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Abstract––The presence of apparently unaltered, micron-sized Fe,Ni metal grains, juxtaposed
against hydrated fine-grained rim materials in the CM2 chondrite Yamato (Y-) 791198 has been cited
as unequivocal evidence of preaccretionary alteration. We have examined the occurrence,
composition, and textural characteristics of 60 Fe,Ni metal grains located in fine-grained rims in
Y-791198 using scanning electron microscopy (SEM) and electron microprobe analysis. In addition,
three metal grains, prepared by focused ion beam (FIB) sample preparation techniques were studied
by transmission electron microscopy (TEM). The metal grains are heterogeneously distributed within
the rims. Electron microprobe analyses show that all the metal grains are kamacite with minor
element contents (P, Cr, and Co) that lie either within or close to the range for other CM2 metal grains.
X-ray maps obtained by electron microprobe show S, P, and/or Ca enrichments on the outermost parts
of many of the metal grains. Z-contrast STEM imaging of FIB-prepared Fe,Ni metal grains show the
presence of a small amount of a lower Z secondary phase on the surface of the grains and within
indentations on the grain surfaces. Energy-filtered TEM (EFTEM) compositional mapping shows that
these pits are enriched in oxygen and depleted in Fe relative to the metal. These observations are
consistent with pitting corrosion of the metal on the edges of the grains and we suggest may be the
result of the formation of Fe(OH)2, a common oxidation product of Fe metal. The presence of such a
layer could have inhibited further alteration of the metal grains. These findings are consistent with
alteration by an alkaline fluid as suggested by Zolensky et al. (1989), but the location of this alteration
remains unconstrained, because Y-791198 was recovered from Antarctica and therefore may have
experienced incipient terrestrial alteration. However, we infer that the extremely low degree of
oxidation of the metal is inconsistent with weathering in Antarctica and that alteration in an
extraterrestrial environment is more probable. Although the presence of unaltered or incipiently
altered metal grains in these fine-grained rims could be interpreted as evidence for preaccretionary
alteration, we suggest an alternative model in which metal alteration was inhibited by alkaline fluids
on the asteroidal parent body.

INTRODUCTION

Carbonaceous chondrites have bulk compositions similar
to that of the solar photosphere and are considered to
represent some of the most primitive surviving material from
the formation of the solar system. They also contain the most
ancient solids that have ever been dated in the solar system,
Ca-Al-rich inclusions (CAIs). These characteristics, among
others, make the carbonaceous chondrites of special
significance for understanding the early geologic evolution of

the solar system. Each of the several different carbonaceous
chondrite groups has experienced slightly different
formational and alteration histories, and most of them have
experienced aqueous alteration to different degrees (e.g.,
Zolensky and McSween 1988; Brearley 2006). This
observation shows that water played a very important role in
the cosmochemical evolution of carbonaceous chondrites that
is not yet fully understood. A key area of controversy,
particularly for the CM chondrites, concerns the location
where the interaction of primary, anhydrous, nebular
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materials with aqueous fluids actually occurred (e.g.,
Brearley 2003). 

The crux of the issue is whether the alteration took place
before or after the accretion of the final parent-body asteroid.
In the former hypothesis, i.e., preaccretionary alteration (e.g.,
Bischoff 1998), hydration occurred on an earlier generation of
small planetary bodies which were broken up and dispersed
by impacts. The fragmented, altered, constituents of these
bodies were subsequently mixed with unaltered nebular dust
and reaccreted into the final parent-body asteroid. Following
final accretion, this mixture of altered and unaltered nebular
materials may have escaped further interaction with aqueous
fluids, or undergone alteration depending on the availability
of water. The most compelling pieces of evidence in support
of the preaccretionary alteration model are mainly textural
observations showing the presence of heterogeneous mineral
assemblages, such as Fe,Ni metal grains juxtaposed against
hydrated fine-grained rim materials (Metzler et al. 1992;
Bischoff 1998; Lauretta et al. 2000). 

Alternatively, the evidence supporting the parent-body
alteration hypothesis is supported by both textural and
compositional evidence indicating the mobilization and
redistribution of elements on the scale of millimeters, such as
the presence of secondary carbonates (McSween 1979),
chondrules of the same type exhibiting the same degree of
alteration (Hanowski 1998; Hanowski and Brearley 2001),
the constant bulk composition of CMs regardless of the extent
of alteration (McSween 1979) and the presence of
undisturbed Fe-rich aureoles around altered metal gains
(Hanowski and Brearley 2000). 

The presence of unaltered micron-sized Fe,Ni metal grains
within a matrix of fine-grained hydrated materials is contrary to
existing models of parent-body alteration. Fe,Ni metal is
widely considered to be among the first phases to alter
(Zolensky et al. 1993; Brearley and Hanowski 2000, 2001) and
therefore the survival of these very small grains in some CM
chondrites is a serious problem for asteroidal alteration models.
However, to date, no alternative hypotheses, other than
preaccretionary alteration, have been considered to explain the
survival of metal grains. To shed light on this controversy, we
have undertaken a systematic and detailed petrographic study
of Fe,Ni metal grains in the fine-grained rims of the
unbrecciated CM2 chondrite, Yamato (Y-) 791198. Y-791198 is
a relatively weakly altered CM chondrite, with the hydration
confined to the fine-grained matrix materials (including the
fine-grained rims) and the chondrule mesostasis (Metzler et al.
1992; Chizmadia and Brearley 2003, 2004, 2008). 

There is a significant body of evidence to indicate that Y-
791198 has experienced parent body aqueous alteration (e.g.,
Brearley 2006; Chizmadia and Brearley 2008). Therefore,
here we examine several alternative hypotheses for the
survival of the Fe,Ni metal grains during parent-body
alteration that have not been considered in detail, previously.
These include: corrosion inhibition due to an unusual metal
composition (e.g., high Cr content), a physical barrier (e.g., a

protective, impermeable rim), or the presence of specific,
localized, geochemical conditions which could inhibit metal
alteration.

SAMPLES AND ANALYTICAL METHODS

Three thin sections of Y-791198 (Y-791198U, Y-791198F,
and Y-791198,8), were mapped at low magnification (~95×) by
backscattered electron (BSE) imaging on a JEOL JSM-5800LV
scanning electron microscope (SEM). In each thin section, at
least twenty type I chondrules and five type II chondrules were
chosen that had well-developed fine-grained rims. Three
sectors of these rims were mapped at higher resolutions (1500
to 3000× with BSE. A sector is a region of the rim where the
rim is the thickest and/or there is a high density of high Z
(atomic number) phases (possible Fe,Ni metal grains). In these
sectors, all grains with high average atomic number (Z) and
grains sizes >2 µm, were analyzed by qualitative energy
dispersive X-ray analysis (EDS) using an Oxford ISIS 200
analysis system to identify Fe,Ni metal grains. Once identified,
EDS X-ray maps for Fe, Ni, S, Mg, Ca, Cr, and P were made of
these grains on the SEM. 

Fe, Ni, Ca, and P X-ray maps of a subset of these grains
were obtained using wavelength dispersive spectrometry
(WDS) on a JEOL JXA-733 Superprobe electron microprobe.
In addition, quantitative WDS analysis of all identified Fe,Ni
metal grains in thin sections Y-791198F, Y-791198U, and Y-
791198,8 was performed for 9 elements (Fe, Ni, Co, S, Cr, Si,
Mg, Ca, and P). A variety of natural and synthetic standards (Fe
metal, Ni metal, Co metal, pyrite, Cr metal, Si metal, Marjalahti
forsterite, diopside, and apatite) were used for the analyses.
Analyses were carried out at an accelerating voltage of 15 kV,
~20 nA beam current and ~1 µm beam diameter. Peak counting
times on individual elements ranged from 20 to 100 seconds,
and the data were reduced using standard ZAF corrections.

A doubly-polished, demountable, thin section suitable
for TEM work was prepared from a chip of Y-791198 (#94),
provided by the Japanese Antarctic meteorite collection.
Slotted Cu TEM grids were glued over the regions of interest
using an acetone-insoluble epoxy. The samples were
subsequently removed from the glass-mounting slide by
immersion in acetone and were then ion milled to electron
transparency in a Gatan Duobeam ion mill using Ar+ ions. In
total, four fine-grained rims were examined, three around
type I chondrules and one around an amoeboid olivine
inclusion. TEM studies were performed using a JEOL
JEM2010 high-resolution analytical transmission electron
microscope, operating at 200 kV also in the Department of
Earth and Planetary Sciences at the University of New
Mexico. A variety of TEM techniques were utilized including
bright-and dark-field imaging, high resolution TEM (HRTEM),
and electron diffraction. Digital images and diffraction patterns
(DP) were acquired using a Gatan slow-scan CCD camera
and were processed using Gatan Digital Micrograph image
processing software (v. 2.5). In situ compositional data was
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gathered on the JEOL 2010 using an Oxford ISIS 100 X-ray
analysis system, fitted with an Oxford Link UTW Pentafet
detector. Data reduction was performed using the Cliff-
Lorimer thin film approximation (Cliff and Lorimer 1975)
using experimentally determined k-factors. Two previously
prepared TEM sections of Allan Hills (ALH) A81002 were
also investigated with the TEM techniques listed above. 

Two additional TEM samples (designated FIB#1 and
FIB#2) were prepared using focused ion beam (FIB)
techniques at Intel Labs, Rio Rancho, New Mexico. A detailed
account of this technique can be found in Heaney et al. (2001)
and Xu and Schwappach (2002). First, the identified Fe,Ni
metal grains in thin section Y-791198F were imaged with
secondary electrons (SE) at low and high magnifications (700×
and 2000×) using a field-emission gun SEM. The regions of
interest were then coated with a thin layer of Pt for protection.
Wafers of the sample, containing the Fe,Ni metal grain of
interest, were then cut out with the focused 30 kV Ga+ ion
beam. The wafers were then carefully removed from the thin
section with an Omniprobe micromanipulator and set upon a
continuous carbon film that had been deposited on a Cu TEM
grid. The samples were then examined using a JEOL
JEM2010F FASTEM field-emission gun high-resolution TEM/
STEM instrument operating at 200 kV (197 kV for EFTEM
imaging). Multiple TEM techniques such as bright- and dark-
field imaging, HRTEM and high angle annular dark field
(HAADF) STEM were used. Energy-filtered imaging was
carried out using a GATAN GIF 2000 system using GATAN
Digital Microscopy Suite software. Energy-filtered images
were acquired using the three-window technique with
acquisition times of 10–40 seconds. Zero loss peak calibration
was performed before acquisition of each elemental map and
the image was focused in EFTEM mode below the carbon K
edge prior to map collection. The following edges were used
for data acquisition: Fe (L), Ni (L), O (K), S (L), C (K), N (K),
Ca (L), and P (L). The positions and widths of the energy
windows for the peak and backgrounds used for the data
acquisition are the default values provided by the GATAN
software. No additional processing of the images was carried
out except the standard background subtraction procedures in
the GATAN software. To enhance some of the features in the
EFTEM images, false color was added in some cases.

RESULTS

General Description

The Fe,Ni metal grains located in fine-grained rims of all
three thin sections of Y-791198 are typically ~1 to ~5 µm in
size and are usually rounded to subrounded, although some
irregularly shaped grains also occur. Energy dispersive
spectra (EDS) were used to differentiate between metal and
sulfide grains, which have similar contrast in BSE images.
Most metal grains are embedded within hydrated fine-grained
rim materials (Fig. 1) and are not associated with any other

coarse-grained phases. However, some metal grains appear to
be included within forsteritic olivine grains (Fig. 2a). In
addition, a minority of the unprotected grains is surrounded
by a high Z phase (Fig. 2d), and most metal grains show lower
Z-contrast in their interiors (e.g., Figs. 2b and 2e). 

The total number of chondrule rims studied using BSE
imaging at high resolution to locate Fe,Ni metal grains, and
the number of metal grains found are reported in Table 1.
These results show that not only are metal grains rare in
Y-791198, but they are also heterogeneously distributed in
the three thin sections of Y-791198 studied. In order to
ascertain if this was due to the random selection of fine-
grained rims studied at high magnification, 5 entire similarly
sized (106–180 µm) chondrule rims were mapped in thin
section Y-791198F. The results of this search are shown in
Table 2, and confirm that the abundance of metal grains in
individual fine-grained rims is heterogeneous and therefore
the apparent variation in grain abundance from one rim to
another in randomly selected fine-grained rims is likely to
reflect real variations in metal abundance between rims. 

X-Ray Maps

Wavelength dispersive spectroscopy (WDS) (4 elements)
and EDS (7 elements) X-ray maps of Fe,Ni metal grains (Figs. 3
and 4) show low concentrations of Ni, Cr and P, homogeneously
distributed within a subset the grains studied. Note that Cr was
only mapped by EDS, not WDS. These observations are
consistent with these grains being low-Ni, Fe-metal, (i.e.,
kamacite) with small amounts of dissolved Cr and P. In addition,
based on these X-ray maps and BSE imaging, three distinct types
of Fe,Ni metal grains can be identified: 1) grains with Fe- and S-
rich haloes (e.g., Figs. 2d and 4d), 2) grains with enhanced

Table 1. Abundances of metal grains in fine-grained rims 
in three separate thin sections of Y-791198

Sample no.

No. of 
chondrule fine-
grained rims 
studied

Total no. 
of metal 
grains

No. of 
isolated 
metal 
grains1

Y-791198 U 30 18 11
Y-791198 F 20 33 22
Y-791198,8 30 9 5
1Isolated metal grains are Fe,Ni metal that does not occur as inclusions

within other phases (e.g., olivine).

Table 2. Comparison of metal grain abundances in fine-
grained rims around five chondrules in Y-791198.

Y-791198F
chondrule

Chondrule
dimensions
(microns)

Max. rim
thickness
(microns)

No. of 
metal
grains

# 03 297 × 200 171 8
# 09 231 × 144 131 5
# 12 44 × 41 132 3
# 14 381 × 88 106 4
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concentrations of S, P, and Ca at their edges (e.g., Fig. 3), and 3)
grains with no apparent evidence of alteration, i.e., homogeneous
distribution of elements in their interiors and no evidence of
enrichments in S, P, or Ca at their edges. 

All these micron-sized Fe,Ni metal grains are surrounded
by Mg- and Si-rich phases that are too fine-grained to resolve
by SEM. However, TEM studies (see below and Chizmadia
and Brearley 2008) show that Y-791198 fine-grained rims
consist of distinct sulfide-rich and sulfide-poor regions that
are dominated by nanophase Fe,Ni sulfide grains embedded
in an amorphous to nanocrystalline silicate matrix. This silicate
material appears to have been hydrated to different degrees
resulting in the development of nanocrystalline grains of
serpentine.

Electron Microprobe Analysis

The compositions of a number of metal grains were
measured by electron microprobe in order to compare their
compositions with typical CM metal grains. In addition,

metal grains in chondrule olivine and in rims around CAIs
were measured to compare to the metal grains in the fine-
grained rims around chondrules. Analyses of all these
different occurrences of metal grains were carried out in the
same analytical run to avoid possible calibration errors.
Analyses of the metal grains in the fine-grained rims are
challenging because of the small size of the metal grains and
the possibility of secondary fluorescence effects from
adjacent matrix materials.

Overall, there is no compositional distinction in the data
from Fe,Ni metal grains present in chondrule fine-grained
rims, chondrule phenocrysts or rims around CAIs (Fig. 5).
The rim metal compositions are consistent with these grains
being kamacite (average values of 92.6 wt% Fe and
5.41 wt% Ni). Some of the analytical totals were low
(<97%) probably due to the small size of the metal grains, so
the analyses were normalized to give a total of 100%
(Fig. 4a). The normalized data are plotted in Fig. 5.
Analyses of the fine-grained rim metal grains commonly
contain detectable S contents (Fig. 5b), clearly an element

Fig. 1. BSE images of chondrules and their fine-grained rims in Y-791198. a) Low-magnification BSE image of a well-developed chondrule
rim on a chondrule that is at the edge of the thin section. This rim shows distinct layering that is characteristic of some rims in Y-791198 with
a coarser-grained outer rim that is variable in texture and a very fine-grained inner rim that has very few coarse-grained phases embedded
within it. b) Boxed region shown in (a) of the outer rim (rotated 90° CCW), showing the presence of coarser-grained sulfide and metal grains
embedded within a finer-grained silicate-rich matrix. The majority of the coarse-grained high Z phases in the fine-grained rims are Fe-sulfides
such as pentlandite and Ni-bearing pyrrhotite. Two metal grains (Fe, Ni) are arrowed in this figure. The metal grain on the left, designated
FIB#1, was prepared by the focused ion beam technique for TEM analysis (see Figs. 2e and 6). c) BSE image of a particularly thick fine-
grained rim around a porphyritic olivine chondrule, again with a finer grained inner rim. d) High magnification image of the boxed region in
Fig. 1c showing a metal grain (designated FIB #2) that was prepared by the FIB technique for TEM investigation (see Figs. 9 and 10). 
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which should not be present in kamacite. We attribute the
presence of S in the analyses to the overlap of the electron
beam with adjacent S-bearing rim materials due to the
interaction volume of the beam being larger than the metal
grain. The Co and Cr contents of these grains are lower than
normal for typical CM2 metal grains (Figs. 5c and 5d). One
possibility for this discrepancy is that this represents a
systematic calibration error. However, this is probably
unlikely because the analyses of metal grains inside
chondrules fall within the typical CM range (open triangles
in Figs. 5a–5e from Brearley and Jones 1998) and the grains
do have Co/Ni ratios that plot on the solar ratio line
(Fig. 5c), a common feature of metal grains in some

primitive carbonaceous chondrites (e.g., CR chondrites)
(Weisberg et al. 1993). In addition, the P contents are
generally in agreement with the normal CM metal values
reported by Brearley and Jones (1998) (Fig. 5e). 

Transmission Electron Microscope Observations

The microstructural characteristics of the Fe,Ni metal
grains and their relationship to the adjacent fine-grained rim
materials were investigated by TEM techniques using both
ion-milled and FIB-prepared samples. Several Ni-bearing,
high-Fe grains were located in the ion-milled samples
(Chizmadia and Brearley 2008). These grains are generally

Fig. 2. High-magnification BSE images of range of Fe,Ni metal grains (FeNi) found in fine-grained rims in Y-791198. a) Fe,Ni metal grain
inclusion within an olivine grain, showing no evidence of alteration. b) Irregularly shaped grain in direct contact with the fine-grained rim
material. c) Grain showing heterogeneous variations in BSE contrast (Z-contrast) along the edges of the grain (arrowed). d) Grain surrounded
by Fe-rich halo (arrowed). e) Grain with an angular shape with no Fe-rich halo, in direct contact with the fine-grained rim material.
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rounded to subrounded and range in size from ~100 nm to
~ 3 µm. Identifications of these grains as Fe,Ni metal grains
are based solely on EDS analyses, because they were too
thick to obtain electron diffraction patterns. The quantitative
EDS data are consistent with the grains being Fe,Ni metal
with kamacitic compositions. As far as could be determined,
these grains show no clear evidence of corrosion or protective
layers, although the quality of these observations is limited by
the considerable thickness of the TEM foil at the interface
between the metal and the adjacent rim.

In order to obtain high quality TEM data from individual

Fe,Ni metal grains (i.e., grain specific and proper electron
transparency), two TEM foils were prepared using the dual-
beam focused ion beam (FIB) technique (Figs. 6a and 6b). This
technique produced two high-quality TEM foils that exactly
preserved the textural relations between the fine-grained rim
and the metal grains. Fortuitously, the second of these TEM foils
(FIB#2) actually contained two metal grains, one grain being
below the surface of the sample and hence being undetectable
by BSE imaging prior to FIB sectioning. These two grains are
designated FIB#2a (exposed at surface of sample) and FIB#2b,
respectively. Electron diffraction patterns and EDS analyses

Fig. 3. WDS X-ray maps of Fe,Ni metal grain (Fe,Ni) in the fine-grained rim (FGR) of Y-791198,8, chondrule #19. a) BSE image showing
grain in the upper left hand of the image, b) Fe-Kα map, c) Ni-Kα map, d) Ca-Kα map, and e) P-Kα map.
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confirm that these grains are, in fact, single crystals of kamacite
(e.g., Figs. 6c and 6d). The electron diffraction patterns (e.g.,
Fig. 6c) show some asterism in the electron diffraction maxima,
indicating some strain in the crystal.

High-angle annular dark-field (HAADF) Z-contrast
STEM imaging was used to examine the detailed textural
relations between the metal grains and the adjacent fine-
grained rim materials (Fig. 7). Internally, the metal grains

show a mottled contrast in the STEM image whose origin is
unclear. It is possible that this texture may be the result of
sputtering and redeposition of material from elsewhere in the
sample during FIB preparation. However, if this is the case, it
is insufficient to produce any chemical signature, as indicated
by the fact that the EDS spectrum of the metal grain contains
only peaks for Fe and Ni. The contacts between the metal
grains and the surrounding fine-grained rim materials are very

Fig. 4. Scanning electron microscope and EDS X-ray maps of Fe,Ni metal grain shown in Fig. 2c. a) BSE image, b) Fe-Kα map showing
homogeneous distribution of Fe within the grain, c) Ni-Kα map, d) S-Ka map showing heterogeneous distribution of S-rich phases around the
periphery of the grain, e) Cr-Kα map, f) Mg-Kα map, g) Ca-Kα map showing a Ca-rich phase on the lower periphery of the grain, and h) P-
Kα map—note that P in this grain is not correlated with Ca, but is homogeneously distributed within the metal grain.
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Fig. 5. Binary plots showing elemental compositions of fine-grained rim metal grains in Y-791198 compared with data for other CM
chondrites. a) Ni versus Fe (wt%) showing that the fine-grained rims have a relatively restricted range of Ni contents compared with other CM
chondrite metal grains. b) Ni versus S (wt%) illustrating that some fine-grained metal grain analyses clearly overlap with adjacent matrix. c)
Ni versus Co (wt%) showing that the fine-grained rim metal grains cluster around the solar ratio line. d) Ni versus Cr (wt%) showing that all
occurrences of metal in Y-791198 including fine-grained rims tend to have Cr contents that are at the low end of the field defined by metal in
CM chondrites. e) Ni versus P (wt%) illustrating that the Y-791198 metal grains have P contents that are consistent with metal grains in other
CM chondrites. The lines on the plots (c–e) indicate the solar ratios for these elements. “Brearley & Jones” refers to data for CM chondrite
metal taken from Brearley and Jones (1998) and “DL” refers to the detection limit.
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sharp and distinct. However, despite the sharp contact, a
notable feature of all the metal grains is the presence of
localized embayments along significant portions of the edges
of these grains (e.g., Figs. 7b and 10b). In addition, numerous
low Z-contrast features are present along the grain edges that
appear to be within the metal grains themselves (Figs. 7b, 8a,
9a, 9b, 10a, and 10b). These features vary in depth from <0.1
to ~0.5 µm. The fine-grained rim material directly in contact
with the metal grain consists of exactly the same kind of
nanocrystalline serpentine and amorphous silicates that occur
in several other fine-grained rims in Y-791198 (Chizmadia
and Brearley 2008).

The compositional characteristics of the metal grains,
particularly the low Z features on the grain edges have been
investigated by energy-filtered TEM (EFTEM). These
studies have revealed several important characteristics of the

metal grains at the nanoscale. First, the Fe maps (Figs. 8b,
9c, and 10c) confirm that the high Z-contrast regions (bright in
Figs. 6a, 6b, 7a, 7b, 9a, 9b, 10a, and 10b) all correspond to
high Fe areas. The EFTEM images indicate that the
concentration of Fe is slightly lower at the edges of the
grains (e.g., arrowed regions along edge of grain in Figs. 8a
and b), (Note that the Ni EFTEM map for grain FIB#1
(Fig. 8f ), indicates that there is a slight enrichment in Ni at
the interface between the metal and the fine-grained rim).
The decrease in Fe at the grain edges appears to correlate
quite well with an increase in oxygen, the element which is
probably of most importance for understanding whether the
metal grains have experienced alteration. The oxygen maps
(Figs. 8d, 9d, and 10d) show that the interfaces between the
oxygen-rich silicate matrix and the metal grains are
extremely diffuse, unlike the S and C maps (Figs. 8c, 8e, 9e,

Fig. 6. FIB preparation of the TEM section of metal grain FIB#1 (see Fig. 2e). a) FEG SEM image of the vertical cross section cut by the ion
beam down through the metal grain, after the initial stage of sample preparation. The image was taken with the FIB cut surface inclined to the
electron beam, so that the surface of the thin section is also visible in the upper part of the sample. The upper surface of the sample that was
exposed in the thin section is parallel to the arrow and has been covered by the protective Pt layer (Pt). b) BF-TEM image of FIB-prepared
TEM sample after FIB sample preparation. c) Electron diffraction pattern showing the [111] zone axis of the FIB-prepared Fe-Ni metal grain
and d) EDS spectrum of FIB-prepared Fe-Ni metal grain; Cu peak is from Cu TEM support grid.
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and 10e). Regions of O enrichment are clearly present inside
the grains, which correspond closely to the low Z-contrast
regions of the HAADF images (Figs. 7a, 7b, 9a, 9b, 10a, and
10b). These O-enriched areas are also correlated with Fe
depletions (c.f. Figs. 8b, 8h, 9c, 9h, and 10c), although the
relative intensity variation in Fe in these areas compared
with normal Fe,Ni metal is less than the O signature. The
correlation between depleted Fe and enhanced O is
illustrated in Fig. 8g, a composite Fe and O and C EFTEM
map for metal grain FIB#1. The composite EFTEM map
shows that there are distinct, irregular, oxygen-bearing
regions extending from the edge of the grain into its interior,
that are correlated with depletions in Fe within the grain. The
depletion of Fe towards the edge of the grain is further
illustrated by the Fe and O intensity profiles (Figs. 8g and
8h) measured directly from the Fe and O EFTEM maps.
These profiles extend from the fine-grained rim material into
the metal grain and show that the Fe content of the metal
grain decreases as the edge of the grain is approached. The
profile also shows that the edge of the metal grain contains a
significant oxygen content in a zone that extends ~0.1 µm
into the metal grain, before it diminishes to zero within the
interior of the metal grain. The correlation between the low Z
embayments in the metal grains with oxygen enrichment is
further illustrated in Fig. 9g which shows the oxygen
EFTEM map (green) superimposed on the HAADF image
(red). Distinct oxygen intensity is clearly present in the low
Z regions. This correlation is also evident in the composite
Fe (red) and O (green) EFTEM map shown in Fig. 9h in
which the correlated presence of Fe and O is indicated by the
orange coloration. 

Grain FIB#2b illustrates particularly well many of the
features discussed above. Figures 10a and 10b show that this
grain has a large embayment at the lower end of the grain
adjacent to a large low-Z region. The EFTEM maps show that
this low-Z region is depleted in Fe in comparison with the rest
of the metal grain (Fig. 10c) and enriched significantly in O
(Fig. 10d). Phosphorus is also significantly depleted in this
region as well (Fig. 10g). Although P is depleted in the
oxygen-rich region of the metal grain, the composite O, P, and
Ca map (Fig. 10h) shows that hotspots of correlated Ca and P
are present along the grain edge, close to the region of P
depletion in the metal. We interpret this observation as being
indicative of the presence of Ca phosphate along the interface
between the fine-grained rim and the metal, consistent with
our observations made by WDS and EDS X-ray mapping of
the metal grains. 

No S is detectable in the Fe,Ni metal grains even in the
low-Z features (e.g., Fig. 8c), but some small S-rich grains are
present on the edges of the metal grains. In addition, there is a
large, distinct S-bearing region to the left of the metal grain
(Fig. 8c), which is very carbon rich (Fig. 8e). This
compositional relationship is similar to the primitive organic
C- and S-rich globules reported by Nakamura et al. (2001) and
Nakamura-Messenger et al. (2006) in the Tagish Lake
chondrite. In addition, there are several concentrations of C at
the metal grain-rim interface (Figs. 8e, 9e, and 10e), but they
do not form a continuous rim around the grains. However,
there is a significant C concentration in one of the major
embayments in the first metal grain (Fig. 8e). The N maps
(Figs. 9f and 10f) show some correlation with the C maps,
implying that at least some of the carbon is organic in character.

Fig. 7. High-angle annular dark field (HAADF) STEM images of FIB-prepared TEM sample of metal grain FIB#1 (shown in Fig. 2e). Images
are in the same orientation as in Fig. 6. a) Image showing almost the entire grain overlain with Pt protective coating (bright strip in upper part
of image) and surrounded by fine-grained rim materials (FGR). Note the sharp interface between the metal grain and the rim and b)
enlargement of region in white box in (a), showing a close-up view of the embayments on the surface of the metal grain (arrowed). Note that
same region shown in Fig. 7b is shown in Fig. 8, but is reversed.
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Fig. 8. Bright-field TEM and energy-filtered TEM images of FIB sample #1 (grain in Fig. 2e) showing the same region of the fine-grained
rim as that shown in Fig. 7b, but the images are reversed. a) Bright field TEM imaging showing the interface between part of the Fe,Ni grain
(Fe,Ni) with the fine-grained rim material (FGR). The Pt strip (Pt) is in the upper part of the images. The region labeled C is the amorphous
carbon-rich region which is clearly apparent in the carbon EFTEM map (e). The two white arrows indicate the low-Z embayments that are
indicated in the upper part of the HAADF image, Fig. 7b. b) Fe-map with the interface between the metal grain and the fine-grained rim
delineated by a dashed line. Note that there appears to be a slight decrease in the concentration of Fe as the edge of the metal grain is
approached (see intensity profile, Fig. 8h. c) S-map which clearly shows the boundary (dashed line) between the metal grain and the fine-
grained rim. Sulfur in the metal grain is below detection limits, whereas S is heterogeneously distributed within the fine-grained rim, Note that
the sample drifted between acquisition of EFTEM maps and so the field of view of the sulfur map is displaced downwards in comparison with
the other maps. d) O-map showing that oxygen is present inside the interface between the metal grain and the fine-grained rim. Arrows indicate
the regions shown in the HAADF image, Fig. 7b. The oxygen distribution in this image is patchy just inside the interface unlike the S-map
which delineates the metal grain from the matrix very sharply. e) C-map delineating the interface between the metal and the fine-grained rim
very clearly. The high concentration of carbon on the left of the image is an amorphous carbon-rich globule. f) Ni EFTEM map showing a
narrow layer of enhanced Ni at the surface of the metal grain.
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DISCUSSION

The presence of Fe,Ni metal grains juxtaposed against
hydrated fine-grained rim materials has been cited as
definitive evidence for preaccretionary alteration (Metzler
et al. 1992). The 1–10 micron-sized metal grains are thought
to be particularly susceptible to alteration by an aqueous fluid,
because metal is easily oxidized by the presence of an

oxidizing agent such as water. Therefore, according to the
preaccretionary alteration model, the presence of small,
unaltered metal grains coexisting with hydrated silicate phases
indicates that altered and unaltered materials were mixed
together in the nebular prior to accretion and underwent no
further alteration on an asteroidal parent body. It is therefore of
key importance to determine whether this hypothesis is robust
or whether alternative explanations for the preservation of

Fig. 8. Continued. Bright-field TEM and energy-filtered TEM images of FIB sample #1 (grain in Fig. 2e) showing the same region of the fine-
grained rim as that shown in Fig. 7b, but the images are reversed. g) Intensity profile measured from Fe and O EFTEM maps across the
interface between the fine-grained rim and Fe,Ni metal grain. Oxygen intensity is shown on the left axis and Fe on the right axis. The interface
is indicated by a vertical line. Note that the Fe intensity (blue) drops progressively down to the level of the matrix exactly at the interface.
However, the oxygen intensity (red) does not drop to zero at the interface, but continues to decrease into the metal grain decreasing to zero
~0.1 µm into the metal grain. The profiles show clearly that oxygen is present in an oxidized zone within the metal grain. h) Composite RGB
image of Fe (red), O (green), and C (blue) EFTEM maps showing the presence of diffuse oxygen intensity within the metal grain as indicate
by diffuse green coloration along the edge of the metal grain.

Fig. 9. Dark-field Z-contrast (HAADF) and false color energy-filtered TEM images of FIB #2a, grain #1 (grain in Fig. 2c). All the EFTEM
maps correspond exactly to Fig. 9b. a) HAADF STEM image showing the whole grain (Fe,Ni) embedded within the fine-grained rim material
(FGR). The surface of the grain that was exposed in the thin section before sample preparation is on the right of this image. Boxed region is
shown in detail (reversed) in Fig. 9b. b) Higher magnification HAADF image of the edge of the metal grain showing low-Z regions on the
edge of the grain. 
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Fig. 9. Continued. Dark-field Z-contrast (HAADF) and false color energy-filtered TEM images of FIB #2a, grain #1 (grain in Fig. 2c). All the
EFTEM maps correspond exactly to Fig. 9b. c) Iron EFTEM map showing a Fe-depleted zone in the fine-grained rim just outside the metal
grain. The edge of the metal grain is defined by the abrupt change in intensity. Very subtle decreases in Fe intensity are apparent in this image
associated with the low-Z regions shown in Fig. 2c. d) Oxygen EFTEM map showing diffuse intensity within the metal grain. e) Carbon
EFTEM map showing the presence of a C-rich layer at the interface between the metal grain and the fine-grained rim. f ) Nitrogen EFTEM
map showing that low nitrogen concentrations are detectable that correlate with the enrichments in carbon along the edge of the metal grain.
g) Colored composite HAADF STEM image with superimposed EFTEM oxygen map showing the spatial correlation of oxygen enrichment
in the metal grain with the lower Z-contrast regions. The HAADF STEM image is colored red and the oxygen map is represented by green.
Note the diffuse green intensity within the low Z-regions. h) Composite Fe EFTEM map (red) with O EFTEM map (green) overlay. The image
shows a subtle decrease in the Fe intensity in the regions of the grain where oxygen is present.
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these micron-sized metal grains during aqueous alteration are
also plausible. In the following discussion, different
hypotheses for the survival of metal grains are examined,
based on our new compositional and TEM observations.

Are the Fe,Ni Metal Grains in Fine-Grained Rims Pristine?

One of the key observations presented by Metzler et al.
(1992) is that the metal grains in Y-791198 are pristine.
However, this observation was only made by SEM and did
not involve any detailed compositional studies using X-ray
mapping. Our studies of a large number of metal grains using
BSE imaging and EDS and WDS X-ray mapping suggest that
these metal grains may not be pristine. First, occasional grains
(e.g., Fig. 2b) are irregular in shape, perhaps as a result of
corrosion, and probably oxidation. Second, some, but not all,
of the metal grains have haloes of S enrichment correlated
with Fe, indicative of partial replacement by Fe-sulfide. In
addition, WDS X-ray maps show that some metal grains have
Ca- and P-rich phases on their peripheries which we interpret
as hydroxyapatite or whitlockite. Rubin and Grossman (1985)
observed the presence of Ca-phosphates in type 3 chondrites
(e.g., CO3, CV3, H3), as apatite or whitlockite around metal
grains, and concluded that the Ca-phosphates were produced
by aqueous alteration. They suggested that the P was
originally dissolved in the Fe,Ni metal grains, while the Ca
was mobilized from the alteration of chondrule mesostasis
and phases in Ca, Al-rich inclusions (CAIs). The presence of
Ca-phosphates around metal grains in Y-791198 is clearly a
strong indicator that oxidation of metal has occurred and
therefore suggests that at least some of these grains have also

been affected by aqueous alteration. Certainly, our electron
microprobe data show that some of the rim metal grains
contain as high as 0.5 wt% P which would be released during
metal oxidation. Our EFTEM data for grain FIB#2b also
provides unequivocal evidence that oxidation of metal has
occurred, at least on a localized scale. In this grain (Fig. 10),
a large low-Z region on the edge of the grain contains
elevated O contents and highly depleted P. The presence of
nanometer-sized grains of Ca-phosphate spatially correlated
with this region along the edge of the metal grain argues
strongly for the localized oxidation of metal and with the
resultant loss of P from the metal grain. In addition to the
secondary formation of Ca-P phases during metal alteration, S
enrichments found on the exteriors of these grains also suggest
secondary formation of tochilinite, pentlandite and/or Ni-
bearing pyrrhotite. Sulfide formation is commonly thought to be
the result of aqueous alteration of Fe,Ni metal grains (Rubin
1997). However, the metal grains that we prepared by FIB
did not have S-enrichments around their rims, and so we have
not characterized the S-rich phases on the edge of metal grains
in detail.

Based on the observations we made on FIB-prepared
TEM sections, even apparently pristine metal grains show
irregular edges with a morphology consistent with pitting
corrosion. Pitting corrosion develops at localized and distinct
points, resulting in cavities or pits (Schweitzer 2003). Such
corrosion is very well documented in the materials science
literature (e.g., Sutcliffe et al. 1972; Stiksma and Bradford
1985; Mao et al. 1994; Qiao et al. 1998; Adamy and Cala
1999; Davenport et al. 2000; Kritzer et al. 2000). These
features have an O-enrichment correlated with the

Fig. 10. STEM images and false color EFTEM compositional maps of metal grain FIB #2b. Images (b) through (f) are all in the same region
and are in the same orientation. a) HAADF STEM image showing the whole grain (Fe,Ni) embedded within hydrated fine-grained rim material
(FGR). Note that this metal grain was actually under the surface of the thin section before FIB preparation. The images show local regions of
lower-Z contrast along the edges of the grain indicative of corrosion of the metal grain. Some examples are arrowed. Boxed region is shown
enlarged in Fig. 10b. b) Higher magnification HAADF image from boxed region in image (a) showing a large region of low-Z contrast at the
edge of the grain. The edge of the grain is defined by the dashed yellow line. Note that this image is rotated relative to (a). 
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Fig. 10. Continued. STEM images and false color EFTEM compositional maps of metal grain FIB #2b. c) EFTEM Fe-map demonstrating that
the low-Z region in Fig. 10b has a slightly lower Fe-content than the rest of the metal grain, The interface between the grain and the rim, drawn
from Figure 10b, is superimposed on this image and indicates that the Fe intensity decreases significantly towards the grain boundary. d)
EFTEM O-map showing significant enrichment of O in the region of low Z-contrast within the grain, Enrichments in O are also apparent in
other embayments on the edge of the grains (an example is arrowed). e) EFTEM C-map showing C enrichments locally at the interface
between the metal grain and the fine-grained rim. A carbon hotspot along the interface is arrowed which corresponds the N hotspot shown in
Fig. 10f. f ) EFTEM N-map showing that nitrogen is enriched in the matrix and is often correlated with high C-contents such as that in the
arrowed region. (g) and (h) are of the same region of the grain, but in a slightly different orientation because they were imaged in a different
TEM session. g) Phosphorus EFTEM map showing that the large low Z region on the edge of the metal grain is depleted in P compared with
both the metal grain and the surrounding matrix. However, distinct P hotspots are present along the periphery of the metal grain. Edge of the
grain is indicated by dashed green line. h) Composite RGB image of P (red), O (green) and Ca (blue) EFTEM maps. The purple regions
(hotspots) correspond to correlated elevated Ca and P concentrations consistent with the presence of Ca phosphate along the edge of the grain.



1434 L. J. Chizmadia et al.

embayments on the edges of the metal grains, possibly
indicating the presence of Fe(OH)2 which is expected if the
metal grains were in contact with an aqueous fluid (e.g.,
Whitman et al. 1924; Stumm 1959; Garrels and Christ 1965;
Fontana and Greene 1978; Xia et al. 1989; Hilme 1993;
Dillon 1994). 

Alteration of Metal Grains: Terrestrial or Pre-Terrestrial?

The FIB-prepared TEM samples of the metal grains
show evidence of incipient alteration which we interpret as
being the result of oxidation caused by interaction with an
aqueous fluid (Figs. 5–10). Here we address the key question
as to where and when this alteration occurred. Although this
limited amount of alteration suggests in situ alteration, it does
not definitively point to pre-terrestrial alteration. Interpreting
the origin of very fine-scale alteration features that we
observe in these metal grains is extremely challenging,
because these features could have formed after the meteorite
fell to Earth, during parent body asteroidal alteration or even
in the solar nebula prior to accretion. The nanoscale reentrant
features that are present on the surfaces of the metal grains
could have formed by interaction with aqueous fluids in
several different terrestrial environments. These include
weathering during the meteorite’s residence in Antarctica,
reaction with atmospheric humidity after sample collection,
during sample preparation, or during storage after the thin
section was prepared. The implications of each of the
scenarios are slightly different, but the fundamental
observation remains that the degree of alteration of the metal
grains is minimal.

Despite this ambiguity, we can make inferences from our
TEM observations that provide plausible, although equivocal
constraints, on the probability of the metal oxidation occurring
in a terrestrial environment. First, all three metal grains
prepared by the FIB technique show similar degrees of
alteration, including the one buried under the surface of FIB
sample #2. Antarctic weathering is known to cause spatially
heterogeneous degrees of alteration in meteorite samples (e.g.,
Lee and Bland 2004). If fluid had access to these metal grains
in Antarctica, much more variable oxidation of the metal would
be expected. Indeed, given the small size of the grains, it seems
highly probable that if the metal grains were accessible to any
terrestrial fluids, they would have been completely oxidized.
The fact that the metal grains are not extensively altered is
consistent with the observation that the porosity and
permeability of the fine-grained rim materials is low (Corrigan
et al. 1997). Therefore, although Antarctic weathering as a
possible cause of oxidation of the metal cannot be dismissed, it
seems relatively unlikely. Based on TEM studies of thin foils of
carbon-rich aggregates from ordinary chondrules (Brearley
1990) that have been stored for extended periods of time
(several years), it is apparent that the oxidation product of
Fe,Ni metal is nanocrystalline magnetite (Brearley,

unpublished data). These aggregates consist of graphitic carbon
intimately mixed with kamacite grains that range from <1 µm
to over 100 µm in size. The magnetite grains produced by
oxidation of the metal have very different characteristics from
the observed oxidation products of metal in the Y-791198 FIB
section. The absence of magnetite in the FIB-prepared TEM
sections argues against atmospheric alteration of the metal
grains either before or after sample preparation. Prior to sample
preparation, the meteorite chip used to prepare the thin section
was certainly impregnated with epoxy to prevent disintegration
during cutting and polishing. This process would basically seal
any porosity completely and effectively prevent the possibility
of oxidation. The fact that the subsurficial metal grain in FIB#2
shows a similar amount of alteration to the other two grains
which were both exposed at the surface of the sample for an
extended period of time also argues strongly against alteration
during or after sample preparation.

Collectively, these lines of evidence suggest that
alteration of the metal grains after the meteorite’s arrival on
Earth, whilst possible, does not seem to be consistent with the
observed style or degree of oxidation. On these grounds, we
suggest that pre-terrestrial alteration is the most likely
explanation for the O-enrichments and pitting on the edges of
the three FIB-prepared metal grains, although clearly this
conclusion is equivocal to some degree. The evidence of
phosphates around other small metal grains in Y-791198 fine-
grained rims is consistent with this argument and suggests
that alteration of metal grains was somewhat variable
depending on the local microchemical environment during
preterrestrial alteration (e.g., Brearley 2006).

Could Fe,Ni Metal Grains Survive Asteroidal Parent Body
Alteration?

Irrespective of whether our conclusion above is correct,
our TEM observations allow us to draw the important
conclusion that the micron-sized metal grains clearly
experienced relatively little aqueous alteration in an
extraterrestrial environment. The conventional interpretation
of the presence of small, unaltered metal grains such as these
in a groundmass of hydrated material is that it represents
evidence for preaccretionary alteration (e.g., Metzler et al.
1992). Indeed, most evidence from CM chondrites indicates
that when Fe,Ni metal grains come into contact with an
aqueous, oxidizing fluid they are among the first phases
(along with sulfide grains and mesostasis glass) to alter. The
available H+ ions in solution should strip off the outer
electrons of Fe metal atoms, forming Fe2+ which bonds
readily with OH− and becomes soluble. Although
preaccretionary alteration is certainly a possible explanation
for the observed lack of alteration of the metal grains, there is
a significant body of evidence that indicates that Y-791198
did experience parent body alteration (e.g., Brearley and
Chizmadia 2005; Brearley 2006; Chizmadia and Brearley
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2008). These include the consistent degree of aqueous
alteration of fine-grained rims and chondrule mesostasis, the
complete leaching of alkali elements from chondrule glass, as
well as the definitive redistribution of P from altered
chondrules into fine-grained rims (Brearley 2006; Chizmadia
and Brearley 2008). These observations require an
explanation for the survival of the metal grains that is
consistent with the evidence that water clearly interacted with
Y-791198 on the CM parent body.

Here we consider an alternative geochemical model that
provides a plausible explanation for the survival of the metal
grains during parent body alteration. In this model, we
consider the possibility that wherever the alteration of metal
occurred, the geochemical conditions were such that
alteration of the metal grains was inhibited. 

There are several factors that may have contributed to the
corrosion resistance of Fe metal to aqueous fluids. These
include the composition of the metal itself, the geochemistry
of the fluid and the possible presence of impermeable layers
on the surface of the metal grains. The preservation of the
metal grains could be explained by the presence of a thin
(submicron) protective layer. One possibility is that a
protective, impermeable layer of organic material is present
on the surface on the metal grains. However, although there
are concentrations of C-rich materials locally at the metal-rim
interface of the FIB-prepared samples (Figs. 8e, 9e, and 10e),
they are not continuous and, therefore, probably not an
adequate barrier to protect the grains from aqueous alteration.
Our TEM observations of FIB-prepared samples of the
kamacite grains do show, however, that there is a layer of
oxidized material on the surface of the grains that may have
had a significant impact on the chemical reactivity of the
grains. The implications of this oxidized material are
discussed below. 

Fluid geochemistry has a very significant effect on the
alteration behavior of metal grains, particularly the pH of the
aqueous fluids. Current constraints on the pH of aqueous
fluids in CM chondrites come from theoretical modeling of
aqueous alteration as well petrologic observations. Computer
modeling of aqueous alteration of CM-like materials indicates
that the aqueous fluid becomes alkaline almost immediately
after fluid-rock contact (Zolensky 1984; Zolensky et al. 1989;
Bourcier and Zolensky 1991, 1992). These simulations show
a nearly instantaneous increase in the pH of the fluid from 7 to
9 and then a gradual rise to ~12, as aqueous alteration
progresses. This process is caused by the very rapid
consumption of protons in the fluids as hydrolysis reactions
start during the earliest stages of alteration. This observation
is crucial to the question of whether Fe,Ni metal grains could
have survived parent-body alteration because alkaline fluids
are well-known in the materials science community to inhibit
the corrosion of Fe metal (e.g., Stumm and Morgan 1981;
Brookins 1988; Adamy and Cala 1999). The inhibition is
facilitated by the formation of an impermeable Fe(OH)2 film

(Whitman et al. 1924; Stumm 1959; Sweeton and Baes 1970;
Baes 1976; Davenport et al. 2000) on the surface of the
altering metal grains, preventing the Fe2+ ions from going
directly into solution. This film must be continuous and can
be easily disrupted (by the physical movement of the fluid or
by chemical attack), resulting in the corrosion of the
underlying metal (Schweitzer 1987). The formation of this
film is consistent with the low Z-contrast, O-enrichments and
pitting morphology seen in the FIB-prepared TEM section.
Corrosion rates are often expressed in mm/year or mg/cm2/
day (Schweitzer 1987; Dillon 1994) so therefore the Fe(OH)2
film should be easily visible with the TEM. 

Although computer modeling indicates an increase in pH
as alteration proceeds in CM chondrites, it cannot provide
important details about exactly how this process occurs. The
modeling is based on equilibrium thermodynamics and hence
does not take into account the kinetics of the process. In
reality, it seems highly probable that the initial stages of
interaction of an aqueous fluid with the complex
disequilibrium assemblage of minerals in a CM chondrite will
cause significant departures from the behavior predicted by
thermodynamic models. Perhaps of most importance will be
the initial rate of increase in pH. The matrices of CM
chondrites prior to aqueous alteration consisted of a complex
mixture of very fine-grained materials. Although most
workers have assumed that these fine-grained materials were
dominated by fine-grained FeO-rich olivines (e.g., Zolensky
et al. 1989), TEM studies of a variety of primitive chondritic
meteorites indicate that this assumption is incorrect. Instead,
we have observed that the matrices of primitive carbonaceous
chondrites were dominated by amorphous silicate-rich
material (e.g., Brearley 1993; Greshake 1997; Nuth et al.
2005; Abreu and Brearley 2006; Chizmadia and Brearley
2008). This fine-grained, non-stoichiometric material will be
especially susceptible to aqueous alteration and we suggest
will undergo hydrolysis particularly rapidly (for a detailed
discussion see Chizmadia and Brearley 2008). This should
result in a very rapid initial rise in pH in the fine-grained rims
and matrix as a result of consumption of protons from the
fluid, a situation which would clearly favor formation of the
impermeable Fe(OH)2 layer discussed above. This
combination of local geochemical conditions, resulting in a
high initial fluid pH and the subsequent formation of a
protective layer, is a viable explanation for the inhibition of
corrosion of the small metal grains in the fine-grained rims in
Y-791198 during parent body alteration.

A further factor that may have been significant in
promoting preservation of the metal grains may have been
their composition. The chemical reactivity of iron metal in the
presence of water can be reduced by the presence of
additional elements (i.e., Cr, Ni) in solid solution. High Cr
contents, in particular, are known to significantly increase the
corrosion resistance of iron metal, but the Cr contents of all of
the metal grains analyzed by EMPA are too low to have



1436 L. J. Chizmadia et al.

caused any significant decrease in reactivity in the presence
of an aqueous fluid. The situation for Ni may be somewhat
different, even though all the analyzed Fe,Ni metal grains
have compositions typical of kamacite (Fig. 5) with an
average Ni content of ~5 wt%. It is well documented that as
little as 2 wt% Ni dramatically increases the corrosion
resistance of Fe metal (Tremaine and LeBlanc 1980; Jasinski
1987; Kritzer et al. 1998, 2000), suggesting that kamacite
should be even more resistant to corrosion. The presence of
Ni in the Fe metal enhances corrosion resistance due to the
formation of a Ni(OH)2 film in contact with the aqueous fluid
(Fontana and Greene 1978), in a similar manner to the
formation of Fe(OH)2 discussed above. We note that we have
observed a thin film along the edge of one grain (FIB#1) that
is enriched in Ni, which may be such a layer (Fig. 8f). This
observation does, however, require further investigation
beyond the scope of this study.

Several other additional geochemical factors can be
important in inhibiting corrosion of Fe metal. These include
the presence of dissolved silica (Amaral and Muller 1999),
carbonate and bicarbonate (Sutcliffe et al. 1972; Stiksma and
Bradford 1985; Mao et al. 1994; Keyser et al. 1997; Al-
Hassan et al. 1998; Qiao et al. 1998; Adamy and Cala 1999),
and soluble organic materials (Malik 1995). The presence of
dissolved silica promotes the formation of a hydrous gel-like
Fe-Si film on the surface of the metal, which acts to enhance
corrosion resistance (Amaral and Muller 1999). Corrosion
resistance is also facilitated by the occurrence of CO2, HCO−

3,
CO2−

3, which all contribute to the formation of FeCO3(aq)
bicarbonate (Sutcliffe et al. 1972; Stiksma and Bradford
1985; Mao et al. 1994; Malik 1995; Keyser et al. 1997; Al-
Hassan et al. 1998; Qiao et al. 1998; Adamy and Cala 1999).
All of these constituents are available and certainly mobile in
CM2 chondrites during aqueous alteration. The presence of
Cl (Postlethwaite 1967) and S (Shoesmith et al. 1978; Vera
et al. 1986) has the reverse effect and acts to decrease
corrosion resistance of Fe,Ni metal. However, the bulk Cl
content of CM chondrites is quite low (430 ppm) (Lodders
and Fegley 1998), so the corrosive effect of Cl will be
minimal, although we note that small amounts of halides have
been reported in CM chondrites (Barber 1981). Sulfur, on the
other hand, is likely to be quite abundant in fluids in CM
chondrites. However, the corrosive effects of Cl and S are
likely counteracted by the presence of dissolved silica,
bicarbonate and organic materials, as well as the formation of
Fe(OH)2 on metal grain surfaces, although we cannot make a
quantitative estimate of the relative effects of all these
different parameters. We conclude that the metal grains could
have experienced parent body alteration, but could have
survived this process with minimal or perhaps no evidence of
alteration.

Lauretta et al. (2000) suggested that fine-grained metal
grains occur in the fine-grained rims of ALHA81002 and
argued that they represent evidence for preaccretionary
alteration. However, they only presented compositional data

obtained by analytical TEM data to support this claim,
without substantiating electron diffraction data. Based on
TEM studies of several different CM chondrites (Y-791198,
Murchison and ALHA81002), it seems probable that the
grains that were identified by Lauretta et al. (2000) as
kamacite are, in fact, Fe,Ni carbide grains with rims of
nanocrystalline magnetite (Brearley 2003a, 2003b). Such
grains are common in ALH 81002 and are texturally identical to
the images of kamacite reported by Lauretta et al. (2000). These
grains are extremely difficult to distinguish from kamacite
grains based on compositional data alone. Such grains were
originally misidentified as metal by Brearley (2003a), but
subsequently electron diffraction studies show that they are
indeed Fe,Ni carbides (Brearley 2003b). Although the grains
described by Lauretta et al. (2000) are clearly not Fe,Ni metal,
we do have compositional evidence, as discussed above, that
Fe,Ni metal grains may be present in the fine-grained rims of
ALHA81002 (see also Chizmadia and Brearley 2003, 2004).
However, without electron diffraction data, this identification
remains tentative. These suspect metal grains in ALHA81002
rims are smaller and more irregular in shape than those found
in Y-791198, suggesting that the metal grains have altered,
but comparatively slowly. Since the amorphous material is
lacking in the rims of ALHA81002, it seems likely that the
alteration of the metal is linked to the recrystallization of the
amorphous material, a process which may cause a progressive
reduction in the alkalinity of the fluid due to the cessation of
the consumption of protons and allow metal grains to alter. 

CONCLUSIONS

This systematic investigation of the Fe,Ni metal grains in
the fine-grained rims of Y-791198 has several important
implications. Although some metal grains in fine-grained
rims show possible evidence of secondary alteration in SEM
images, in the form of Fe-S-rich haloes, most grains show no
obvious evidence of aqueous alteration. Using the site-
specific FIB sample preparation technique, however, even
apparently pristine metal grains show evidence of corrosion at
the submicron scale. The textural characteristics of the
corrosion are consistent with pitting corrosion. Whether this
alteration is the result of terrestrial weathering or occurred
prior to the meteorite’s fall to Earth cannot be established
unequivocally. Irrespective of where this alteration occurred,
it is clearly of a limited extent, demonstrating that the metal
grains largely escaped the effects of asteroidal alteration. The
grains do not have unusual compositions, such as high Cr
contents, that might provide an alternative explanation for
their survival. Although this might imply that the preservation
of minimally altered metal grains is best explained by the
preaccretionary alteration model, we present an alternative
model in which metal alteration is inhibited by the
geochemical conditions of the aqueous fluid. In this model,
alkaline fluids are hypothesized to develop early during the
alteration of fine-grained rims due to rapid hydrolysis of
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amorphous precursor materials. Under highly alkaline
conditions, corrosion of metal grains is widely known to be
significantly inhibited, a process that is further retarded by the
presence of Ni in the metal, anionic species such as CO3

2− in
solution and the presence of organic compounds. Whilst this
hypothesis does not rule out a preaccretionary scenario for
metal grain survival, it does present an alternative model that
is consistent with evidence for significant parent-body
alteration of Y-791198.
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