth the mass of the typical cometary dust samples; and there are far
fewer, probably only a few dozen in the entire 1000 cm2 collector. We
developed the Stardust@home project to solve a challenging problem:
before any analyses of these tiny particles can be done, it is obviously first
necessary to identify them. A search ~106 microscope fields of view is
required. We enlisted the help of volunteer collaborators in the search for
interstellar dust.  

Instrument: We adapted an automated microscope for collecting
digital imagery of the collector with ~0.5 µm resolution. This microscope has
collected three-dimensional image data on ~30% of the collector. We
developed a web-based virtual microscope which enables the image data to
be efficiently searched by eye. These are the essential components of
Stardust@home. Over 26,000 volunteers have gone through the online
training and testing required to register as Stardust@home “dusters.” 

Search Tool: The ensemble of Stardust@home dusters can be thought
of as a multi-channel instrument consisting of thousands of individual
detectors. Here we took a quantitative approach. We calibrate the dusters
using calibration images (known blanks and images dubbed with the image of
a track produced by a submicron particle using a dust accelerator). The
calibrations are randomly inserted into the data stream. The dusters do not
know which images are calibrations. Using these calibrations we measure the
individual noise rate and detection efficiencies as a function of track size.
Using responses to 1.2 × 107 viewings of dubbed calibration fields of view
(among  ~5 × 107 searches), we found that for tracks >5 µm diameter, the
detector sensitivity is >90%. Because each image is viewed many times
(~300), multiple coincidence is used to increase the instrumental detection
efficiency to ~100% for features that match the calibration images. The
median response rate in response to all data is ~1.2%;  since >>99% of fields
of view are blank, the median specificity is ~99%. This demonstrates that this
unusual approach is effective in identifying candidate features that closely
match calibrations.

Discovery Tool: A question remains regarding the flexibility of the
dusters in identifying features that do not closely match the calibration
images. We evaluate this by considering 27 “off-normal” tracks that have
been discovered through Stardust@home. These are tracks of slow secondary
particles generated by impacts on the spacecraft solar panels by
micrometeorite impacts. The tracks look very different from the calibration
images. About one-third of these off-normal tracks could be found in this
dataset by reviewing the candidates down to a response level of 20%, which
is about 1% of the entire dataset.  This is a demonstration that this “distributed
thinking” approach may be used as a discovery tool as well as a search tool. 

References: [1] Westphal A. J.  et al. 2009. LPSC 39, 1855.
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PRIMARY PLAGIOCLASE IN TYPE I CHONDRULES IN
KAINSAZ: EVIDENCE FOR HIGH SOLID DENSITIES DURING
CHONDRULE FORMATION 
M. J. Wick and R. H. Jones. Department of Earth and Planetary Sciences,
University of New Mexico, Albuquerque, NM 87131. E-mail:
molwick@unm.edu.

Introduction: Primary igneous plagioclase is found in approximately
10 % of type I chondrules in CO chondrites [1]. The presence of plagioclase
has potential to help interpret conditions of chondrule formation, if the
conditions of plagioclase nucleation and growth are understood. Because
primary plagioclase typically contains a significant albite component, the
presence of this mineral is significant for the discussion of the behavior of
sodium in the chondrule-forming environment [2, 3]. We have carried out a
study of plagioclase-bearing type I chondrules from the CO3.2 chondrite
Kainsaz, in order to understand the textural and mineralogical occurrence of
primary plagioclase and to understand the role of sodium during chondrule
formation.  

Results: Textures. Chondrules included in this study have typical type I
porphyritic textures, with varying abundances of olivine and pyroxene
phenocrysts. Pyroxene is commonly at the periphery of the chondrules, with
olivine poikilitically enclosed within pyroxene. Fe-metal and troilite blebs
are dispersed throughout all chondrules. In most plagioclase-bearing type I
chondrules, plagioclase is interstitial to olivine and pyroxene, and mesostasis
is in low abundance. In two very pyroxene-rich chondrules, plagioclase is
concentrated in the center of the chondrule. Plagioclase grain size ranges
from 5–50 µm.

Sodium content of chondrules. In all chondrules, plagioclase is An-rich,
but it contains a significant albite component: compositions range from An75-
An83. Because there is little mesostasis, the melts from which this plagioclase
grew must have contained at least 2.5 wt% Na2O, based on the Na2O content
of plagioclase. 

We determined bulk silicate compositions of four plagioclase-bearing
type I chondrules using modal recombination analysis. Bulk silicate
compositions are within the range of compositions of non-plagioclase-
bearing type I chondrules in Kainsaz [4]. The modal abundance of
plagioclase in these chondrules is 10–20 vol%. The bulk silicate Na2O
content is 0.25—0.5 wt%. 

Discussion: The presence of primary igneous plagioclase with a
significant Ab component means that Na was present in the chondrule melt.
It has been suggested recently that chondrules that had Na present in the melt
during cooling formed in regions of high solid densities [2, 3]. Experiments
have shown that Na can be preserved in silicate melt under oxidizing
conditions, at very fast cooling rates, or in a high solid density environment
[e.g., 5]. In the case of plagioclase-bearing type I chondrules, conditions were
clearly not oxidizing, and the porphyritic textures and large plagioclase
grains are not likely to have formed at rapid cooling rates [5]. Therefore, Na
present in primary plagioclase in type I chondrules supports the argument that
formation occurred in an environment with high solid density. 

     References: [1] Jones R. H. 1997. Meteoritics & Planetary Sceince
32:A67. [2] Alexander C. M. O’D. et al. 2008. Science 3201617–1619. [3]
Borisov A. et al. 2008. Geochimica et Cosmochimica Acta 72:5558–5573.
[4] Berlin J. 2009. Ph.D. thesis, University of New Mexico. [5] Hewins R. H.
et al. 2005. In Chondrites and the Protoplanetary Disk, eds. A. N. Krot et al.
Astron. Soc. Pacific Conference Series, vol. 341. pp. 286–316.
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GENESIS, FIVE YEARS AFTER
R. Wieler. ETH Zürich, Earth Sciences, NW D84, CH-8092 Zürich,
Switzerland. wieler@erdw.ethz.ch.

Introduction: Almost five years after the crash-landing of the sample
return capsule of the Genesis solar wind collection mission, many of the
originally defined high-priority goals [1] have been reached or prospects are
very good that they will be reached within the next few years. None of the
major goals had to be abandoned as a consequence of the crash. This
contribution reviews some of the major findings from the mission, with a
focus on investigations where noble gases were the primary objective or are
or will be important to properly interpret other data. This choice reflects the
expertise of the author but also the fact that noble gases are among the less
challenging elements for precise analyses in Genesis targets. 

Noble Gases in Bulk Solar Wind and Solar Wind Regimes: Accurate
values for the elemental and isotopic composition of He, Ne, and Ar, and
preliminary values for Kr and Xe are available by now [e.g., 2–5]. The
variety of targets allowed to recognize those which suffered minimal
diffusive losses and to experimentally test backscatter loss simulations. In
general, earlier compositions deduced from lunar and meteoritic samples and
the Apollo Solar Wind Composition experiment have been confirmed
surprisingly well, with many Genesis values being more accurate. Minor
differences between the different solar wind “regimes” should allow to
deduce possible fractionations between solar source composition and solar
wind, especially once also H concentrations will be available. The enigmatic
SEP noble gas component thought to be ubiquitous in lunar samples has been
recognized as artifact [6].   

Oxygen and Nitrogen: The first MegaSIMS analyses [7] showed that
solar oxygen has a negative ∆17O value, in agreement with recent predictions
[8, 9]. However, these data have not yet been corrected for the likely sizeable
isotopic fractionation induced by the Genesis solar wind concentrator, as well
as a possible fractionation between sun and solar wind. Ne analyses on the
same concentrator target as that used for O will allow to constrain the
concentrator-induced fractionation. Two widely divergent values for the
nitrogen isotopic composition in the solar wind have been proposed from
Genesis analyses, one claiming an enrichment of the heavy isotope by ~30
relative to atmospheric N [10], the other one claiming a depletion of 15N by
~30 [11]. Both analyses were plagued by experimental difficulties, either
incomplete N recovery or large N contaminations (which were constrained
by simultaneous noble gas analyses). An isotopically light solar wind N value
would be consistent with the nitrogen isotopic composition in Jupiter. 

References: [1] Burnett D. S. 2003. Space Science Reviews 105:509–
534. [2] Heber V. S. et al. 2008. Abstract #1779. 39th LPSC. [3] Meshik A.
et al. 2007 Science 318:433. [4] Crowther S. A. and Gilmour J. D. 2008.
Meteoritics & Planetary Science 43:A34. [5] Vogel N. et al. 2009. Abstract
#2503. 40th LPSC. [6] Grimberg A. et al. 2006. Science 314:1133. [7]
McKeegan K. D. et al. 2009. Abstract #2494. 40th LPSC. [8] Clayton R. N.
2002. Nature 415:860. [9] Yurimoto H. and Kuramoto K. 2004 Science 305:
1763. [10] Pepin R. O. et al. 2009. Abstract #2103. 40th LPSC. [11] Marty B.
et al. 2009. Abstract #1857. 40th LPSC.
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FLUIDIZATION OF THE RIES CRATER’S EJECTA BLANKET
A. Wittmann1 and T. Kenkmann2. 1Lunar and Planetary Institute, Houston,
TX 77058. wittmann@lpi.usra.edu. 2Museum für Naturkunde, Invalidenstr.
43, 10115 Berlin, Germany. thomas.kenkmann@mfn-berlin.de. 

Introduction:  The ~24 km diameter Ries crater formed ~14.3 Ma ago
in a layered target of Permian to Miocene sedimentary rocks on top of a
Precambrian to Paleozoic crystalline basement.  Its continuous ejecta blanket
is the Bunte Breccia, a polymict lithic breccia that is mainly composed of
sedimentary target clasts and reworked surficial sediments. This unit is
locally overlain by Suevite, which indicates far higher temperatures and
degrees of shock metamorphism and is mainly composed of clasts and melt
particles derived from the crystalline basement [1]. The Ries crater’s ejecta
blanket is tested for the hypothesis of fluidization during emplacement. 

Discussion: Initial interpretations of the Bunte Breccia assumed
analogies to the Moon:  (I) ballistic emplacement, which triggered a ground
hugging debris surge [2], or (II) a rolling and gliding surge under high
localized confining pressures [3].  Water saturation in the target sequence of
the Ries suggests it more likely formed analogous to Martian rampart craters
[4]. Sedimentological evidence from the Bunte Breccia supports this
hypothesis:  A variably thick cover of poorly consolidated Tertiary sediments
and underlying sedimentary rocks likely produced a fluidized ejecta blanket.
The apparent lack of surficial water in the target area at the time of impact
may be comparable to conditions on Mars, where liberated volatiles from
near surface sources in the ground supposedly led to the formation of
fluidized ejecta blankets [5]. A working hypothesis is that upon loading with
ejecta, the surficial sediments assumed a thixotropic character above a critical
yield stress, which accommodated gliding surge of the Bunte Breccia.  Loss
of momentum released confining pressures, which solidified basal portions of
the flowing ejecta blanket. This led to the formation of sub-horizontal
glideplanes, which accommodated stacking of ejecta layers within the Bunte
Breccia, analogous to inferences from the Chicxulub crater’s ejecta blanket
[4]. The interface between Bunte Breccia and Suevite is a poorly
consolidated quench zone, from which venting pipes originated. These
suggest vaporization of water at the Bunte Breccia’s surface during the
emplacement of Suevites. 

Summary and Outlook: Emplacement of the Bunte Breccia likely was
a combination of ballistic sedimentation, rolling and gliding, and viscous
flowing.  Quantification of Tertiary sediments in the target area at the time of
impact may constrain the extent of a fluidized ejecta blanket.  

Acknowledgments:  The study was supported by a Barringer Meteorite
Impact Research grant, S. Heuschkel (Märker GmbH), G. Pösges
(Rieskratermuseum Nördlingen), R. Barfeld, and Zentrum für
Rieskraterforschung Nördlingen (ZERIN).
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in der Erdgeschichte Band 10: Meteoritenkrater Nördlinger Ries, Verlag Dr.
Friedrich Pfeil, 144 p.  [2] Hörz F. et al. 1983. Rev. Geophys. and Space Phys.
21:1667–1725. [3] Chao E. C. T. et al. 1992. Aufschlüsse im Ries-
Meteoriten-Krater, Bay. Geol. Landesamt, 84 p. [4] Kenkmann T. and
Schönian F. 2006. Meteoritics & Planetary Science 41:1587–1603. [5]
Reiss D. et al. 2006. Meteoritics & Planetary Science 41:1437–1453.
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CLAST-RICH H-CHONDRITE IMPACT MELTS
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Houston, TX 77058. wittmann@lpi.usra.edu, kring@lpi.usra.edu. 2Lunar
and Planetary Laboratory, Tucson, AZ 85721. tswindle@u.arizona.edu. 

Introduction: The H-chondrite parent asteroid provides the second-
most abundant type of meteorites that currently reach Earth’s surface [1].
These rocks recorded their parent asteroid’s collisional history and melted H-
chondrites chronicle the most severe cratering events. 

Samples and Methods:  Seven samples of clast-rich impact melt rocks
from the La Paz Icefield, Antarctica were analyzed in thin sections: LAP
031308, 031173, 031125, 03922, 04462, 02240 [2], 04751 [3]. Plausible
scenarios of their formational settings are reconstructed from petrologic
characteristics.  

Summary: All samples contain densely crystallized impact melt,
which suggests large degrees of undercooling and, thus, very rapid quenching
from initial post-shock temperatures >1500 °C [4]. Lithic clasts of
petrographic types 4–6 occur in abundances between 6–70 vol% with sizes of
~15 µm–>1cm.  These lithic clasts exhibit a range of shock stages up to S5 [4]
and the compositions of olivines and low-Ca pyroxenes are typically in the
range of H chondrites. Relative degrees of quenching are revealed from the
size distribution of metal-troilite globules in the melts, with more slowly
quenched samples exhibiting a skew towards larger globule diameters. The
analysis of globule sizes and spacings according to the method of [5] reveals
cooling rates in the temperature range of ~1400–950 °C of 0.8–40 °C/s.  The
lack of secondary kamacite rims indicates rapid cooling through the
temperature interval between ~700–400 °C at rates >100 °C/yr. These
cooling rates suggest the samples were derived from melt volumes ~0.5–5cm
in diameter that cooled radiatively.  Very shallow burial depths, likely <10 m
are thus indicated [6]. Because these melts do not exhibit characteristic
droplet shapes, they unlikely cooled during ejection but more probably
formed small melt pods in suevitic debris. Melted H-chondrites amount to
~1% of the total mass of H-chondrites recovered in Antarctica [7].  Available
Ar-Ar data reveals impact events at 3.94 Ga (LAP 02240 and LAP 031125),
0.75 Ga (LAP 031308), and 0.4 Ga (LAP 03922) [8]. Comparison with the
ages of petrographically similar (e.g., Orvinio) and more slowly cooled H-
chondrite impact melts (Ourique, Rose City) [6, 9] may indicate that impacts
older than 3.6 Ga [8] produced more extensive impact melting on that
asteroid. The younger ages correspond to thermal overprints from late impact
events, which, so far, were not sampled as slowly cooled melts.

Acknowledgments:  Sample material was recovered by ANSMET and
processed by the staff at the curatorial facility at Johnson Space Center,
Houston. 
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D. 1982. Geochimica et Cosmochimica Acta 46:813–823. [6] Smith B. A.
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#6,9,10–13,15,16,18. [8] Swindle T. S. et al. In press. Meteoritics &
Planetary Science.  [9] Kring D. A. et al. 2000. LPSC 31, abs. #1688.
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BASALTIC IMPACTITES FROM LONAR CRATER, INDIA:
ANALOGS FOR SHERGOTTITES AND IMPACT MELTS YET TO
BE FOUND ON MARS 
S. P. Wright, Institute of Meteoritics, University of New Mexico,
Albuquerque, NM 87131, spwright@unm.edu.

Introduction: The study of shock metamorphism on basaltic minerals
[1–3] is of much interest given that our only ~34 samples of Mars are shocked
basalts.  Identifying the source craters/regions of SNC meteorites [4] is also
of interest as we have no sample return and hence no geologic context to
compare to the increasing amount of remote data being returned from
orbiters. This is a quandary as all shergottites have been shocked ~25–
45 GPa, yet all remote data is of pixels of primarily unshocked basalt.  Here,
petrographic and back scattered electron (BSE) images, along with thermal
infrared (TIR) spectroscopy of Lonar Crater impactites are described.
Electron microprobe and X-ray Fluorescence data are summarized.
Comparisons to and implications for shergottites and data from Mars orbiters
and Rovers are noted.  For this study, from a previous classification [5], Class
1 (<20 PGa), Class 2 (20–40 GPa) and Class 5 (>80 GPa) shocked basalt, or
“impact melts,” have been located.

Petrography and BSE Images: The petrography of Class 1 shocked
basalt shows planar deformation features in labradorite laths [5].
Petrographic and BSE images of Class 2 shocked basalt show intense
shattering and fracturing of clinopyroxene grains, and labradorite has been
converted to maskelynite [2, 5].  These data are comparable to the
petrography of shergottites [e.g., 6].  Petrographic images of impact melts
exhibit schlieren and flow features similar to lechatelierite from Meteor
Crater and other terrestrial impact melts.

TIR Spectroscopy: With no mineralogical changes, the TIR spectrum
of Class 1 shocked basalt is identical to unshocked Deccan basalt, which has
been called an excellent analog for Surface Type 1 (basalt) found in the
equatorial regions of Mars [7]. The TIR spectrum of maskelynite-bearing
Class 2 shocked basalt is nearly identical to that of the Los Angeles
shergottite [4], as the two share a similar mineralogy. Spectral differences
between Class 2 and unshocked basalt agree with previous work on the TIR
spectra of experimentally shocked plagioclase feldspars and basalts [8].  The
TIR spectra of the Class 5 impact melts fall into two spectral types.  Both are
different from typical high-silica and quenched volcanic basaltic glasses used
in TIR analyses [9].

Composition/Mineralogy of Lonar Impact Melts: Whereas the two
spectral types of impact melt of have nearly identical oxide abundances,
including FeO and Fe2O3, as determined by e-probe and XRF data, BSE
images of the two spectral types show only one type has abundant
titanomagnetite dendrites.

Implications: Given the laboratory TIR spectral data, links between
shergottites and remote data can be made.  The grain sizes of shergottites and
Lonar Class 2 shocked basalts will also be discussed along with the sampling
bias and impact history of Martian rocks.

References: [1] Stöffler D. 1971. JGR 76, 5541–5551. [2] Stöffler D.
1972. Fort Min 49, 50–113 [3] Stöffler D. 1974. Fort Min 51, 256–289 [4]
Hamilton et al. 2003. Meteoritics & Planetary Science 38:871–885 [5]
Kieffer et al. 1976. LPSC VII, 1391–1412 [6] McCoy et al. 1999.
Geochimica et Cosmochimica Acta 63, 1249–1262 [7] Bandfield et al. 2000.
Science 287, 1626–1630 [8] Johnson et al. 2002, 2007. JGR 107(E10), 5073;
Amer. Min. 92, 1148–1157 [9] Wyatt et al. 2001. JGR 106, 14711–14732.

5068
PHOTOPHORETIC PARTICLE LIFT AND TRANSPORT IN THE
SOLAR NEBULA BY THERMAL AND OPTICAL RADIATION:
LABORATORY EXPERIMENTS 
G. Wurm1, T. Kelling1, and J. Teiser1, 1Institut für Planetologie, Wilhelm-
Klemm-Str. 10, D-48149 Münster, Germany. E-mail: gwurm@uni-
muenster.de.

Photophoretic Transport: Ample evidence exists in meteorites and
other samples of the solar system that radial transport of matter in the solar
nebula was a wide spread phenomenon. Over the last few years
photophoresis has been proposed as one such transport mechanism [1, 2, 3,
4]. Photophoresis is a force imposed on a solid particle if the particle is
illuminated, usually by a directed (non-isotropic) radiation which heats the
particle. 

So far, applications are based on theoretical estimates of the
photophoretic force. To determine the strength of photophoresis, only typical
particle properties have been assumed and calculations. These have been
carried out for homogeneous, spherical, perfectly light absorbing, non
rotating particles. The physics of photophoresis for more realistic particles is
largely unknown. Our aim is to measure the photophoretic force on particles
relevant for the solar nebula (dust aggregates, chondrules and CAIs). 

With respect to stellar radiation, photophoresis induced by visible light
is of interest. However, also the thermal radiation of the solar nebula itself is
important for particles at the surface of the disk and might result in a
photophoretic lifting force [4]. The lift enables support for particles which
then can be transported along or above the surface of the solar nebula. 

Laboratory Experiments: We started to measure the photophoretic
force on particles in laboratory experiments. In the drop tower Bremen
photophoresis by visible light on chondrules, dust mantled chondrules and
dust aggregates have been studied under microgravity [5]. These studies
show that the photophoretic force on chondrules is within the range of the
simplified assumptions made and that particle rotation does not prevent
photophoresis. In a new ground based laboratory setup we started to analyze
the photophoretic force on dust aggregates trapped by or subject to thermal
radiation. 

We will present the details of the experiments, current results and
especially the new experiments on thermal (and visible) photophoresis on
dust aggregates.

References: [1] Krauss O. and Wurm G. 2005. The Astrophysical
Journal 630:1088–1092. [2] Wurm G. and Krauss O. 2006. Icarus 180:487–
495. [3] Mousis O. et al. 2007. Astronomy & Astrophysics 466:L9–L12. [4]
Wurm G. and Haack H. 2009. Meteoritics & Planetary Science, in press. [5]
Teiser J. et al. 2008. Meteoritics & Planetary Science 43, Abstract 5080.
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ASTROBIOLOGY: SEARCH FOR BIOTIC α-AMINOISOBUTYRIC
ACID (AIB) AND ISOVALINE (IVA) ENANTIOMERS
H. Brückner1, W. Gams2, T. Degenkolb1. 1Interdisciplinary Research Centre
(IFZ) for BioSystems, Land Use and Nutrition, University of Giessen, 35392
Giessen, Germany, 2Formerly with the Centraalbureau voor
Schimmelcultures (CBS), Utrecht, The Netherlands.

Introduction: Astrobiology is the study of the living universe, be it
here or elsewhere. Life as we know is based predominantly on genetically
encoded L-amino acids. However, the corresponding D-amino acids [1] as
well as non-proteinogenic amino acids play an important—but frequently
underestimated—role in the living world. Among these particular amino
acids, α-dialkylated α-amino acids such as Aib and Iva are still considered as
being exceedingly rare in the biosphere. We demonstrate that polypeptides
rich in Aib as well as D- and/or L-Iva are produced by an abundance of
cosmopolitan microfungi. For this group of bioactive peptides the names
‘peptaibols’ or ‘peptaibiotics’ became established [2].

Results: Micromycetous fungi of genera (deposited with CBS) such as
Acemonium, Emericellopsis, Stilbella, Hypocea/Trichoderma, or
Tolypocladium were grown on nutrient agar plates. Mycelia were extracted
with organic solvents and Aib and D/L-Iva detected by GC-MS using chiral
capillary columns. Sequences of isolated peptides were determined by LC-
ESI-MS/MS. Typically, the N-terminal acylated, linear peptides are
composed of 15–20 amino acids and, besides protein amino acids, are rich in
Aib serving as characteristic marker. Many peptides contain D- or L-Iva, and
some both enantiomers [3].

Conclusions: Habitats of these fungi are soil, mud, litter, and decaying
plant materials, as well as aquatic and marine biotops. Fungal spores are also
part of bioaerosols, and airborne fungi are ubiquitous in the earth’s
atmosphere. Owing to the general spreading of some of the fungal taxa
producing peptaibiotics [4], Aib and Iva can no longer be regarded as
exceedingly rare in the biosphere or of exclusively abiotic origin.
Consequently, contamination of materials of definitely extraterrestrial origin
has to be taken into account and the possible relevance of biotic Aib and Iva
in the expanding field of astrobiology has to be recognized. 

References: [1] Konno R. et al., eds. D-Amino Acids—A New Frontier
in Amino Acids and Protein Research. Nova Science, New York, 2007. [2]
Toniolo C. and Brückner H., eds. Peptaibiotics—Fungal Peptides Containing
α-Dialkyl α-Amino Acids. Verlag Helvetica Chimica Acta, Zürich,  2009. [3]
Brückner H., Becker D., Gams W., Degenkolb T. 2009. Chemistry and
Biodiversity 6:38–56. [4] Degenkolb T. and Brückner H. 2008. Chemistry
and Biodiversity 5:1817–1843. 
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DETERMINATION OF THE CHEMICAL COMPOSITION OF
METAL PHASE OF CHONDRITES BY ICP-MS AND THE
DISTRIBUTION OF SIDEROPHILE ELEMENTS 
L. Xu1, G. Zhang1, W. Zuo1, Z. Zhang1, J. Liu1, C. Li1. 1National
Astronomical Observatories, Chinese Academy of Sciences, Beijing. E-mail:
xul@bao.ac.cn.

Introduction: In the long past the atomic absorption analysis (NAA)
technique has been mainly employed in the study of bulk compositions of
metal phases in meteorites. At present, inductively coupled plasma mass
spectrometry (ICP-MS) has found wider and wider applications in this field
[1–4]. In this paper, ICP-MS was used to analyzed the abundances of
siderophile and chalcophile elements in metal phase of chondrites in four
samples, including two equilibrated chondrites Jilin (H5) and Anlong (H5),
and two unequilibrated Antarctic chondrites GRV 99019 (L3) and GRV
021603 (H3). Preliminarily explore the variation characteristics of
siderophile elements in the processes of nebular condensation and asteroid
thermal metamorphism. 

Results and Discussion: The refractory siderophile elements in the
metal phase of chondrites show a smooth distribution pattern, while the
moderately and highly volatile elements tend to be depleted with increasing
volatility (or with decreasing of 50% condensation temperature) in the metal
phase of unequilibrated type-3 chondrites, and Cr, Mn, Ag, and Zn of type H5
chondrites show highly depleted, which may be related to the distribution of
them in the phase of sulfide and oxide, and this is consistent with the depleted
of these elements in iron meteorites. Compared to in the type H3 chondrites,
the lower content of W and Mo in type H5 metal phase may be reflect they are
more lithophile and enter the silicate in the metamorphic process. In addition,
the lower content of W and Mo in type H3 metal phase is probably due to the
more oxidizing conditions during formation of type L. 

Acknowledgements: The sample was provided by the Polar Research
Institute of China. This work was supported by the Pilot Project of
Knowledge Innovation Program of Chinese Academy of Sciences (KZCX2-
YW-110) and the National Natural Science Foundation of China (40830421).
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Research 27:215–225. [3] Watson H. C. et al. 2004. AGU Spring Meeting
Abstracts, 43, 03. [4] Goderis S. et al. 2009. Chemical Geology 258:145–156.
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ORGANIC MOLECULAR INDICATORS OF AQUEOUS
ALTERATION: EXTENSIVE PYROLYSIS SURVEY OF CM, CI, CR,
AND TAGISH LAKE CHONDRITES
H. Yabuta1, G. D. Cody2 and C. M. O’D. Alexander3. 1Dept. Earth and Space
Science, Osaka University, Japan. E-mail: hyabuta@ess.sci.osaka-u.ac.jp.
2Geophysical Laboratory and 3Dept. Terrestrial Magnetism, Carnegie
Institution of Washington. USA.

Introduction: A variety of spectroscopic techniques have revealed that
variations in functional group chemistry of insoluble organic matter (IOM)
among the groups and sub-types of chondrites sensitively respond to
secondary processes, including aqueous alteration [1] and thermal
metamorphism [2]. However, such variations are minimal within the same
meteorite group [3], unlike mineralogical studies that have shown intra-group
variations due to aqueous alteration [4]. Here we report subtle but systematic
differences in the molecular characteristics of IOM from CM, CI, CR, and
Tagish Lake chondrites by pyrolysis-gas chromatography coupled with mass
spectrometry (pyrolysis-GC-MS). In particular, we focus on the intra-group
variations that could reflect multiple factors associated with aqueous
alteration.

Experimental: The meteorites analyzed were CM (Murchison,
Kivesvaara CM2, Bells, Murray, Mighei, ALH 83100, MET 01070, Cold
Bokkeveld), CR (EET 92042, Al Rais, GRO 95577), CI (Ivuna), and Tagish
Lake. The IOM was purified by CsF/HF demineralization of each meteorite
powders. Roughly 0.5 mg of IOM aliquots were loaded into quartz capillary
tubes flash-heated (610 °C for 10 s) in a He atmosphere and analyzed by
GC-MS.

Results and Discussion: The common pyrolysates from IOM included
alkylated series from one to four ring aromatics as well as hetero-atom (O, S,
N) containing aromatic compounds. Total yield of IOM pyrolysates (PYRN)
varied among meteorite groups and even within groups. For instance, PYRN
for GRO 95577 was much less than those for EET 92042 and Al Rais,
reflecting the different degrees of aqueous alteration among CR chondrites.
PYRN for Tagish Lake was the least. An increase in relative abundance in
alkylated benzenes with increasing a ratio of two- to one-ring PAHs is seen in
CMs in the order: Bells <Kivesvaara <Mighei ~ALH 83100 <Murchison
~Murray <Cold Bokkeveld. The ranking is roughly similar to that of the
degree of aqueous alteration [4]. Correlated increase in the relative
abundances of O− and S−containing compounds in CMs could also reflect
the progress of aqueous alteration.  For the O- and S− containing compounds,
however, the order was Murchison <Murray ~MET 01070 <Kivesvaara
~Mighei ~ALH 83100 <Cold Bokkeveld <Bells, which is closer to the
alteration ranking of [5] rather than [4], in that Bells is evaluated as the most
altered. These results show that the abundances of individual pyrolysate
moieties from IOM reflect different factors of aqueous alteration. As it is
known that Bells was much more heavily brecciated than the other CMs,
relative abundances of O- and S-containing compounds may be more
sensitive to the temperature of aqueous alteration rather than PAHs.

References: [1] Cody G. D. and Alexander C. M. O’D. 2005.
Geochimica Cosmochimica Acta 69:1085–1097. [2] Cody G. D. et al. 2008.
Earth and Planetary Science Letters 272:446–455. [3] Cody G. D. et al. 2008.
Abstract #1765. 39th LPSC. [4] Browning L. B. et al. 1996. Geochimica et
Cosmochimica Acta 60:2621–2633. [5] McSween H. Y. 1979. Geochimica
Cosmochimica Acta 43:1761–1770.
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FORMATION OF HASP AND GASP PARTICLES: EVALUATION OF
TEMPERATURE AND MASS LOSS
O. I. Yakovlev1, 2, M. V. Gerasimov1, and Yu. P. Dikov1, 3. Russian Academy
of Sciences. 1Space Research Inst., Profsoyuznaya st., 84/32, Moscow,
117997, yakovlev@geokhi.ru; 2Vernadsky Inst. of Geochem. and Analytical
Chemistry; 3Inst. of Ore Deposits, Petrography, Mineralogy and
Geochemistry; Moscow, Russia.

Introduction: HASP (high-aluminum silica-poor) glasses and GASP
(gas-associated spheroid precipitate) condensates [1] are the result of deep
impact-induced high-temperature processing of lunar basalts. GASP
condensates are divided into Fe-rich FeGASP and Si-rich SiGASP
condensates. Our aim was to evaluate temperatures and mass losses which
are related to the origin of HASP and GASP particles.

Experiment: We have compared composition of HASP and GASP
particles with experimental data of Markova et al. [2] on experimental
evaporation of lunar aluminum-rich basalt 68415,40 using effusive Knudsen
technique up to ~2600 °C with mass-spectrometric analysis of the vapor
phase [3] providing also calculations of residua melt and complementary
vapor compositions at different temperatures. 

Discussion: Experimental compositions of the residua melts and
complementary vapor were compared with compositions of HASP glasses
and GASP [1] particles. Temperature of HASP formation was evaluated as
>1600 °C with respective mass loss about one forth to one third of starting
mass [1]. Compositional trends of HASP glasses have good coincidence with
experimental compositional trend. All HASP glasses correspond to
temperatures in the range ~1750–1870 °C and mass loss in the range ~20–
50%. The dispersion of HASP glasses composition is a result of individual
thermal history of each particle.

Condensation from FeO and SiO2 rich vapor was considered [1] to be
the most efficient at late stages of cloud expansion when evaporation was
terminated by cooling. Condensation of FeGASP particles occurred at
temperatures in the range ~1860–1650 °C. FeGASPs were formed at lower
condensation temperatures. SiGASP particles have compositions beside the
experimental data, but on the same trend of enrichment of SiO2 concentration
in the vapor up to T ~ 1855 °C. We can admit that SiGASP particles were
condensed at higher than that for FeGAS temperatures. High concentration of
SiO2 can be a result of high temperature, which is not sufficient for FeO
condensation. 

Experiment shows that both extreme HASP and GASP compositions
can be a result of high-temperature processing of the same basaltic target
rock.

Acknowledgment: This work was supported by RFBR grants 07-05-
01054 and 08-05-00786. 
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72:3562–3585. [2] Markova O. M. et al. 1986. Geokhimiya 11:1559–1569. In
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Nauka. 150 p. In Russian.
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MASS-INDEPENDENT OXYGEN ISOTOPE FRACTIONATION IN
EARTH WIND: FIRST PRINCIPLE CALCULATION
Akinori Yamada1, Shinkoh Nanbu2, Yasuko Kasai3, and Minoru Ozima1.
1University of Tokyo, Japan, E-mail: yamada@eps.s.u-tokyo.ac.jp, 2Sophia
University, Japan, 3National Institute of Information and Communications
Technology, Japan.

Introduction: Mass-independently fractionated oxygen have been
reported on metal particles extracted from Apollo lunar soils [1, 2, 3].  Since
the substantial fraction of Earth-escaping O+ flux (Earth Wind, EW
hereafter), comparable to the amount of the anomalous oxygen implanted on
the metal particles, could reach the lunar surface [4], Ozima et al. [5]
suggested that EW may be responsible to the anomalous oxygen.  Here, we
report the results of detailed quantum mechanical calculations of photo-
dissociation of O2, which shows considerable mass-independent isotopic
fractionation of oxygen, thereby in conformity with the EW hypothesis.

Method: First principles reaction dynamics simulations were
performed to compute the photolysis rate for the B3Σu

−  X3Σg
− electronic

transition, which corresponds to Schumann-Runge band. The Born-
Oppenheimer approximation was employed in this paper; in the first step the
time independent Schrödinger equation only for the electron-motion was
solved, and then we performed the wave-packet dynamics for the nuclei-
motion in the potential energy curves determined by the first step calculation.
Quantum chemical program package, MOLPRO 2006.1 [6], was used for the
first calculation, and the quantum dynamics was carried out by our own
program package.

Assuming the quantum yield of the corresponding photolysis is unity,
the photo-absorption cross section can be correlated with the photolysis rate.
Therefore, following the time dependent approach, the autocorrelation
function was numerically computed by the second step calculation. Finally,
the theoretical spectrum as a function of wavelength of excitation light was
estimated by the Fourier transform of the autocorrelation function, A(t).  In SI
unit, the absorption cross section is given by 

,

where EI is the energy of the initial ground state, hν is the energy of the
excitation light.

Results and Discussions: Calculated absorption cross sections for
C16O showed similar wavelength dependence with experiment [7], although
the absolute magnitude was yet to be calibrated for a meaningful comparison.
From the calculated cross sections, we estimated enrichment factors defined
as σι(λ)/σ16(λ) – 1 (i  = 17, 18), which ranged from –0.4 to +0.3, suggesting
large mass-independent isotopic fractionation in photo-dissociation of COi.
Numerical values of isotopic fractionation (e.g., ∆17O) can be obtained by
solving photochemical reaction equations in thermosphere conditions (>100
km) with the above estimated dissociation rates, where effective O+ pick-up
is likely to take place.  We are currently working on the latter problem with
hopes that this would test the EW hypothesis. 

References: [1] Hashizume and Chaussidon. 2005. Nature 434:619–
622. [2] Ireland et al. 2006. Nature 440:776–778. [3] Hashizume and
Chaussidon. Geochimica et Cosmochimica Acta, in press. [4] Seki et al.
2001. Science 291:1939–1941. [5] Ozima et al. 2008. PNAS 105:17654–
17658. [6] Werner and Knowles, http://www.molpro.net. [7] Ackermann
et al. 1970. Planet. Space Sci. 18:1639–1651.
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CRUSTAL PARTIAL MELTING ON VESTA: EVIDENCE FROM
STANNERN TREND AND RESIDUAL EUCRITES
A. Yamaguchi1, J. A. Barrat2, 3, R. C. Greenwood4, M. Ebihara5, and I. A.
Franchi4. 1National Institute of Polar Research, Tachikawa, Tachikawa,
Tokyo 190-8518, Japan. E-mail: yamaguch@nipr.ac.jp, 2Université
Européenne de Bretagne. 3UBO-IUEM, CNRS UMR 6538, place Nicolas
Copernic, 29280 Plouzané Cedex, France. 4PSSRI, The Open University,
Milton Keynes MK7 6AA. UK. 5Department of Chemistry, Tokyo
Metropolitan University, Hachioji, Tokyo 192-0397, Japan.

Basaltic eucrites can be classified into three chemical groups: Main-
Nuevo Laredo (MG-NV), Stannern (ST) trend and residual eucrites, which
were added recently [1]. These three groups have similar major element
compositions, but have distinctive incompatible element abundances.
Although the petrogenesis of MG-NV eucrites can be explained by fractional
crystallization in a magma ocean (e.g., [2, 3]), ST and residual eucrites seem
to have experienced more complex petrogenetic histories.  The metamorphic
and geochemical evidence furnished by these two groups provides important
information about the formation processes of primary asteroidal crust.

ST trend eucrites are very similar to MG eucrites in term of major
element compositions, but are significantly richer in incompatible elements
and display distinctive negative Eu, Sr, and Be anomalies. These eucrites are
among some of the least metamorphosed examples known (type 1–4) [4].
Residual eucrites (e.g., DaG 945, EET 90020) [1, 5, 6] are similar to MG
eucrites in terms of major elements, but their REE patterns show varying
degrees of LREE depletion due to the extraction of partial melts. Pyroxene
mineralogy indicates that these residual eucrites are generally highly
metamorphosed rocks (type 4–7). There is no correlation between the
metamorphic conditions recorded by their pyroxenes and the degree of
melting (extent of light REE depletion).  This could be due to short and high
temperature reheating events overprinted on the global metamorphism that
caused homogenization, exsolution and inversion of pigeonite [7].

Contamination of MG eucrites by melts derived by partial fusion of the
eucritic crust can successfully explain the chemical composition of ST
eucrites [8].  In contrast, the REE composition of residual eucrites can best be
explained by extraction of small amounts of partial melt (<a few %) from MG
eucrites [1]. This crustal partial melting model explains both the petrogenesis
and thermal history of ST and residual eucrites.  The magma ocean model,
plus secondary re-processing of the primary crust can explain both the range
of metamorphic types, as well as the chemical groups, displayed by basaltic
eucrites.

References: [1] Yamaguchi A. et al. 2007. Meteoritics & Planetary
Science 42:A167. [2] Righter K. and Drake M. J. 1996. Icarus 124:513–529.
[3] Greenwood R. C. et al. 2005. Nature 435:916–918. [4] Takeda H. and
Graham A. L. 1991. Meteoritics 26:129–134. [5] Yamaguchi A. et al. 2001.
Geochimica et Cosmochimica Acta 65:3577–3599. [6] Mittlefehldt D. W. and
Lindstrom M. M. 2003. Geochimica et Cosmochimica Acta 67:1911–1935.
[7] Yamaguchi A. et al. 1996. Icarus 124:97–112. [8] Barrat J. A. et al. 2007.
Geochimica et Cosmochimica Acta 71:4108–4124.
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COOLING RATES AND ORIGIN OF MAIN GROUP PALLASITES 
J. Yang1, J. I. Goldstein1, E. R. D. Scott2, H. Yu3, M. Zhu3. 1Dept. of
Mechanical and Industrial Engineering, University of Massachusetts,
Amherst, MA 01003, USA. 2Hawaii Institute of Geophysics and Planetology,
University of Hawaii at Manoa, Honolulu, HI 96822, USA. 3School of
Materials and Metallurgy, Northeastern University, Shenyang 110004, China.

Introduction: Main group (MG) pallasites are widely thought to have
formed at the core-mantle boundary of an asteroid, which probably supplied
the IIIAB irons from its core [1]. In this case, the cooling rates of the MG
pallasites and the IIIAB irons should be indistinguishable. Unfortunately, the
cooling rates of pallasites are still uncertain. Cooling rates inferred from
taenite edge compositions in metal (~0.5–2 K/Myr) [2] are no longer valid
and those derived from concentration profiles of Cr, Ca and other elements in
olivine (~20–200 K/yr) [3] are based on incorrect boundary conditions. Here
we report the first metallographic cooling rate measurements in MG
pallasites using the taenite Ni profile matching method [4]. 

Method: Ni composition profiles were measured across 7 to 10
Widmanstätten bands in each of seven MG pallasites using the electron probe
microanalyzer. Crystallographic orientations of the Widmanstätten bands
relative to the polished surface were obtained using electron backscattered
diffraction to correct for orientation effects. The metallographic cooling rate
computer model [5] was used to match the measured Ni profiles. 

Results: The cooling rates of the seven MG pallasites range from 2 to
9 K/Myr with an average 2ó uncertainty factor of 1.5. The measured cooling
rates correlate with the relative cooling rates inferred from high Ni particle
sizes in the cloudy zone microstructure [6] and are not correlated with bulk
Ni content. The significant difference in the metallographic cooling rates of
IIIAB irons (56–330 K/Myr) [5] and MG pallasites indicates that they are not
from the same parent body. The diverse cooling rates indicate that MG
pallasites were buried at different depths in their parent body—not at a core-
mantle boundary. We view the MG pallasites as a product of a hit-and-run
impact [7] that eviscerated a protoplanet like the IIIAB body after 80% of its
core had solidified from the center outwards. MG pallasites are most likely
from a body which includes 20% residual metal liquid mixed with an olivine
mantle after break-up of a IIIAB-like (in bulk composition) protoplanet. 

References: [1] Wasson J. T. and Choi B.-G. 2003. Geochimica et
Cosmochimica Acta 67:3079–3096. [2] Buseck P. R. and Goldstein J. I. 1968.
Science 159:300–302. [3] Miyamoto M. 1997. Journal of Geophysical
Research 102:21613–21618. [4] Goldstein J. I. and Ogilvie R. E. 1965.
Geochimica et Cosmochimica Acta 29:893–920. [5] Yang J. and Goldstein J.
I. 2006. Geochimica et Cosmochimica Acta 70:3197–3215. [6] Yang J. et al.
2007. 70th Annual Meteoritical Society Meeting. Abstract # 5117. [7]
Asphaug E. et al. 2006. Nature 439:155–160.
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A. N. Krot3, and B. S. Meyer4. 1Univ. of California Davis, Davis, CA 95616,
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Interior, Okayama Univ. at Misasa, Japan. 3University of Hawai‘i at Mânoa,
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Introduction: Photochemical self-shielding of CO has recently
become the most popular model [1–3] to explain the oxygen isotopic
anomalies recorded in meteorites. It was originally suggested that these
anomalies represent mixing of O from stellar nucleosynthetic sources (He
burning) with the average Galactic chemical composition [4]. One reason to
abandon this idea was the lack of observable collateral effects, the expected
isotope anomalies in other elements contributed by supernovae [4]. However,
there are tantalizing observations that ∆17O is indeed correlated with obvious
nuclear anomalies in 54Cr [5,6]. Proponents of the self-shielding model have
had reservations about the reality of this correlation, because the average Cr
and O isotope compositions reported for a given class of carbonaceous
chondrites (CC) were not obtained in the same meteorite [6], notwithstanding
that CC are notoriously heterogeneous. Trinquier et al. [6] developed a new
quantity ∆’17O, defined as the δ17O coordinate of the intercept between a
mass fractionation line of slope 0.52 passing through each individual data
point and the carbonaceous chondrite anhydrous mineral line (CCAM) of
slope 1, as a way of averaging heterogeneous CI, CR, CB, CM, CV, CO, and
CK as single points in their ∆’17O versus ε54Cr, whereas the analytical data
for each group spans a wide range.

Results: Given the potential implication of any significant correlation
between δ54Cr versus ∆17O in cosmochemistry, it is imperative to measure Cr
and O isotopes in the same suite of samples. We have therefore obtained
δ54Cr and ∆17O in the same aliquot of CC. We adopted the conventional
definition of ∆17O as the vertical deviation of the extraterrestrial materials
from the terrestrial fractionation line (TFL). Our results clearly demonstrate
a strong correlation between δ54Cr and ∆17O [7], confirming the observations
first noted by [5], and more recently by [6].

Implications: We evaluate the result in the context of Galactic
chemical evolution (GCE) model, with two reservoirs − bulk dust and “gas”
[8]. We show that the ratio of the mass fraction of a secondary species (17O,
18O, 54Cr) to a primary species (16O, 52Cr) in the average stellar condensate
relative to that in the “gas” goes as (k+2)/(k+1), where k is the infall
parameter (typically in the range 0 to 4), suggesting dust would be enriched
in heavy isotopes by 20–100% relative to bulk solar. Longer dust lifetime and
reprocessing would reduce the gap, making the dust more “normal” (i.e.
approaching bulk solar), but along the slope 1 line. Involving an isotope of
another element such as 54Cr, which is only partly secondary, would lead to
far less 54Cr excess relative to pure secondary species such as 17O, as
observed by [5–7].

References: [1] Clayton R. 2002. Nature 415:860. [2] Yurimoto H. and
Kuramoto K. 2004. Science 305:1763. [3] Lyons J. and Young E. 2005.
Nature 435:317. [4] Clayton R. 2008. RMG, vol. 68, 5. [5] Shukolyukov A.
and Lugmair G. 2006. EPSL 250:200. [6] Trinquier A. et al. 2007. ApJ 655:
1179. [7] Yin Q. Z. et al. 2009. Abstract #2006. 40th LPSC. [8] Meyer B. S.
2009. This issue.
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K-RICH FRAGMENTS IN YAMATO-74442 AND BHOLA LL-
CHONDRITIC BRECCIAS 
Tatsunori Yokoyama1 and Keiji Misawa1, 2, 1The Graduate University for
Advanced Studies, Tachikawa, Tokyo 190-8518, Japan. E-mail:
yokoyama.tatsunori@nipr.ac.jp. 2Antarctic Meteorite Research Center,
NIPR, Tachikawa, Tokyo 190-8518, Japan.

Introduction: Alkali-rich igneous fragments were found in brecciated
LL-chondrites, Krähenberg (LL5) [1], Bhola (LL3-6) [2], and Yamato-74442
(LL4) [3, 4]. Krähenberg and Bhola contain large, cm-sized fragments with
high abundances of K (×~12), Rb (×~45), and Cs (×~70) relative to LL
chondrites, while concentrations of the rare earth elements (REEs) are
chondritic except for a negative Eu anomaly [5]. Because Na is depleted
(~0.5 × chondrite), the alkali-rich fragments are treated as K-rich fragments.
On the basis of their bulk compositions including REEs, it is suggested that
alkali differentiation of the fragments has resulted from an exchange between
Na and K in feldspar via a vapor phase at the surface of their parent bodies
[5].

Rb-Sr isochron ages of the K-rich fragments in Krähenberg and Y-
74442 are approximately 4.6 Ga [1, 6]. Ar-Ar ages of Krähenberg and Bhola
are approximately 4.2 Ga, suggesting that the fragments were formed in the
early solar system and partially degassed by the collisions at their parent
bodies [7].

Results and Discussions: Mineralogical and Petrological Studies We
examined four thin sections (Y-74442, 101-3 and 101-4; Bhola, USNM
#1805-5, and 1806-3). Y-74442 and Bhola are composed of mineral
fragments, K-rich fragments, and chondrules. In Y-74442, the K-rich
fragments, a few millimeters in size, are composed of euhedral olivine and
groundmass of brown glasses. The boundaries of fragments towards the host
are sharp. Opaque minerals (~10 µm in size), troilite and dendritic chromite,
are observed in the groundmass of K-rich fragments. Dendritic pyroxenes
(~1 µm in size) are often observed as quenched crystals. In Bhola, the K-rich
dark fragments, some of which are a few centimeters in size, are composed of
euhedral olivine, troilite, and groundmass of brown glasses. Troilite,
chromite, and quenched pyroxenes are also observed in the groundmass. The
olivine grains in the K-rich fragments of Bhola are often cracked. Thin
(~10 µm) cracks extending over several millimeters in one direction through
the fragment are sometimes filled with troilite. 

Chemical Compositions Plotting compositions of major constituent
materials of Krähenberg, Bhola, and Y-74442 on a ternary (NaKAl-oxides,
CaMgFe-oxides, and SiO2) diagram, they are overlapping.

Summary: Similarities of the texture and compositions of the K-rich
fragments suggest that the fragments in Krähenberg, Bhola, and Y-74442 are
genetically related. 

References: [1] Kempe and Müller. 1969. Meteorite Research, pp.
418–428. [2] Noonan et al. 1978. Geol. Survey Open File Report, 78–701, pp.
311–312 [3] Yanai et al. 1978. Mem. Natl Inst. Polar Res., Spec. Issue, 8,
110–120. [4] Ikeda and Takeda. 1979. Mem. Natl. Inst. Polar Res., Spec.
Issue, 15, 123–139. [5] Wlotzka et al. 1983. 47, 743–757. [6] Nishiya et al.
1995. Okayama Univ. Earth Science Report, 2, 91–102. [7] Trieloff et al.
1994. Meteoritics 29:541–542.
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THE RELATIONSHIP BETWEEN CHONDRULES AND MATRIX IN
CHONDRITES
B. Zanda1, 2, C. Le Guillou3 and R. H. Hewins1, 2. 1MNHN and CNRS UMR
7202, 61, rue Buffon, 75005 – Paris, FR. E-mail: zanda@mnhn.fr.
2Geological Sciences, Rutgers University, 610 Taylor Rd, Piscataway,
NJ08854. 3Laboratoire de Géologie de l’ENS,  24, rue Lhommond, 75231—
Paris, FR.

Introduction: The origin of chondrites and the genetic relationship
between chondrite groups remain poorly understood. In [1], we showed that
the petrographic composition of chondrites (i.e., their specific mixture of
chondrules, refractory inclusions and matrix) determines their oxygen
isotopic signatures. Here we focus on its influence on their bulk chemistry,
and more specifically on their volatile element budget. 

Along with redox and metal/silicate fractionation, volatile element
depletion is a major process that affected the inner solar nebula and two types
of explanation have been competing over nearly 40 years: (i) in the “two-
component” model of Anders  [2], the high T components lost volatiles when
they were formed and are now embedded in a volatile-bearing CI-
composition matrix; whereas (ii) in the “incomplete condensation” model of
Wasson and Chou [3], the high T components formed from incompletely
condensed material due to the dissipation of the nebular gas. The latter
hypothesis, implying that volatile fractionation predated chondrule
formation, seems supported by variations in matrix composition and an
apparent complementarity with chondrules in carbonaceous chondrites [4].

Approach and Discussion: Either the relative proportions of
components fully determine the volatile element budget, or changes in the
compositions of these components also occurred.  We compared volatile
element and presolar grain contents of bulk chondrites with their modal
abundance of matrix.  We used mass balance to deduce the composition of the
high T fraction from matrix and bulk compositions.

In agreement with [5], we find that the budget of presolar diamonds and
of the most volatiles species (H2O, C, N) in the least metamorphosed
chondrites is entirely determined by matrix abundance, whereas the less
volatile elements (e.g., Au) are present in both chondrules and matrix. S is
present in the chondrules of OCs but not of CCs indicating that, even if
abundance of high T components versus matrix is responsible for the first
order variations of volatile element abundances, changes in chondrule
compositions also determine volatile element variations between CCs and
OCs. 

Within CCs, however, the composition of the high T fraction we
estimated varied very little with that of the bulk and it became identical if a CI
composition was assumed for the matrix instead of that measured. These
results show that the bulk compositions and petrography of carbonaceous
chondrites are consistent with the “two-component model”. They are thus
consistent with models that transport high T components formed near the Sun
over large distances. However, the changes between CCs and OCs are likely
to result from “incomplete condensation” of the precursors of the high T
fraction in CCs. 

References: [1] Zanda B. et al. 2006. EPSL 248:650–660. [2]
Anders E. 1964. Space Sci. Rev. 3:583–714.  [3] Wasson J. T. and Chou C.-
L. 1974. Meteoritics 9:69–84.  [4] Bland P. et al. 2005. PNAS 102, 13755–
13760. [5] Alexander C. 2005. Meteoritics and Planetary Science 40. pp.
943–965.
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FIB-TEM ANALYIS ON A WARK-LOVERING RIM FROM THE
VIGARANO CV3 CHONDRITE
T. J. Zega1, M. Cosarinsky2, G. J. MacPherson3, K. D. McKeegan4. 1Materials
Science and Technology Division, Naval Research Laboratory, Washington
D.C., USA. tzega@nrl.navy.mil. 2Space Research and Planetary Sciences,
University of Bern, Bern, Switzerland. 3Dept. of Mineral Sciences,
Smithsonian Institution, Washington D.C., USA. 4Dept. of Earth and Space
Sciences, University of California-Los Angeles, Los Angeles, CA, USA.

Introduction: Wark-Lovering rims (WLRs) are tens-of-µm
multilayered structures that coat the outer surfaces of most Ca-Al-rich
inclusions (CAIs). Recognized over three decades ago [1], their texture,
composition, and enveloping form have prompted interesting questions
regarding their formation. WLRs were hypothesized to have formed by
several mechanisms including condensation, metasomatic exchange, and
flash heating [1–4]. We initiated a coordinated structural-isotopic study of
WLRs and their contacts with the underlying CAIs to gain insight into their
origins [5]. Here we expand on those efforts and report results on a WLR
from the Vigarano CV3 chondrite.

Methods: A 20 × 1 × 1 µm strap of Pt was deposited across part of a
WLR surrounding a Fluffy Type-A CAI in the Vigarano CV3 chondrite
(USNM 477–5). We used an FEI Nova 600 focused ion beam (FIB)
microscope to create and extract, in situ, an electron-transparent cross section
of the WLR for transmission electron microscope (TEM) analysis. We
examined the FIB section using a 200 keV JEOL 2200FS TEM.

Results and Discussion: The WLR consists of an outermost layer of
forsterite (Fo) that surrounds sequential layers of pyroxene (Px), spinel (Sp),
and perovskite [6]. The FIB section transects the Sp, Px, and Fo layers as well
as the accretionary rim material surrounding the entire inclusion. Bright-field
TEM images show that Sp, Px, and Fo layers are polycrystalline with
euhedral and subhedral interlocking textures. Grain sizes range from
hundreds of nanometers to several microns in length. Electron-diffraction
patterns indicate that several adjacent Px grains occur in close orientation to
one another. Bright-field imaging shows that abundant fibrous material
occurs at the edge of the Fo layer. Energy-dispersive X-ray (EDS) analysis is
consistent with stoichiometric Mg-Al spinel and Ca-Al-rich pyroxene.
Quantification of a spectrum acquired from one of the Fo crystals deviates
from ideal stoichiometry. Z-contrast and bright-field imaging show that voids
occur in several of the Fo crystals, with some oriented parallel to grain
boundaries. Also, several of the Fo crystals exhibit high Z-contrast at their
grain boundaries. The WLR appears to exhibit an equilibrium microstructure,
but the presence of sheet silicates at the Fo edge suggests that it was affected
by aqueous alteration. The variation in Z contrast at the Fo grain boundary is
suggestive of zoning. Additional measurements, e.g., EDS profiles, should
help clarify whether such zoning is due to diffusion-controlled growth or in
situ alteration.

References: [1] Wark D. A. and Lovering J. F. 1977. Proc. LPSC 8th:
pp. 95–112. [2] MacPherson et al. 1981 Proc. LPSC 12th: 1079–1091. [3]
Simon J. I. et al. 2005. Earth and Planetary Science Letters 238:272–283. [4]
Wark D. A. and Boynton W. V. 2001. Meteoritics & Planetary Science 36:
1135–1166. [5] Zega T. J. et al. 2007. Meteoritics & Planetary Science 42:
A169. [6] Cosarinsky M. et al. 2008. Geochimica et Cosmochimica Acta 72:
1887–1913.
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PETROGRAPHY AND MINERALOGY OF DHOFAR 1428 LUNAR
HIGHLAND REGOLITH BRECCIA
Ai-Cheng Zhang1, 2, Wei-Biao Hsu1, Yang Liu2, and Lawrence A. Taylor2.
1Purple Mountain Observatory, Nanjing 210008, China, E-mail:
aczhang@pmo.ac.cn; 2Planetary Geosciences Institute, Department of Earth
and Planetary Sciences, University of Tennessee, Knoxville TN 37996, USA.

Introduction: Dhofar 1428 is a lunar feldspathic breccia found in
2006.  Bunch et al. [1] briefly described mineral chemistry of Dhofar 1428.
Korotev and Zeigler [2] analyzed its bulk FeO and Sm compositions. Here,
we report such detailed data for Dhofar 1428. 

Results and Discussion: Dhofar 1428 has a distinct breccia texture
with numerous fragments of rock, mineral, and glass all welded by a glassy
matrix. This matrix shows a schlieren texture and contains numerous small
rounded vesicles, implying that Dhofar 1428 is a regolith breccia.

Feldspathic lithic clasts are the dominant clast type, and mafic lithic
clasts also exist. These lithic clasts range from troctolite to spinel troctolite, to
anorthositic gabbro, and to anorthosite. Most lithic clasts show a fine-grain
granulitic texture. A few lithic clasts have a subophitic texture and are
relatively coarse-grained. Impact-melt breccias are also present. One unusual
object is a rounded bead, ~200 µm in diameter, and consists of only olivine
and plagioclase, partly with a barred texture, similar to a barred-olivine
chondrule. One irregular clast consists of plagioclase, K-feldspar,
phosphates, ilmenite, and Si-rich glass, probably representing a mare basalt
mesostasis. A fragment composed of ilmenite, baddeleyite, and sulfide was
also observed. Most mineral fragments are relatively fine-grained. A few big
pyroxene grains contain coarse exsolution lamellae (up to 20 µm in width)
and the estimated equilibrium temperature interval is 980–700 °C; however,
no zoned pyroxene grains were observed. At the same time, a few olivine
grains are zoned. 

Most lithic clasts in Dhofar 1428 are ferroan with Mg# [Mg/(Mg+Fe)]
values of mafic minerals varying from 0.51 to 0.78. Only one lithic clast
contains Fe-rich olivine (Fo32) and relatively Fe-enriched pyroxene (Mg#  =
0.51–0.61). Most plagioclase grains in lithic and mineral fragments have An
values higher than 94. Olivine grains in the chondrule-like object are Mg-
enriched (Fo80) and have lower Fe/Mn values than other olivine grains. In
addition, plagioclase grains in the chondrule-like object are relatively Na-
enriched (An87.1–89.5). This unique mineral chemistry supports a possible
meteoritic origin. Oxygen isotopic analysis of this object is in process.

Glassy fragments have two major compositions. One contains moderate
Al2O3 and FeO + MgO contents (15.9–17 wt% and 16.4–18.9 wt%,
respectively) and has an Mg# value of 0.5. The other group of glass
fragments contains high Al2O3 contents (26.1–29.7 wt%) and low FeO +
MgO contents (8.3–14.4 wt%). The Mg# values are 0.630.76. The glassy
matrix is feldspathic, with high Al2O3 (25.6–33.3 wt%, avg.  = 31 wt%) and
low FeO + MgO (3.91–13.1 wt%). The Mg# values are 0.590.65.

Acknowledgement: The sample used in this study was generously
provided by Mike Farmer.

References: [1] Bunch T. E. et al. 2006. Abstract #5254. 69th Annual
Meteoritical Society Meeting. [2] Korotev R. L. and Zeigler R. A. 2007.
Abstract #1340. 38th LPSC.
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SILICON ISOTOPE FRACTIONATION BETWEEN SILICATE AND
METAL FROM AN ENSTATITE METEORITE: IMPLICATIONS
FOR EARTH’S CORE FORMATION
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1Institute for

Geophysics and Planetary Physics, University of California Los Angeles
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Introduction: The presence and amount of Si in Earth’s core has
important implications for models of the processes and chemistry of core
segregation. A metal core containing 5 to 7 wt% Si can be produced when
assuming continuous accretion and equilibration along the silicate liquidus
terminating at ~35 GPa and ~3000 K, and with a concomitant increase in fO2
from 4 to 2 log units below IW [1]. Metal segregation at lower pressures and
temperatures, such as in smaller planetesimals, would require even more
reducing conditions (e.g., ∆IW  =  −6) for similar metal concentrations. We
have investigated the isotope fractionation between Si in metal and Si in
silicate in an enstatite (E) meteorite in order to (i) test the assertion that there
is a strong Si isotope fractionation between core and mantle during planet
formation [2], and (ii) to assess the significance of comparing formation
conditions of E chondrites to those of Earth.

Results: Mt. Egerton (USNM 3272) is an enstatitic meteorite formed
from E chondrites. It consists mainly of coarse-grained enstatite and metal,
the latter with 2.06 wt% Si. Our MC-ICPMS acid digestion analyses show
that the δ30SiNBS-28 value of Si in the metal is 5.2‰ lower than that of Si in the
coexisting enstatite. This fractionation from a natural system confirms results
of recent experiments [3], which show a large 30Si/28Si fractionation between
Si in silicate and Si in metal at high temperatures (2078 K, 1 GPa). The
natural data exhibit a larger fractionation than that observed in the laboratory,
likely due to the lower formation temperature of Mt. Egerton (see below).

Discussion: A slow rate of Si tracer diffusion in silicate, despite a more
rapid tracer diffusion rate in metal, rules out post-crystallization diffusive
resetting of Si isotope ratios. Therefore, the measured ∆30Si(silicate-metal) is
reflective of the crystallization temperature of the meteorite. Theoretical Si
isotope fractionation calculations, combined with experimentally obtained
fractionations [3], predict a temperature of 1281 K (1008 °C) for a
∆30Si(silicate-metal) of 5.2‰. This temperature is in good agreement with the
~1200 K obtained from the Si concentration of the metal [4]. We conclude
that ∆30Si(silicate-metal) has potential as a thermometer.

Using 2990 K for multi-stage Earth core formation [1], the negligible
effects of pressure suggested by theory, and the ∆30Sisilicate-metal versus T
relationship established by the meteorite data, experiments, and theory, we
obtain a 1.0‰ fractionation between Si in Earth’s core and mantle, and a
mass of Si in Earth’s core of between ~4 and ~10 wt%, depending on the
exact difference in δ30Si between Bulk Silicate Earth and chondrites. 

References: [1] Wade J. and Wood B. J. 2005. Earth and Planetary
Science Letters 236:78–95. [2] Georg R. B. et al. 2007. Nature 447:1102–
1106. [3] Shahar A. et al. 2008. Geochimica et Cosmochimica Acta 72/12
Suppl. 1 A848. [4] Wasson J. T. et al. 1994. Meteoritics 29/5:658–662.
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Introduction: On October 6, 2008, a small asteroid called 2008 TC3
was discovered and found to be on a collision course with Earth.  19 hours
later it exploded at an unusually high ~37 km altitude over the Nubian Desert,
spreading meteorites widely. Searches organized by P. J. and M. S. have
recovered ~250 stones of the Almahata Sitta meteorite to date [1]. 

Mineralogy and Petrography: Samples range from black, porous and
friable (black lithology) to denser, white stones (white lithology) – we have
mainly  examined the former.  The meteorite is a fine-grained, fragmental
breccia with subrounded mineral fragments and olivine- and pyroxene-
dominated clasts embedded in a cataclastic matrix. Mineral fragments
include polycrystalline olivine (Fa8–15; CaO = 0.15–0.51wt%; Cr2O3 = 0.03–
1.58wt%), low-calcium pyroxene (Fs2Wo5-Fs17Wo4; Cr2O3 = 0.33–1.02
wt%), pigeonite (Fs15Wo5-Fs18Wo11; Cr2O3 = 0.72–1.11wt%) carbonaceous
aggregates, kamacite (Fe0.92Ni0.08-Fe0.96Ni0.04), and troilite (containing up to
4.3 wt% Cr).  The compositional range of the silicates is characteristic of the
ureilites as a group, but unusually broad for an individual ureilite [2, 3].
Olivine exhibits no prominent zoning, though pyroxene can.

The examined samples of the black lithology have considerable
porosity (up to 40%); walls of pores are commonly coated by anhedral to
euhedral crystals of olivine (Fa12–14), and in some instances spherules of
kamacite and botryoidal masses of troilite. A search for carbides using
Mössbauer spectroscopy was unsuccessful. Most olivine and pyroxene-
dominated clasts have interstitial silicates whose Si-content increases
adjacent to metal grains [4].  Some clasts consist of rounded pigeonite grains
containing an abundant nanophase metal and minute domains of Ca-rich
pyroxene.  These rounded pigeonite grains are separated by thin zones of
silica—mostly amorphous but locally crystalline. Aggregates of
carbonaceous material contain fine-grained troilite and kamacite.  The major
carbon phase is graphite, carrying nanodiamonds (as determined by Raman
spectroscopy).  

Classification: Almahata Sitta is an anomalous, polymict ureilite
(verified by oxygen isotope and bulk compositional data [1]). Anomalous
features include lack of zoning of olivine, large compositional range of
silicates, high abundance and large size of pores, crystalline pore wall linings,
and overall fine-grained texture. Tomography reveals that the pores define
thin, discontinuous “sheets” connected in three dimensions, suggesting that
they outline grains that have been incompletely welded together.  The crystals
lining the pore walls are probably vapor phase deposits. Therefore Almahata
Sitta may represent an agglomeration of fine-grained, incompletely reduced
pellets formed during impact, and subsequently welded together at high
temperature.

References: [1] Jenniskens et al. 2009. Nature 458:485–488; [2]
Goodrich C. 1992. Meteoritics 27:327–352; [3] Mittlefehldt et al. 1998. RIM,
vol. 36, ch. 4; [4] Herrin et al. 2009. This issue.
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3D IMAGE-BASED MODELING ON METEORITICS
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mezucolotto@globo.com.

Here is described an easy and economical process of acquiring 3D
surface data of a meteorite that allows extracting the shape, size and construct
a three dimensional model of it. 

The technique uses just digital photographs and a 3D software which
allows to recognize the position of the camera and the object in each picture
and guide a virtual space in order to generate a final model with three-
dimensional reproduction of all details of the surface (texture). The model
can then be exported to various formats such as VRML (Virtual Reality
Modeling Language), 3D flash and others. It also permit a to get a closed 3D
volumetric models to reproduce casts of the original sample.

This technique was proposed by the need of acquiring some
measurements from Bendegó iron that was not possible through 2D
photographs. The photogammetry is becoming part of modern studies in
other science such as paleontology, in which the paleovertebrate sector of our
department have the equipment and the experience in acquiring 3D models of
the fossils by this technique [1]. 

A preliminary work was performed on small specimens of meteorites of
the Museu Nacional/UFRJ collection using a photographic camera, Canon
Rebel XTi (28–55 mm objective)  and the computer program 3D Software
Object Modeller Pro 2.1 (3D SOM). 

The entire process are resumed in the following the steps: The meteorite
is placed on a stand in the centre of special calibration target with a backdrop
to simplify masking the scene; it was taken 30–40 photos of the meteorite
from several positions against the a printed mat to get all the shape and
texture details of its surface from different viewpoints; the distortions were
eliminate with a software tool; the background was clean and the brightness/
contrast adjusted; than picture masks were created and automatically
adjusted followed by wireframe and finally the surface were generated; the
3D file were exported with the VRML.

Such procedure enables fast and low cost 3D acquisition of small and
medium meteorite and is also applicable to larger ones with a careful room
preparation. 

Furthermore, the preliminary results indicated that Image-based 3D
modeling is potentially a powerful alternative technique to meteorite
reconstructions, specially for web publishing. It can be also used to get a 3D
model of it before proceed any cut, so that permit to get posterior information
from which part of the meteorite some special sample where obtained. It is
also useful to keep information of the original aspect of the meteorites that for
trade finalities were cut in many pieces. Closed 3D volumetric models can be
used to reproduce casts of original meteorites.

However, the majority of meteoritical works has neglected any
quantification of full three-dimensional (3D) shape, it is data base should be
useful in any application in order to trying to reconstruct the real loss of mass
during atmospheric flight or for ablation studies, in special on oriented
meteorites.

The technique is also a promising tool for get the volume of the
meteorites for many applications such as bulk density as previously made by
visible 3D laser imaging [2].

The various sources of error in the data acquisition and model
generation are been considered. 

References: [1] Romano P. S. R. et al.  2006. Journal of Vertebrate
Paleontology 26:116A. [2] McCausland P. J. A. et al. 2007. Meteoritics &
Planetary Science 42, Abstract 5066.
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TWO NEW IRON METEORITES FROM BAHIA, BRAZIL
M. E. Zucolotto1 and D. Riff1. 1Museu Nacional/UFRJ E-mail:
mezucolotto@globo.com.

We report data on two new iron meteorites from Bahia State, Brazil.
Both became available to scientific analysis after its reviews in the end of
2007, raising the total number of meteorites from Bahia to five, and the
Brazilian meteorites to 58. 

In November, 2007, during a paleontological field trip to the city of
Palmas de Monte Alto, D.R. was led by the archeologist Joaquim Perfeito to
examine a strange rock that lied for years in the hall of a local public school,
named “Marcelino Neves.” Immediately was noticed its similarity with the
Bendegó meteorite, and a contacted with the Meteoritical Sector of the
Museu Nacional was performed. A preliminary analysis and survey of the
historical background were then conducted. 

It is an irregular mass of 97 kg found before 1954 by Mr. Francisco
Cruz, a local citizen, at the same site where a supposed large meteorite was
found in 1887 and reported by Derby [1]. Its proposed name is “Palmas de
Monte Alto.” 

The meteorite is a medium octahedrite (mean bandwidth 0.95 mm) with
kamacite displaying subboundaries, Neumann lines and acicular hatched å-
shock structure. Taenite and plessite covers 25–35% by area. Phosphides are
very common as irregular schreibersite bodies, Brezina lamellae and also
inside small chromite crystals. It was analyzed and classified by J. T. Wasson,
UCLA, with the composition given by INAA Co  = 0.54, Ni  = 9.4  (both in
wt%); Ga  = 22, As  = 16, Ir  = 0.70, Au  = 1.7  (all in ppm)  being classified
as a IIIAB, medium octahedrite, anom.

During researches about the study of Palmas de Monte Alto Meteorite
find, D. R. and J. P. were informed by the geologist E. Bernardes, from the
Southwestern Bahia State University (UESB), about a possible other
meteorite housed in Geological Collection of their institution, in the city of
Vitória da Conquista.

They identified a single mass of 10.5 kg, resembling a liver, and with
maximum dimensions of 25 × 14 × 13cm, with a rather smooth surface. It
presents brown rust showing no signs of fusion crust. Unfortunately, there are
no records of its provenance, even after efforts to find any clue, so that it is
impossible today to know their collector, time and site where it was found.

Etched section in this second meteorite display a fine Widmanstätten
pattern (mean bandwidth 0.35mm) straight long (L/W ~50) and the kamacite
shows a hatched, shock-hardened variety. Taenite and plessite covers about
50% by area as a variety of structures. Schreibersite is common as small and
vermicular bodies and troilite is very rare. Chromite is also present as tiny
euhedric crystals associated with the troilite. It was analyzed and classified
by John T. Wasson, UCLA The composition (by INAA) of the metal is Co  =
0.41, Ni  = 9.4 (both in wt%); Ga  = 2.4, As  = 13, Ir  = 0.84, Au  = 2.37 (all
in ppm), indicates the IVA group. Indeed, as there is no chemical correlation
with other Brazilian known meteorite, thus giving support to the contention
that this specimen is not a part of a previously known meteorite. As it seems
unpaired, the name “Vitoria da Conquista” was proposed; it is related to the
place where the rock was rediscovered.

Acknowledgements: We are greatly indebted to Dr. John T. Wasson
from UCLA for the analysis by INAA, by Joaquim Perfeito by his scientific
spirit and collaboration on both finds.

References: [1] Derby O. A.1 888. Revista do Observatório, Rio de
Janeiro. pp. 1–22.
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THE PARANAIBA (CACILANDIA) FIREBALL, MS, BRAZIL
M. E. Zucolotto1 and W. P. Carvalho2. 1Museu Nacional/UFRJ. E-mail:
mezucolotto@globo.com. 2Univers. Federal da Bahia.

Here is investigated a bright fireball of June 3, 1956, [1] which lingered
long enough in the atmosphere to be shot from many cities about almost
800 km. It received the name MIGOMASPA (an acronym meaning the
Brazilian states of Minas Gerais, Goiás, Mato Grosso and São Paulo where it
was observed) and it was here associated with the fall of the Paranaiba. In this
present work, it is also considered a correlation between the chondrites
Paranaiba (L6) and Cacilandia (H6).

On the attempt to find out facts related to Brazilian meteorites we
follow the notes from Rubinger [1] (an amateur astronomer, who recovered
the Ibitira achondrite). He estimated the site of the Migomaspa fall
somewhere near Cassilândia and Paranaiba. In spite of many investigations
we got no information about the Cacilândia, otherwise we realized that the
Fazenda Cancan, where Paranaiba fell [2], is just 20 km from the Cassilândia
city and realized that the Migomaspa bolide was related to this fall. 

The British Museum Catalogue lists three samples of Cacilandia held
by Museu Nacional (Rio de Janeiro), Smithsonian Institution (Washington)
and Max Planck (Mainz). Indeed, there is no sample of such a meteorite in the
Museu Nacional collection, so a comparative study between those meteorites
cannot be performed. Contacting the other museums, Dr. McCoy (pers.
comm.) informed that Cacilandia is a shock-veined chondrite in accord to
Paranaiba. Dr. Wasson (pers. comm.) obtained the olivine composition
published in his book [3] leading the H6 classification from Dr. Wlotzka
(pers. comm.), which is in agreement to Fredriksson [4]. Indeed in a
previously paper Hintenberger [5] classified it as L. On finishing this article I
receive a picture of the Cacilandia from Dr. Jutta Zipfel (Mainz) which is
very similar to Paranaiba 

Considering the following facts:1) At the Museu Nacional where the
Cacilandia was supposed to be, there is none information regarding this
meteorite, except some letters from Prof. Curvello to Smithsonian Institution
referring to them as the same meteorite “Paranaiba (Cacilandia)”; 2)
Paranaiba fell very close to Cassilândia; 3) there is no city with the name
Cacilandia (GO) the correct name is Cassilândia (MS) which is situated in the
frontier land of these two states; 4) Both meteorites have been a shock veined
chondrites; 5) Cassilândia was a district of Paranaíba till 1954; 6) Since 1972
Dr. Hutcheson asked informations of Cacilandia for the supplement of British
Museum Catalogue; 7) Paranaiba and also Cacilandia are veined Breccia
composed of light and dark areas what can lead differences in the analysis.

Therefore, although the composition of those meteorites was regarded
as too distinct to be consistent with the same meteorite, being Paranaíba a L6
and Cacilândia a H6, in our view the historical records point that both names
should be interpreted as related to the same meteorite, and it related with the
Migomaspa fireball.

Acknowledgement: Thanks are extended to Dr. J. T. Wasson, Dr. Tim
McCoy, Dr. Jutta Zipfel for the information about Cacilandia.

References: [1] Rubinger M. M. 1957. Boletim Mineiro de Geografia
1:81–93. [2] Amaral S. E. 1962. Bol. Soc. Bras. Geol. 11:5–19. [3] Wasson
J. T. 1974. Meteorites. Springer-Verlag. [4] Fredriksson K. 1997.  Meteoritics
& Planetary Science 32:55–60. [5] Hintenberger H. et al. 1965. Z. Natur.
20A:983–989.
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Introduction: In recent years, the improvement of field portable X-ray
fluorescence (FPXRF) devices reached a high level and such instruments are
now in use in several disciplines such as soil sciences, remediation
investigations, mining industry, archaeological sciences, metallurgy and
several others [e.g., 1]. We are testing the application of this method on
meteorites. Our main focus is the fast identification of questionable
meteorites in the field and quantification of weathering properties of the
meteorites and soils. Here we present first results from the evaluation of the
instrument and from our fieldwork in Oman 2009.

Methods: In a first step the accuracy and precision of the FPXRF was
investigated by use of international standards. Since both factors are matrix
dependent, test measurements were performed with own reference standards
such as meteorites, mafic rocks and soil samples that were analyzed by ICP,
ICP-MS and standard XRF. These results were compared with the values
obtained by FPXRF. Samples were measured as hand specimen, as powders
in thin plastic bags, as powder press pills or glass pills with variable
measuring time.

Results: With the Niton XRF analyzer XL3t-600 it is possible to
measure elements from K and U. Two modes are available: “soil mode” for
medium concentrations (between ~100 ppm to 1%) and “mining mode” for
higher concentrations (> 1%). Best results were obtained for the important
weathering proxy Sr [2] with a detection limit of 9 ppm at 80 s counting time.
Also in an acceptable range are the important and typical meteoritic elements
Fe, Mn and Ni. Additional Ca, Cr, K, and Ti are confident. Multiple
measurements tend to be reproducible after ~80 s; reproducibility is in all
cases reached by using a measurement time of 180 s.

Applications: A portable rapid, non-destructive and simultaneous
multielement analytical apparatus is very useful for fast identification of
uncertain meteorites in the field. In a field campaign for scientific meteorite
search in early 2009 in the Sultanate of Oman we could identify several
meteorite wrongs by use of FPXRF. Achondrites were field-classified by
their major element concentrations (Fe, Ca, Fe/Mn ratio). It is also possible to
distinguish the three groups of ordinary chondrite (OC) by their bulk Fe and
Ni contents in case of low weathering. Earlier studies showed an uptake of Sr
in OCs during their terrestrial residence and a loss of Ni into underling soils
[2]. With FRXRF both effects are quantifiable. A comparison of
measurements on outer parts and cut slabs of meteorites indicate an
enrichment of Mn and Sr on surfaces due to a possible thin desert varnish.

Conclusions: Handheld XRF is a new powerful analytical method that
has a high potential in meteoritics. Advantages are its rapidness and the
nondestructive analysis mode. Accuracy is not as high as for other laboratory
analytical methods but lies in an acceptable range for many applications.

References: [1] Hou et al. 2004. Applied Spectroscopy Reviews 39:1–
25. [2] Al-Kathiri et al. 2005. Meteoritics & Planetary Science 40:1215–
1239.


