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Abstract–The matrices of all primitive chondrites contain presolar materials (circumstellar grains
and interstellar organics) in roughly CI abundances, suggesting that all chondrites accreted matrix that
is dominated by a CI-like component. The matrix-normalized abundances of the more volatile
elements (condensation temperatures <750–800 K) in carbonaceous and ordinary chondrites are also
at or slightly above CI levels. The modest excesses may be due to low levels of these elements in
chondrules and associated metal. Subtraction of a CI-like matrix component from a bulk ordinary
chondrite composition closely matches the average composition of chondrules determined by
instrumental neutron activation analysis (INAA) if some Fe-metal is added to the chondrule
composition.
Measured matrix compositions are not CI-like. Sampling bias and secondary redistribution of
elements may have played a role, but the best explanation is that ∼10–30% of refractory-rich, volatile
depleted material was added to matrix.
If most of the more volatile elements are in a CI-dominated matrix, the major and volatile
element fractionations must be largely carried by chondrules. There is both direct and indirect
evidence for evaporation during chondrule formation. Type IIA and type B chondrules could have
formed from a mixture of CI material and material evaporated from type IA chondrules. The Mg-SiFe fractionations in the ordinary chondrites can be reproduced with the loss of type IA chondrule
material and associated metal. The loss of evaporated material from the chondrules could explain the
volatile element fractionations. Mechanisms for how these fractionations occurred are necessarily
speculative, but two possibilities are briefly explored.

INTRODUCTION
The so-called two-component model (Anders 1964;
Larimer and Anders 1967, 1970) was the first to attempt to
explain how the volatility trends in chondrites were produced.
In the two-component model, the moderately and highly
volatile element abundances of chondrites were largely
determined by mixing volatile-rich, primitive matrix and
volatile-depleted chondrules; here matrix is taken to include
both fine-grained chondrule rims and interchondrule matrix
unless explicitly stated otherwise. However, a combination of
astrophysical, chemical, and petrologic arguments led to the
general rejection of this model in favor of fractional
condensation in a gradually cooling inner solar nebula
(Wasson and Chou 1974; Wai and Wasson 1977). Much of the
motivation for this explanation was provided by the
calculations of Cameron (1962, 1963) and Cameron and Pine
(1973) that suggested that the release of gravitational

potential energy during the collapse of the solar system
produced temperatures in the inner solar nebula that were
sufficient to vaporize all primordial dust. This provided a
natural explanation for the apparent isotopic homogeneity of
chondrites.
Thermodynamic calculations of how a solar composition
gas would condense on cooling (Lord 1965; Larimer 1967;
Grossman 1972; Lewis 1972) showed that in chondrites there
is a strong correlation between an element’s abundance and its
estimated condensation temperature. The condensation model
was further strengthened by the large Allende meteorite fall in
1969 with its abundant calcium-aluminum-rich inclusions
(CAIs). The mineralogy of the CAIs resembled the predicted
mineralogy of high-temperature condensates (e.g., Marvin
et al. 1970). Lewis (1972) also argued that the compositions
of the terrestrial planets could be explained if they formed in
a nebular steep radial thermal gradient, with Mercury (or its
planetesimal precursors), for instance, forming at
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temperatures that were just below the condensation
temperature of Fe-metal.
Later, Grossman and Wasson (1982, 1983a, 1983b)
showed that the volatile element abundances of ordinary
chondrite chondrules were higher than predicted by the twocomponent model. They also argued that interelement
correlations in chondrules could be understood if chondrules
formed from precursors that included variable abundances of
several different condensates. In addition, Cassen (2001) has
developed a physical model that is able to qualitatively
reproduce the chondritic compositions by fractional
condensation in a cooling nebula.
Nevertheless, there are a number of reasons for reexamining the role chondrule formation played in producing
chondrite compositions. For instance, the composition of
Mercury is now thought to be the result of a giant impact that
stripped away of much of the silicate crust and mantle (Benz
et al. 1988; Wetherill 1988). Thus, there is little evidence for
a steep thermal gradient in the inner solar system at the time
of planetesimal/planet formation. Igneous CAIs are thought
to have formed in hours to days (MacPherson et al. 1984;
Stolper and Paque 1986), which are much shorter time scales
than would be expected for cooling of a hot inner solar system
(>103 years). On the time scales that are needed to cool the
inner solar system, there is likely to be considerable sunward
radial migration of the condensates (Weidenschilling 1977).
Turbulent diffusion will to some extent counteract this
sunward drift (Cuzzi et al. 2003), but no nebular condensates
have been unambiguously identified. Finally, Alexander
(1994, 1996) argued that the interelement correlations in
chondrules reported by Grossman and Wasson (1982, 1983a,
1983b) could be explained if, in addition to some
volatilization, chondrule precursors were random mixtures of
recycled chondrule fragments and matrix that included
recondensed chondrule evaporates.
The size distributions of chondrules and chondrule
fragments suggest that they have been aerodynamically sorted
(Whipple 1972; Dodd 1976; Kuebler et al. 1999). Several
authors have proposed that preferential loss via aerodynamic
sorting of smaller FeO-poor and volatile-poor type I
chondrules were responsible for producing chondrite
compositions (Huang et al. 1993; Scott and Haack 1993).
However, Grossman (1996) concluded that this mechanism
could not explain all the elemental fractionations in
chondrites, and that the elemental fractionations must have
predated chondrule formation.
It has also become clear that all chondrites contain
presolar circumstellar grains (Huss and Lewis 1995; Huss
et al. 2003; Mostefaoui and Hoppe 2004; Nagashima et al.
2004) and interstellar organic material (e.g., Robert and
Epstein 1982; Kerridge 1983; Yang and Epstein 1984;
Alexander et al. 1998) in their matrices. Thus, their matrices
must contain a primitive component (Alexander et al. 2001).
Evaporation experiments (Hashimoto 1983; Wang et al.

2001; Yu et al. 2003) and kinetic models (Alexander 2004)
suggest that evaporation during chondrule formation is
inevitable under canonical formation conditions, and there is
petrologic evidence that it has occurred (Alexander 1995;
Connolly et al. 2001). Finally, there is evidence for the reintroduction of volatiles into chondrules during cooling
(Matsunami et al. 1993; Scott 1994; Sears and Lipschutz
1994; Nagahara et al. 1999; Alexander and Grossman 2005)
and/or on the parent bodies (Grossman et al. 2002; Alexander
and Grossman 2005), perhaps explaining why chondrules are
not as volatile depleted as initially predicted by the twocomponent model.
For these reasons, the role of chondrule formation in
producing chondrite compositions is re-explored here. It will
be argued that: 1) all chondrite groups accreted a CI-like
component that dominates their matrices and carries the
presolar materials found in them, 2) this CI-like matrix
brought in much of the volatile element (condensation
temperature <750–800 K) complement in chondrites, and 3)
≥75–85% of CI material is comprised of thermally processed
material in which presolar refractory organics and
carbonaceous grains have been destroyed, and presolar
amorphous silicates have been annealed or destroyed, but the
volatile elements remain unfractionated. If this is correct, the
elemental fractionations seen in bulk chondrites are carried by
chondrules and refractory inclusions. It cannot be
demonstrated conclusively that the fractionated compositions
of chondrules, for instance, were produced during chondrule
formation rather than having been inherited from their
precursors. Nevertheless, evaporation probably did occur
during chondrule formation. Loss of type IA chondrule
material and associated metal, and gain of type IA evaporates
can explain many aspects of bulk ordinary chondrite (OC)
compositions and type IIA and type B chondrule
compositions. The poorly constrained contributions of
refractory inclusions means modeling of carbonaceous
chondrite (CC) compositions is not possible at present.
EVIDENCE FOR A CI-LIKE MATRIX COMPONENT
The two-component model suggested that all volatile
elements are present in a primitive, volatile-rich matrix.
Presolar materials, including circumstellar grains (e.g., Nittler
2003) and interstellar organic matter (e.g., Robert and Epstein
1982; Kerridge 1983; Yang and Epstein 1984; Alexander
et al. 1998), have been found in the most unequilibrated
members of all chondrite groups. None of the presolar
materials found to date would have survived chondrule or
CAI formation. There is both direct (Alexander et al. 1990b;
Mostefaoui and Hoppe 2004; Nagashima et al. 2004) and
indirect (Huss and Lewis 1995; Huss et al. 2003) evidence
that the presolar materials are preserved in matrix. Clearly,
chondrites incorporated a primordial component when they
accreted and this material is concentrated in the matrix.

Re-examining the role of chondrules
The presolar materials are arguably the best tracers of
how much of this primordial component was accreted by any
chondrite group. The highest bulk concentrations of
circumstellar grains and interstellar organics in meteorites are
found in CI chondrites (Huss and Lewis 1995; Alexander
et al. 1998; Huss et al. 2003). Remarkably, their matrixnormalized abundances in the most unequilibrated members
of the other chondrite groups (Fig. 1a) are similar to those of
bulk CIs (Huss and Lewis 1995; Alexander et al. 1998; Huss
et al. 2003). As will be discussed in more detail later, the same
is true for the more volatile elements (Fig. 1).
Given the significance of the results summarized in
Fig. 1, it is important to consider the potential sources of error
involved in the matrix-normalization. These potential errors
include modification of circumstellar grain and interstellar
organic abundances and/or their noble gas contents by parent
body processes, such as metamorphism, aqueous alteration,
and shock, and errors in the measured matrix abundances of
chondrites.
Huss and Lewis (1994, 1995) and Huss et al. (1996)
showed that parent body processes did modify the
abundances of circumstellar grains and their noble gas
contents. They suggested that a correction could be made to
the nanodiamond abundances using their contents of the
relatively refractory Xe-P6 component. The correction
procedure produced matrix-normalized nanodiamond
abundances in low petrologic type (≤3.5) ordinary chondrites
(OCs) and in enstatite chondrites (ECs) that were close to CI,
but abundances that were up to a factor of two higher than CI
in CVs. The corrected data are not used here because Huss
et al. (2003) have suggested that some or all of the
modification of the circumstellar grains may have occurred in
the nebula. Here we are concerned with establishing the
presolar concentrations at the time of parent body accretion.
To avoid potential uncertainties, the uncorrected
abundances in the most primitive meteorites from each group
that have been studied are used. These estimates are likely to
be lower limits for the abundances at the time of accretion.
The SiC appears to be more sensitive to parent body processes
than the nanodiamonds in the OC, CV, and CO chondrites,
whereas SiC is more stable in the ECs (Huss and Lewis 1995;
Huss et al. 2003). Since the ECs were heated to higher
temperatures during metamorphism than the OC, CV, and CO
chondrites studied, the differences in relative stabilities
probably reflect a greater susceptibility of the SiC to
oxidation on the OC, CV, and CO parent bodies (Alexander
et al. 1990a; Huss 1990). Thus, only the nanodiamond
abundances are used in Fig. 1a. The nanodiamond abundance
in the ECs is not used because it seems to have been
significantly affected by metamorphism (Huss and Lewis
1995).
The insoluble organic material (IOM) is likely to be more
sensitive to parent body processes than the circumstellar
grains. Isotopically and chemically, the CR IOM is the most
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Fig. 1. The matrix-normalized and CI-normalized abundances of
presolar nanodiamonds, presolar insoluble organic material (IOM),
and the volatile elements Zn (lithophile), Se (chalcophile), Bi
(siderophile), S (chalcophile), and Br in the most primitive members
of the OCs and CCs. The roughly CI abundances of the presolar
materials and volatile elements suggest that all chondrites accreted
matrix that is dominated by a CI-like component. This CI-like
component accounts for all the presolar materials and most or all of
the more volatile elements in chondrites. There are significant
deviations from CI abundances. For the IOM, this probably is a result
of destruction by parent body processes, and in the case of CO ALH
77307, possibly weathering. Greater than CI abundances for the
volatile elements could indicate that chondrules contain some
volatile elements or that there has been recondensation onto the
matrix of some volatiles that were lost from the chondrules. The large
excess of the chalcophile Se in the LL chondrites mimics that of S,
and could be explained if OC chondrules formed at high dust/gas
ratios when S condenses at higher than canonical temperatures. Data
and sources for the matrix, nanodiamond, and IOM abundances are
listed in Table 1. Elemental abundances for Renazzo (CR) are from
Kallemeyn and Wasson (1982) and Mason and Wiik (1962), and for
the other meteorite classes from Wasson and Kallemeyn (1988).

primitive that has been studied to date (Robert and Epstein
1982; Cody and Alexander 2005). If all chondrites inherited
CR-like IOM, Orgueil and Murchison may have lost ∼15%
and ∼23% of their IOM, respectively (Cody and Alexander
2005). This could explain why the matrix-normalized IOM
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abundances of CR, OC, and EC chondrites are higher than CI.
It would also explain why the CM IOM abundance is low.
Similar NMR studies have yet to be conducted on the IOM
from OC, CV, and CO chondrites, so no correction to the IOM
abundances has been made. However, the IOM in all the
meteorites from these classes appear to be less primitive than
the CR IOM.
Vigarano and Leoville are the most primitive CVs whose
IOM and presolar noble gas contents have been measured
(Huss et al. 2003; Alexander et al. 2005). Both meteorites
have similar IOM contents, but Leoville has a higher P3
content in its nanodiamonds (Huss et al. 2003), suggesting
that it is more primitive. Raman studies of OC and CV IOM
suggest that Vigarano and Leoville have petrologic types of
between 3.1 and 3.4 (Quirico et al. 2003; Bonal et al. 2004).
In the OCs, compared to Semarkona (LL3.0), Bishunpur (L/
LL3.1) and Krymka (LL3.1) appear to have lost roughly 30%
and 60% of their IOM, respectively (Alexander et al. 1998).
Even Semarkona has experienced some metamorphism
(Grossman and Brearley 2005). Thus, it is not surprising that
the CV matrix-normalized IOM abundance is low in Fig. 1a.
No similar study of the COs has been made. ALH A77307
(CO3.0) appears to be quite primitive (Brearley 1993), with a
similar degree of metamorphism to Semarkona (Grossman
and Brearley 2005), but its bulk alkali abundances are lower
than in unweathered COs (Kallemeyn and Wasson 1982;
Jarosewich 1990). Weathering is known to affect the IOM
(Ash and Pillinger 1995).
Matrix abundance estimates are also a potential source of
error. An implicit assumption in the normalization is that prior
to alteration, CI material did not include high temperature
components (e.g., chondrules/CAIs), and that parent body
processes did not modify presolar abundances. It has already
been mentioned that the abundance of IOM in Orgueil may
have been altered by parent body processes. Olivine and
pyroxene, most of which probably came from chondrules
(Leshin et al. 1997), make up ∼8 wt% of CI chondrites (Bland
et al. 2004b), and refractory minerals (spinel, corundum,
hibonite, etc.) have O isotopic compositions that resemble
those of CAIs (unpublished). Thus, CIs did accrete some high
temperature components. How much high temperature
material was originally present is unclear because of the
extensive aqueous alteration CIs have experienced, but it
seems unlikely that it was more than 10–20%. There is very
good agreement between the CI and solar photosphere
compositions. If the chondrule and inclusion abundances
were much more than 20% and they were volatile-depleted,
systematic depletions of volatile elements in CI relative to the
photosphere composition would become apparent.
CIs are much more oxidized and aqueously altered than
the matrices of most chondrites. If it is assumed that
originally all S was in FeS, all Ni was in metal (Fe/Ni = 1), all
remaining Fe was FeO, and all C was in IOM (H/C ≈ 1), the
residual H and O make up ∼35 wt% of bulk CI. This is

probably a minimum estimate of the degree of oxidation that
occurred during alteration, but it suggests that the original
pre-alteration concentrations (wt%) of the presolar
components in the CI chondrites (ignoring any ice that may
have been present) were ≥35% higher than measured now.
Similarly, the initial presolar concentrations in the largely
anhydrous matrices of other chondrites would have been
proportionately higher than CI.
There is no universal definition of matrix or standard
procedure to measure its abundance. Matrix abundances are
normally determined using some form of point counting, but
it is not clear how many points and what total area needs to be
examined to obtain a representative measurement. Point
counting gives a volume fraction, but if the density of the
matrix is different from the average of the remaining material
(chondrules, CAIs, non-CI matrix, and coarse metal), the
volume fraction does not give an accurate measure of the
matrix abundance.
The abundance of matrix will also depend on the
definition of matrix used. Scott et al. (1988) defined matrix as
everything <5 µm across, while others have assumed it to be
everything that is opaque in thin section (e.g., Huss et al.
1981; Weisberg et al. 1993). The latter could include silicate
grains up to ∼30 µm, and may include metal and sulfide of
this size or larger (e.g., Weisberg et al. 1993).
Perhaps most problematic is determining the original
matrix abundances in extensively aqueously altered and/or
brecciated meteorites, such as the CMs. In the CMs, much of
the isolated coarse silicate, metal, and sulfide grains that
would not normally be included in matrix have been altered to
fine-grained magnetite, tochilinite, phyllosilicates, and so
forth. If this altered material is included in the matrix, the
matrix abundance will be overestimated. The problem of
determining the original matrix abundance is even more acute
in the CM1s where most chondrules have been altered.
Significant brecciation in the regolith will also lead to an
overestimation of the abundance of matrix at the time of
accretion. The CMs have experienced both extensive
alteration and brecciation (e.g., Metzler et al. 1992), which
probably explains why Huss et al. (2003) found more nearly
CI-like matrix-normalized presolar grain abundances for
CMs using a matrix fraction of ∼0.5, rather than the ∼0.6
measured by McSween (1979).
While not usually stated explicitly, most measurements
of matrix abundance include fine-grained chondrule rims. It
will be argued below that some rims accreted onto chondrules
while the chondrules were still hot. Depending on the
temperature the rim material experienced, the organic matter
and probably also the presolar grains will be modified or
destroyed. The fraction of the matrix in the various chondrites
that is composed of these heated fine-grained rims is
unknown, but if they comprise a significant fraction, this will
lead to an underestimation of the matrix-normalized presolar
abundances.

Re-examining the role of chondrules
Given the potential sources of error described above, it is
perhaps surprising that the matrix-normalization gives such
consistent results throughout the chondrite groups. However,
this consistency argues against the result being a coincidence.
Only in the CM chondrites does it seem necessary (and
justifiable) to significantly adjust the measured matrix
abundances.
ORIGIN OF CI MATERIAL
The IOM in the most primitive chondrites have large
isotopic anomalies in H and N, suggesting that it formed in
the interstellar medium (e.g., Robert and Epstein 1982;
Kerridge 1983; Yang and Epstein 1984; Alexander et al.
1998). The bulk elemental composition of the IOM resembles
that of the refractory organics in comet Halley (Kissel and
Krueger 1987; Zinner 1988). The infrared spectrum of the
IOM resembles that of the refractory organics in the diffuse
ISM (Pendleton et al. 1994). The IOM may also be partly
responsible to the ubiquitous 2175 Å UV absorption feature in
the diffuse ISM (Bradley et al. 2005). These features of the
IOM, combined with the presence of circumstellar grains in
matrix, clearly point to a connection with the dust in the
protosolar molecular cloud.
Comets are thought to preserve some of the most
primitive material in the solar system. Comet Halley is an
Oort Cloud comet that likely formed at >30 AU (Mumma
et al. 2002). Relative to solar (Lodders 2003), the estimated
atomic C/Mg ratio of comet Halley dust is roughly in the
range 1.17–0.59 (Jessberger and Kissel 1991; Schulze et al.
1997). Given that the stated errors are roughly a factor of two,
this range could go as low as ∼0.3. This compares with solar
normalized ratios for C in IOM of ∼0.07 in the CI chondrites
(Alexander et al. 1998) and 0.35 in anhydrous chondritic IDPs
(Schramm et al. 1989; Thomas et al. 1993). CI chondrites
have been almost completely aqueously altered, but this
process probably only destroyed ∼15% of the IOM (Cody and
Alexander 2005).
Assuming that all Mg was in the dust and a solar bulk
composition, the fraction of C in refractory organics in the
Halley formation region was 0.3–1, in the anhydrous
chondritic IDP formation region(s) ∼0.35, and in the CI
formation region only ∼0.08. While the uncertainties are
significant, it does seem that the IOM content of CI chondrites
and CI-like matrix are ≤25% those of Halley dust and
anhydrous IDPs.
At present, the astronomical data are too uncertain to
determine whether the refractory organic abundances in
Halley dust and anhydrous IDPs are what would be expected
for primordial dust from molecular clouds. The fraction of C
in refractory organics in the diffuse ISM dust is estimated to
be at least 0.13–0.14 (Sandford et al. 1991; Pendleton et al.
1994). From measurements of depletions of elements in the
gas phase (Welty et al. 1999) and using the most recent solar
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composition (Lodders 2003), ∼40% of the total C in the
diffuse ISM could be in refractory organics. This does suggest
that CI is underabundant in refractory organics, but it is
unclear whether the uncertainties in the measurements mean
that they are consistent with the levels in Halley dust and
anhydrous IDPs. The refractory organic C contents of dense
molecular cloud dust is unknown—roughly 46% of the C in
molecular clouds is present as CO in the gas phase (Lacy et al.
1994). The rest of the C, including the refractory organics,
must be trapped in grains and their icy mantles.
If, of the material available to us, Halley dust and
anhydrous IDPs most closely resemble molecular cloud
material, the inescapable conclusion is that at least 75% of CI
chondrite and CI-like matrix material has been processed.
This processing has destroyed the IOM but not significantly
fractionated the volatile elements—there are no systematic
depletions in the Si-normalized concentrations of volatile
elements in CI relative to solar, e.g., the CI/solar Zn
abundance ratio is 1.04 (Lodders 2003).
How and when did this processing happen? All
chondrites, irrespective of their CAI and chondrule contents,
seem to have inherited the same CI-like matrix component.
Therefore, the CI-like matrix seems to have formed
independently of CAIs and chondrules. It will be argued
below that matrix in chondrites includes some chondrule
evaporates. This may account to some degree for the apparent
complementarity between chondrules and matrix. Whether
these evaporates were mechanically mixed with the CI-like
matrix after chondrule formation or condensed directly onto
the CI-like matrix is not clear. Chondrule formation would
have destroyed or heavily modified the IOM and presolar
grains. Thus, it seems likely that chondrules and CI-like
matrix were mixed together after chondrule formation.
The abundance of crystalline silicates in the diffuse ISM
and molecular clouds is very low (<<1%: Kemper et al.
2004). However, the crystallinity of silicate dust in comets,
IDPs, and the disks of young stellar objects (YSOs) is much
higher. In the case of YSOs, the crystallinity varies with radial
distance from the central star. For instance, van Boekel et al.
(2004) found in three YSOs that the crystallinity varies from
10–40% between 2–20 AU, and from 40–95% less than 2 AU
from the central stars. Temperatures of ∼1000 K or higher
may be needed to anneal the amorphous silicates.
Explanations for how this thermal processing is achieved
include: circulation of interstellar dust through hot regions of
the inner disk (Gail 2004), shocks in the nebula beyond the
asteroid belt (Harker and Desch 2002), and various processes
during dust infall onto the disk (Neufeld and Hollenbach
1994; Chick and Cassen 1997). Whatever the mechanism,
conditions must have allowed for essentially complete
recondensation of any evaporated volatile elements
(excluding C, H, and N) after the heating.
Temperatures of ∼1000 K or higher would significantly
modify or destroy the IOM (Pollack et al. 1994). At the very
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MATRIX-NORMALIZED VOLATILE
ELEMENT ABUNDANCES

Fig. 2. The matrix-normalized and CI-normalized abundances of
highly and moderately volatile elements in bulk CCs and OCs versus
their 50% condensation temperatures (Lodders 2003). The chondrite
bulk compositions are from Wasson and Kallemeyn (1988), except
for the CR composition, which is the Renazzo bulk composition of
Mason and Wiik (1962) and Kallemeyn and Wasson (1982). The
matrix abundances used are those listed in Table 1, except for the
OCs, which used 0.134 the average of the OC matrix abundance
listed by Huss and Lewis (1995). To simplify the figure and to
smooth out some variations in the data, the ordinary chondrite points
are averages of the H, L, and LL compositions. For elements with
condensation temperatures below 750–800 K, the normalized
abundances are remarkably similar, given the differences in the unnormalized abundances. However, for the OC elements such as the
alkalis, Se (Tc = 797 K) and Sn (Tc = 704 K) have normalized
abundances that are beyond the range of this plot. The ECs are not
included because under their highly reduced formation conditions,
the condensation temperatures of many elements are likely be very
different from those calculated by Lodders (2003).

least, these temperatures would degas the noble-gas-rich
presolar grains (SiC, graphite and nanodiamond: Huss et al.
2003), but if sustained these grains would be destroyed
(Mendybaev et al. 1997; Mendybaev et al. 2002). Halley dust
has a crystallinity of ∼50%. If this crystallinity reflects the
fraction of material that has been thermally processed, the
original fraction of C in refractory organics in dust from the
presolar molecular cloud would have been ≥0.6. In this case,
the low abundance of IOM in CI chondrites would imply that
>85% of the original dust has been thermally processed. It
would also imply that prior to alteration, CI material was
largely crystalline. The mineralogy of pre-alteration CI
material would probably have resembled chondritic, porous
IDPs—Mg-rich olivine and pyroxene, amorphous silicates,
metal and sulfide. Since it seems to have been more processed
than IDPs, it may have been coarser-grained than the IDPs. If
correct, this has important implications for matrix mineralogy
and petrology in other meteorite groups that have a significant
CI-like component but have not been as aqueously altered as
CIs.

Unless there was a means of separating the carbonaceous
presolar materials from volatile-bearing silicates in the
nebula, a major CI-like component in matrix is likely to
account for a significant fraction of the more volatile
elements in the bulk chondrites (Alexander et al. 2001). The
matrix-normalized abundances of volatile elements with
condensation temperatures (Tc) less than 750–800 K (Lodders
2003) for the OCs and carbonaceous chondrites (CCs) seem
to bear this out (Figs. 1 and 2): their matrix-normalized
abundances are typically at or slightly above CI levels (1–
1.6× CI) (Alexander et al. 2001). The ECs are not considered
here because under the very reducing conditions at which
they formed, the condensation behaviors of many elements
will be quite different from their behaviors under the
relatively oxidizing conditions experienced by the OCs and
CCs.
For many of the more volatile elements, there is a range
of 3–4 in their un-normalized abundances in these chondrites.
The matrix-normalization has considerably reduced this
range. The success of the matrix-normalization is largely
independent of chemical affinity of the elements. Figure 1
includes three elements of similar volatility: Zn (Tc = 726 K,
lithophile), Se (Tc = 697 K, chalcophile), and Bi (Tc = 746 K,
siderophile). There is evidence that Bi was affected by
metamorphism in the OCs, and therefore may be quite mobile
during parent body processes (Lipschutz and Woolum 1988).
Despite this and the metal/silicate fractionation experienced
by the chondrites, particularly the OCs, Zn and Bi exhibit
similar CI-like matrix-normalized abundances. The matrixnormalized abundances of the highly volatile element Br (Tc
= 546 K) are also remarkably CI-like in all chondrites (Fig.
1b), even though it is likely to be easily redistributed by
parent body processes and prone to terrestrial contamination.
The elements that exhibit the biggest deviations from CI
are S (Tc = 664 K) and Se (Fig. 1b). In the CRs, the matrixnormalized abundance of S is depleted ∼(0.7× CI) relative to
CI. If the depletion is primary, and not the result of secondary
processes, the simplest explanation for the S depletion is that
it is the result of heating of the matrix to slightly below the S
50% condensation temperature. However, the relatively
unfractionated matrix-normalized abundance of the more
volatile Br in CRs suggests that there was no heating. As will
be discussed further below, the matrix-normalized
abundances of both S and Se are highly enriched in the OCs.
Further evidence for the most volatile elements being
largely carried by a CI-like matrix can be found in the CR
chondrites because they exhibit a wide range of matrix
abundances. Figure 3a shows that the IOM, Zn, and Se are in
CI relative abundances in three CR chondrites (Renazzo, Al
Rais, and meteorites paired with EET 87771). Abundances of
Bi in the CRs are not available. The fact that best-fit lines

Re-examining the role of chondrules
through the data pass close to the origin indicates that, prior to
accretion, there can be little Zn or Se in IOM-free components
(i.e., chondrules, metal, and refractory inclusions). There is
also a good correlation between the IOM abundance and the
Br and S abundances. Bromine is somewhat enriched relative
to CI in Renazzo and Al Rais, but it is likely to be more
susceptible to terrestrial contamination and parent body
modification than either Zn or Se. The correlation between
IOM and S suggests that they are present in the same
component but, as discussed above, the reason for the
depletion relative to CI is unclear.
The matrix-normalized abundances of IOM, Zn, and Se
are roughly CI-like in Renazzo and Al Rais, despite their very
different bulk abundances, but are low in EET 87771
(Fig. 3b). Perhaps the matrix abundance in EET 87771
(Weisberg et al. 1993) has been overestimated. The matrixnormalized S abundances for Renazzo and Al Rais are very
similar, despite the factor of two difference between the bulk
meteorites, which is consistent with matrix bring most of the
S into these meteorites.
In general, most of the elements in Figs. 1 and 2 have
matrix-normalized abundances that are slightly higher than
CI. The 0–60% excesses over CI could reflect errors in the
matrix-normalization, terrestrial contamination, parent body
processes, or even depletions in these elements in CIchondrites relative to solar. Terrestrial contamination, even of
falls, by Pb and other elements has been well documented.
The volatile element abundances of the primitive anhydrous
chondritic interplanetary dust particles seem to be higher than
CI (e.g., Flynn et al. 2004), although contamination may
account for this. Both the flow of water during aqueous
alteration and the flow of vapor during metamorphism or
shock have the ability to redistribute soluble/volatile elements
on large scales in meteorite parent bodies (e.g., Lipschutz and
Woolum 1988; Wombacher et al. 2003). One of these
mechanisms could have enriched the meteorites used to
determine volatile element abundances.
However, the most likely explanation for the excesses is
that roughly 0–40% of these elements are not in the CI-like
matrix, but are in chondrules, coarse metal/sulfide, non-CI
matrix (including chondrule evaporates) and, to a lesser
extent, in refractory inclusions (CAIs, AOIs, etc.). If this is
the case, the subtraction of a CI-like matrix component from
chondrite bulk compositions will give the bulk compositions
of the residual material (chondrules, inclusions, etc.). As can
be seen in Fig. 4, the average moderately volatile element
compositions of the residual materials are quite similar for all
chondrites. The variations in the refractory element
concentrations clearly reflect the relative abundances of
refractory inclusions in the various meteorite groups.
The scatter in the moderately volatile element
abundances in the residual material of the chondrite groups
(Fig. 4) will reflect to some degree variable metal-silicate
fractionation, particularly for the siderophile and chalcophile
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Fig. 3. The (a) CI-normalized and (b) matrix-normalized and CInormalized abundances of C in IOM versus the volatile elements Zn,
Se, and Br in three CR chondrites. The IOM, Zn, and Se are in CI
relative abundance in all three meteorites (a). There is a good
correlation between the IOM and Br abundances, but Br is enriched
relative to CI in Renazzo and Al Rais. Bromine is likely to be more
susceptible to terrestrial contamination and parent body modification
than Zn or Se. The matrix-normalized abundances (b) of IOM, Zn,
and Se are CI-like in Renazzo and Al Rais, but are low in EET 87771,
perhaps because its matrix abundance has been overestimated. Zinc,
Se, and Br abundances are from Kallemeyn and Wasson (1982).

elements. The scatter could also reflect variations in the
typical conditions (dust/gas ratios and total pressures) under
which the chondrules in the various chondrite groups formed,
especially the higher alkali (Fig. 4), S, and Se (Fig. 1b)
abundances in the ordinary chondrites. Equilibrium
condensation temperatures are sensitive to dust/gas ratios and
total pressures (e.g., Wood and Hashimoto 1993; Ebel and
Grossman 2000; Alexander 2004). For instance, the onset of S
condensation at solar dust/gas ratios and 10−4 bars is 704 K
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Fig. 4. The CI-normalized abundances of bulk chondrites after the
subtraction of a CI-like matrix component as a function of
condensation temperature. The x in the y-axis label is the matrix
fraction. These compositions should represent the average
compositions of the chondrules, chondrule fragments, metal/sulfide,
non-CI-like matrix, and refractory inclusions in these meteorites. The
ECs are not included because under their highly reduced formation
compositions, the condensation temperatures of many elements are
likely be very different from those calculated by Lodders (2003).
Except for the alkalis, the abundances of the volatile elements are
quite similar. The variations that are present may reflect different
chondrule formation conditions and different degrees of metalsilicate fractionation. The variations in refractory elements roughly
correlate with the abundances of refractory inclusions in these
meteorites.

(Lodders 2003), but at 10−3 bars and at 1000× solar dust/gas,
it increases to 1380 K (Ebel and Grossman 2000). Similarly,
for the same two conditions, the 50% condensation
temperature for Na increases from 958 K (Lodders 2003) to
∼1450 K (Ebel and Grossman 2000). Thus, the high S and Se
matrix-normalized abundances of the OCs (Fig. 1b) and the
high alkali contents of the OC’s residual material (Fig. 4)
could be explained if the OC chondrules formed at higher
dust/gas ratios and/or total pressures than CC chondrules.
This would be consistent with the typically higher FeO
contents of OC chondrules.
The low abundance of refractory inclusions in OCs
means that they are essentially made of two components:
chondrules and matrix. Thus, in the OCs, the residual material
after CI-matrix subtraction should be dominated by
chondrules and coarse metal/sulfide. The composition of the
residual material is broadly consistent with the average
compositions of Semarkona and Chainpur chondrules
determined by instrumental neutron activation analysis
(INAA) (Gooding et al. 1980; Grossman and Wasson 1982,
1983b; Swindle et al. 1991a; Swindle et al. 1991b). Coarse
metal/sulfide was not included in the INAA studies. Not
surprisingly, the biggest differences between the residual and
chondrule compositions are for the siderophile elements Fe,

Fig. 5. Comparison of the CI-normalized OC bulk composition after
CI-like matrix subtraction (non-CI residue) with the average CInormalized elemental abundances in Semarkona and Chainpur
chondrules (INAA data in Table 2) with some metal/sulfide added
(see text for details). The x in the x-axis label is the matrix fraction.
The chondrule + metal/sulfide mixture reproduces the non-CI
residue data very well. Note that the S and As abundances were
adjusted to exactly fit the matrix subtracted OC composition.

Co, Ni, and Ir. The addition of ∼15 wt% metal/sulfide (Fe
∼82.6 wt%, Ni ∼7.4 wt%, S ∼10 wt%, CI ratios for Co/Ni, Au/
Ni and Ir/Ni, and As/Ni ≈ 0.4× CI) to the chondrules accounts
for almost all the differences by increasing siderophile
abundances and reducing lithophile abundances (Fig. 5).
Some of the Fe perhaps should be FeO, but this makes little
difference to the result. For simplicity and to smooth out some
scatter in the compositional data, the bulk OC composition
used is the average of the LL, L, and H chondrites (Wasson
and Kallemeyn 1988), hence, the higher-than-bulk
Semarkona and Chainpur (Jarosewich 1990) metal/sulfide
content of the INAA chondrule plus metal/sulfide mixture.
Note that the OC matrix fraction used for normalizing
elemental abundances is 0.134, which is the average of OC
matrix abundances listed by Huss and Lewis (1995).
The fact that Ga, Ge, Se, and Zn abundances in the
residual material are all reproduced without assuming that
there are significant amounts of them in metal/sulfide
indicates that they are entirely contained in the chondrules.
Gallium, Se, and Zn appear to have largely moved with the
silicates in the metal-silicate fractionation experienced by the
OCs (Rambaldi and Cendales 1979; Larimer and Wasson
1988), so their behavior is not surprising. On the other hand,
Ge was largely siderophile in behavior during metal-silicate
fractionation and is predominantly in the metal in the
chondrites (e.g., Rambaldi and Cendales 1979). However, the
Ge metal-silicate distribution coefficient is typically lower in
type 3 OCs than in higher petrologic types (e.g., Rambaldi
and Cendales 1979), perhaps because of oxidation of the
metal. The Ge distribution coefficients have not been
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measured in Chainpur and Semarkona, but it is possible that
in these highly oxidized meteorites, Ge has been expelled
from matrix metal and has entered chondrules.
If chondrule compositions were established at high
temperatures, one might expect little or no highly volatile
elements to be present in chondrules. The INAA data and the
CI-like matrix subtraction (Fig. 4 and 5) show that this is not
the case. Some highly volatile elements are present in
chondrules, coarse metal/sulfide, and so forth, albeit at
relatively low concentrations. These abundances could be
explained by the re-entry of volatiles into chondrules and
coarse metal/sulfide prior to or after accretion (Matsunami
et al. 1993; Scott 1994; Sears and Lipschutz 1994; Nagahara
et al. 1999; Alexander and Grossman 2005).
ALTERNATIVE EXPLANATIONS FOR VOLATILE
ELEMENT FRACTIONATIONS
The simplest explanation for the roughly CI-like matrixnormalized abundances of the presolar materials and the more
volatile elements is that the matrix is dominated by a CI-like
component, and that chondrules are devoid of presolar
materials and highly depleted in the most volatile elements.
However, as will be discussed later, the compositions of
chondrite matrices are not CI-like. Before exploring how this
conundrum might be resolved, it is worth considering whether
the matrix-normalized observations can be explained in the
context of other models for the volatile element
fractionations.
Fractional condensation is the most widely accepted
explanation for the volatile element fractionations in
chondrites (e.g., Wasson and Chou 1974; Cassen 2001). If
fractional condensation is the explanation, the presolar
materials must have been a late addition. For the added
material not to have contributed significantly to the volatile
element budgets of the chondrites, either the added material
was much more primitive (less thermally processed and
therefore richer in presolar material) than CI, or the
carbonaceous presolar materials were fractionated from the
carriers of the volatiles in CI. In either case, it is a coincidence
that in the chondrites the matrix-normalized abundances of
both the presolar materials and the more volatile elements are
roughly CI.
In the molecular cloud, circumstellar and interstellar
silicates would have been the dominant material, not the
organics and the carbonaceous presolar grains. These silicates
and associated phases would have carried most of the more
volatile elements. Since the interstellar silicates and
circumstellar grains formed by different processes and in
different locations, there is no reason to believe that they
would have been concentrated in a distinct set of grains from
the silicates. Indeed, there is no evidence in meteorites or in
IDPs that the circumstellar SiC is associated with the organics
(Alexander et al. 1990b; Stroud and Bernatowicz 2005).
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Thus, it seems very unlikely that presolar carbonaceous
material was fractionated from the volatile-rich material.
While the coincidences required by the fractional
condensation model cannot be ruled out, they seem unlikely
and certainly warrant further exploration of other models.
Based on a detailed analysis of presolar noble gas
component abundances, Huss et al. (2003) concluded that the
presolar grains in most of the chondrites had been heated and
that this heating occurred in the nebula. Further, Huss et al.
(2003) found a correlation between the fractionation of the
more volatile presolar noble gas components and the volatile
trace elements. They propose that the heating event that
modified the presolar noble gas components was also
responsible for the bulk volatile element fractionations. If
correct, the CI-like matrix-normalized volatile element
abundances in OCs and CCs (Figs. 1–3) are a coincidence.
Huss et al. (2003) suggest that the heating event occurred
prior to chondrule formation. Chondrule formation would
have destroyed the presolar material, so they compared the
CI-normalized volatile element abundances to the matrixnormalized noble gas component abundances and to the noble
gas component abundances in nanodiamond. As discussed
earlier, of the two most abundant types of noble gas carrying
presolar grains, nanodiamonds, rather than SiC, are the more
resistant to parent body processes in the OCs and CCs. The
matrix-normalized nanodiamond contents, determined from
Xe-HL abundances, are roughly CI-like for all chondrites
(Fig. 1a and Table 1). Here, only the two more labile presolar
noble gas components, Xe-P1 and Xe-P3 (Table 1) are
discussed.
The Xe-P1 carrier is associated with the IOM. A large
fraction of it is trapped in the IOM and can be released by
swelling of the IOM with organic solvents (Marrocchi et al.
2005). Xe-P3 is a thermally sensitive noble gas component
associated with the nanodiamonds. In Fig. 6, the matrixnormalized Xe-P1 abundances and the Xe-P3 abundances in
nanodiamonds are compared with the bulk Zn/Mn ratios of
the various chondrite groups (Kallemeyn and Wasson 1982;
Wasson and Kallemeyn 1988). The Zn/Mn ratio was chosen
as a measure of the degree of volatile element fractionation
because both are predominantly lithophile in behavior, and
because refractory inclusions do not contribute significantly
to the abundances of either element. The use of Cr rather than
Mn gives very similar results, although Cr can be partly
siderophile in character. As can be seen in Fig. 6, there is no
simple correlation between the noble gas components and the
volatile element fractionation.
It cannot be ruled out that there was mild heating of
matrix material prior to accretion, but if there was, it does not
seem to have been the cause of the elemental fractionations.
However, all of the meteorites studied have experienced some
processing either on their parent bodies and/or on Earth. This
processing could account for some or all of the variations in
the noble gas and presolar grain abundances. For instance,
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Table 1. The bulk chondrite matrix, nanodiamond, and Xe-P1 abundances, the Xe-P3 abundances in nanodiamond (Huss
and Lewis 1995; Huss et al. 1996; Huss et al. 2003) and the bulk chondrite insoluble C abundances (Alexander et al. 1998;
Alexander et al. 2005).

CI
CVa
COb
CRc
CMd
LLe
EHf

Matrix
(vol.)

C
(wt%)

Diamond
(ppm)

Xe-P1
(10−10 cc/g)

Xe-P3
(10−10 cc/g)

1.00
0.35
0.31
0.31
0.50
0.16
0.14

2.38
0.61
0.48
0.76
0.91
0.39
0.34

1436 ± 56
545 ± 18
523 ± 74
410 ± 63
677 ± 63
177 ± 6

131.2 ± 3.0
31.3 ± 0.8
30.7 ± 6.6
26.7 ± 2.7
80.3 ± 8.3
20.9 ± 0.5
13.0 ± 0.3

3442 ± 96
317 ± 12
1180 ± 203
250 ± 45
3644 ± 268
1533 ± 32

a Data

for Leoville.
for ALH A77303.
c Data for Renazzo.
d Average for Murchison and Murray.
e Data for Semarkona.
f Data for Qingzhen.
b Data

Leoville contains the highest normalized Xe-P1 and Xe-P3
abundances of the CVs studied. Yet Leoville has been
sufficiently shocked and heated for chondrules to be
plastically deformed (Cain et al. 1986). The CVs, particularly
the oxidized subgroup, are also thought to have had complex
histories of aqueous alteration and thermal metamorphism
(Krot et al. 1995; Krot et al. 1998). This may explain why the
oxidized CV Mokoia, while apparently less heated on its
parent body than Leoville, nevertheless has lower Xe-P1 and
Xe-P3 abundances (Huss et al. 2003). Semarkona (LL3.0)
and Renazzo (CR2) have experienced aqueous alteration
(Hutchison et al. 1987; Krot et al. 2002), although the
conditions of alteration are poorly constrained. Semarkona
may also have experienced a limited degree of metamorphism
(Grossman and Brearley 2005). The CR chondrites are
breccias and can exhibit evidence of mild shock (Abreu and
Brearley 2004). ALH A77307 (CO3.0) appears to have
experienced a similar degree of metamorphism to Semarkona
(Grossman and Brearley 2005). As noted above, ALH
A77307 may be slightly weathered, which is likely to have
affected the IOM, but whether it could have modified the XeP1 and Xe-P3 abundances is unknown.
While in general parent body processing and, possibly,
terrestrial weathering are plausible explanations for the
variations in the abundances of the noble gas components and
their presolar carriers, the CR chondrites present something
of a paradox. Renazzo has the lowest normalized Xe-P1 and
Xe-P3 abundances of the meteorites listed in Table 1. Based
primarily on Xe-P3 abundances, Huss et al. (2003) estimate
that temperatures of 400–450 °C would be needed to account
for this. Temperatures in excess of 700 °C may be needed if
the level of SiC destruction that Huss et al. infer for the CRs
occurred in the nebula prior to accretion. Sustained
temperatures of ≥400 °C are likely to significantly modify or
even destroy the IOM. Yet the CRs seem to contain the most
primitive IOM of any other meteorite group—it is more

aliphatic (Cody and Alexander 2005) and more isotopically
anomalous (Robert and Epstein 1982)—and matrixnormalized CR IOM abundances are close to CI (Figs. 1a
and 3).
Huss et al. estimate SiC abundances based on Ne-E(H)
concentrations. The Ne-E(H) is only carried by a small
subgroup of the SiC grains (Nichols 1992) and it appears to
vary in its chemical reactivity from meteorite to meteorite
(Huss and Lewis 1995). In the context of the two-component
model, the primitive nature of the CR IOM would seem to
require that at least the Ne-E(H)-bearing SiC grains were
degassed or destroyed during aqueous alteration on the CR
parent body. Whether this is possible and whether the Xe-P3
abundances in CR nanodiamond can be explained in this way
remains to be seen, but there is some indication (Floss and
Stadermann 2005) that SiC abundances in CRs are higher
than estimated by Huss et al. (2003).
Preliminary in situ measurements of the abundances of
other types of presolar grain in matrix seem to indicate that
there is significant variation between meteorites (Kobayashi
et al. 2005; Nguyen et al. 2005). Variations in silicate
abundances may be the result of parent body processes and
weathering. Oxides, such as spinel and corundum, are likely
to be more resistant to destruction during mild parent body
processing. If these oxides are more resistant to destruction
and careful, systematic in situ searches find large variations in
their matrix abundances in different classes of chondrite, this
would present a significant challenge to the model being
outlined here.
MAJOR ELEMENT COMPOSITIONS OF
CHONDRITES, CHONDRULES, AND MATRIX
The questions raised about alternative explanations of the
volatile element fractionations justifies pursuing the twocomponent model further, but before doing this it is necessary
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Fig. 6. Variations in the CI-normalized Zn/Mn ratios in bulk
chondrites (Kallemeyn and Wasson 1982; Wasson and Kallemeyn
1988) with the matrix-normalized and CI-normalized Xe-P1
abundance, and the nanodiamond-normalized and CI-normalized
Xe-P3 contents (Table 1). The CI-normalized Zn/Mn ratio is a
measure of the volatile element fractionations experienced by the
chondrite groups. The noble gas component abundances are a
measure of the degree of heating/destruction experienced by the
nanodiamonds and the P1 carrier (associated with insoluble
organics). The lack of any correlation suggests that the heating/
destruction recorded by the presolar noble gas components was not
related to the volatile element fractionations. The ECs are not
included because under their highly reduced formation
compositions, the condensation temperatures of many elements are
likely be very different from those calculated by Lodders (2003).

Fig. 7. The CI-normalized Mg/Si versus Al/Si elemental ratios of
bulk chondrites and anhydrous, porous chondritic IDPs. Except for
the R and CR chondrites, bulk chondrite compositions are from the
compilation of Wasson and Kallemeyn (1988). The R and CR
chondrite compositions used are discussed in the Appendix. The IDP
composition is the average of the compositions reported by Schramm
et al. (1989) and Thomas et al. (1993). The OC-CI line is a best-fit
line to the bulk OC and CI compositions. The OC, EC, R, CR
chondrites, as well as the IDPs all lie on or close to this line. The CO,
CM, and CV chondrites form a distinct trend that may be due to
addition of refractory inclusions. There is a suggestion that this COCV trend does not pass through the CI bulk composition, but
intercepts the OC-CI line between the IDP and CI compositions.

to briefly consider the bulk compositions of chondrites and
the fractionations that produced them. Larimer (1979)
showed that Mg/Si and Al/Si ratios (Fig. 7) record two
distinct fractionation processes: the OC, EC, CR, and R
chondrites, as well as chondritic, porous IDPs, form one
trend, while the CM, CO, and CV chondrites form a second
trend. For convenience, these trends will be termed the OC-CI
and CM-CV trends, respectively.
Larimer (1979) suggested that the CM-CV trend resulted
from the addition of a component whose composition
resembled refractory inclusions, while the OC-CI trend
reflected the loss of a component with a composition that
resembled a mixture of refractory inclusions and olivine.
Certainly, all the meteorites that lie on the CM-CV and OC-CI
trends have high and low abundances of refractory inclusions,
respectively (Brearley and Jones 1998). There is a hint from
Fig. 7 that the CM-CV trend reflects addition of inclusion-like
material not to CI, as assumed by Larimer (1979), but to a
composition that lay on the OC-CI trend. This, and the fact
that chondritic IDPs also fall on the trend, suggests that the
OC-CI trend is the more fundamental fractionation.
From the matrix-normalized results, one might expect
that the bulk compositions of chondrite matrices would be CIlike. Indeed, the presence of CI-like material and perhaps
some evaporated S from chondrules in the matrix may explain
why the matrices of the most primitive meteorites are

uniformly S-rich (Grossman and Brearley 2005). However,
both the major and trace element compositions of chondrite
matrices are fractionated relative to CI. For S, even mild
metamorphism/alteration efficiently redistributes the S in the
matrix (Grossman and Brearley 2005). Secondary
redistribution may explain the matrix fractionations in some
elements, but most of the fractionations appear to be primary.
How the matrix-normalized results can be reconciled with the
measured matrix compositions is the focus of the next two
sections.
The compositions of chondrules and matrix have been
best determined in the OCs. Also, the bulk compositions of
the OCs are not complicated by the presence of abundant
refractory inclusions. Hence, the discussion that follows
concentrates on the OCs. In a series of papers, Jones and Scott
(1989), and Jones (1990; 1994; 1996) presented detailed
mineralogical, petrologic, and chemical studies of different
types of chondrule in thin sections of Semarkona (LL3.0).
The average compositions of the different chondrule types
studied are shown in Fig. 8. It is important to note that these
averages are based on relatively small numbers of chondrules
(3 to 11), and that there is potential both for small systematic
errors in their analysis (broad beam electron microprobe
analysis) and bias in how the chondrules were selected for
study.
Whole separated Semarkona chondrules have also been
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Fig. 8. The CI-normalized Mg/Si versus Al/Si elemental ratios of the
major components in OC components. The chondrule compositions
(filled squares) roughly parallel the best fit between CI and OC bulk
compositions. The bulk OC (stars), type IIA, and type B chondrule
compositions can be explained by loss of type IA chondrules from a
CI-like initial bulk composition and gain of type IA evaporates (open
triangle). The equilibrium model line shows how the calculated
equilibrium composition of a molten chondrule would vary with
decreasing dust enrichment (increasing evaporation and Al/Si) at
1500 °C and a total pressure of 10−3 bars (Alexander 2004). Curves
for temperatures between 1700–1400 °C are similar. To first order,
type IA compositions are consistent with evaporative loss from a CIlike starting composition. Chondrules and average interchondrule
matrix (open circles) and rims (solid circles) lie on opposite sides of
the OC-CI best-fit line through the OC and CI bulk compositions,
suggesting that there is complementarity between chondrules and
matrix. The Al-enrichment in matrix is not consistent with addition
of material from refractory inclusions (AOAs and CAIs). It could be
explained by the addition of chondrule glass (filled diamonds) to or
subtraction of a forsteritic component (Fo-CI line) from CI. Some
chondrule evaporates may be present in interchondule matrix, but
there is good evidence for recondensation of chondrule evaporates in
Bishunpur rims, which form a trend from matrix-like to FeO-rich
(double-lined arrow) that points in the direction of the type IA
evaporates.
The sources for the compositional data are: Bulk chondrites
(stars): as in Fig. 7; average bulk OC chondrules: Jones and Scott
(1989) and Jones (1990; 1994; 1996); average chondrule glasses
(filled diamonds): Table 2; evaporates that must be lost from CI to
produce a type IA chondrule: Grossman (1996); average Bishunpur
chondrule rims: Alexander (1987); interchondrule matrix of
Semarkona, Bishunpur, Krymka, and Chainpur: Alexander et al.
(1989); and average amoeboid olivine aggregate (AOA) composition
(Komatsu et al. 2001); average CAI composition (Beckett 1986).

analyzed by INAA (Table 2). The simple averages of these
chondrules are very similar to the type IIA composition of
Jones (1990). The Jones type IIA chondrules and the INAA
averages are also very similar to the bulk silicate OC
compositions. Sears et al. (1992) have argued that type I
chondrules are underrepresented in the chondrules studied by
INAA. However, as pointed out by Grossman (1996), the

significantly smaller sizes and masses of the type I chondrules
means that even if they are underrepresented, this will only
have a modest effect on the bulk chondrule composition. This
seems to be borne out by the similarity of the INAA average
compositions to type IIA chondrules (Table 2) and the
similarity of type IIA compositions to the bulk OC
compositions (Fig. 8).
In Fig. 8, the average type IA, IB, IAB, and IIA
chondrule compositions form a linear array that roughly
parallels, but falls above, the OC-CI trend. The type IIB
chondrules fall off this array. The type IIB chondrules are
relatively coarsely grained and their individual compositions
form an array that would be consistent with slightly
unrepresentative sampling of phenocrysts and mesostasis.
Hence, the actual mean composition of type IIB chondrules
may lie on the array formed by the other chondrules, although
it is possible that they are distinct from the others.
Since the bulk of the chondrules lie above the OC-CI
trend, another OC component is required to compensate for
them, unless there is a systematic error in the chondrule
compositions. The bulk composition of OC interchondrule
matrix suggests that it could be the complementary material
to chondrules (Fig. 8). There is no universally agreed upon
definition of matrix or accepted protocol for determining its
composition. Here the interchondrule matrix compositions
reported by Alexander et al. (1989) for the highly
unequilibrated OC falls Semarkona (LL3.0), Bishunpur (L/
LL3.1), Krymka (LL3.1), and Chainpur (LL3.4) are used
since they were all determined in the same way on matrix
areas that were selected using the same criteria (<5 µm grain
size) (Scott et al. 1988). Studies by Huss et al. (1981) and
Grossman and Brearley (2005) obtained similar results. Ion
probe measurements of interchondrule matrix (Alexander
1995) typically give slightly higher Na/Si ratios than the
electron probe data of Alexander et al. (1989), perhaps
because there was some Na loss during the electron probe
analyses.
The OC interchondrule matrix compositions are Mg-poor
and Al-rich compared to chondrules and bulk OCs (Fig. 8). In
the OCs, there is an abundance of chondrule fragments in
interchondrule matrix-rich areas. Alexander et al. (1989)
suggested that the preferential concentration of chondrule
mesostasis fragments in the <5 µm material could account for
the interchondrule matrix compositions. Certainly,
interchondrule matrix compositions fall close to the tie lines
connecting either type IIA chondrule bulk and mesostasis
compositions, or connecting CI with type IIA mesostasis
compositions (Fig. 8). Alexander et al. (1989) also showed
that if a broader size range of materials, including mineral
fragments, are analyzed, the bulk composition of the
interchondrule material in Bishunpur is closer to bulk OC and
CI. About 20 wt% mesostasis added to CI would produce
roughly interchondrule matrix-like Na/Si, Mg/Si, and Al/Si
ratios. However, the OC interchondrule matrix compositions
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Table 2. Bulk compositions (wt%) of chondrules in Semarkona and Chainpur, and average glass compositions in type A
Semarkona chondrules.
Na2O
MgO
Al2O3
SiO2
P2O5
K2O
CaO
TiO2
Cr2O3
MnO
FeO
FeS
Fe
Ni
Total

Type IIAa bulk

INAAb bulk

INAAc bulk

Type IA glass

Type IIA glass

1.65
31.30
2.68
45.10
n.d.
0.17
1.89
0.10
0.51
0.39
14.90
0.94
0.40
0.11
100.10

0.86
31.85
2.72
n.d.
n.d.
0.09
2.19
n.d.
0.65
0.50
13.84
n.d.
1.03
0.28

1.07
30.71
2.90
n.d.
n.d.
0.14
1.49
n.d.
0.60
0.43
15.82
n.d.
1.91
0.52

3.04
4.58
21.09
55.42
0.28
0.18
13.21
0.66
0.31
0.28
2.03
n.d.
n.d.
n.d.
100.82

6.01
1.96
14.85
66.74
0.23
0.73
4.92
0.39
0.09
0.23
6.22
n.d.
n.d.
n.d.
102.52

a Semarkona

(Jones 1990).
literature data for Semarkona chondrules (Gooding 1979; Grossman and Wasson 1983b; Swindle et al. 1991b). Fe-metal based on type II Fe/Ni ratio
(Jones 1990).
c Average literature data for Chainpur chondrules (Gooding 1979; Grossman and Wasson 1982; Swindle et al. 1991a). Fe-metal based on type II Fe/Ni ratio
(Jones 1990).
b Average

consistently fall slightly to the left of the CI-mesostasis and
type IIA bulk-mesostasis tie lines (Fig. 8). It will be argued
later that this is because small amounts of material that
evaporated from chondrules recondensed in the
interchondrule matrix.
There is a suggestion in Fig. 8 of a complementarity
between chondrules and matrix in the OCs, with chondrules
falling above the OC-CI trend and matrix below it. At present,
the uncertainties in the average chondrule and bulk matrix
compositions are significant. For instance, mixing of
chondrule, matrix, and inclusions in their reported volume
fractions and average compositions does not reproduce the
bulk OC compositions. If chondrule-matrix complementarity
exists and concentration of chondrule mesostasis fragments in
fine-grained material explains the matrix compositions, it
may be necessary to invoke some physical separation of
larger, denser mineral fragments from the amorphous
material, and concentration of the mineral fragments in
chondrule precursors.
Interchondrule matrix compositions in CC chondrites are
also Mg-poor and Al-rich, although less than in the OCs
(Fig. 9). There is conflicting evidence for complementarity in
the CCs. The CR matrix and chondrule compositions are on
opposite sides of the bulk CR composition, but the CO
chondrule and matrix compositions both have higher Al/Si
ratios than the bulk CO composition (Fig. 9). As in the OCs,
the mineral fragments in the matrix of ALH A77307 (CO3.0)
all appear to be derived from chondrules (Jones 1992).
However, Brearley (1993) has argued that in the case of ALH
A77307, there are insufficient chondrule fragments for
enrichment in chondrule mesostasis to explain its matrix
composition. This could be explained if there was a physical

separation of mineral fragments from amorphous fragments
in the nebula, but this possibility will have to be explored
quantitatively. No similar study has been conducted on other
primitive CCs.
Rare refractory forsterites are present in chondrules and
matrix in all chondrites. Whether these forsterites formed in
chondrules or earlier via condensation remains debated (e.g.,
Jones et al. 2000; Pack et al. 2004). If the fortserites are
refractory condensates, they should have been accompanied
by other refractory, presumably Al-rich, material. However,
the low abundance of these forsterites (≤0.35 vol%: Pack
et al. 2004) means that even if they were accompanied by
refractory material this would not significantly affect the
matrix compositions. Except for the CVs, the positions of the
CC matrix compositions in Fig. 9 do not suggest that
refractory inclusion fragments are the cause of their Alenrichments.
One other possible explanation for matrix compositions
is suggested by the fact that crystallization of forsteritic
olivine from material with an approximately CI-like bulk
composition will generate an Al-rich, Mg-poor amorphous
material. By analogy with IDPs, forsteritic olivine is a likely
product of the thermal annealing experienced by the CI-like
material. By concentrating on the finest-grained material in
matrix, all studies may preferentially sample this amorphous
material. Certainly, all OC and CC matrix compositions,
except the CVs, lie close to the forsterite-CI fractionation line
(Figs. 8 and 9). Since the annealing of the CI-like material
probably took place prior to chondrule formation, some
physical fractionation of forsterite and amorphous material
between chondrule precursors and dust may have been
possible. Interestingly, in terms of Mg/Si and Al/Si ratios, the
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Fig. 9. The CI-normalized Mg/Si versus Al/Si elemental ratios of
bulk CCs (Table A1: Wasson and Kallemeyn 1988), their
interchondrule matrices (solid squares: Zolensky et al. 1993) and,
with filled squares, the average CR (Klerner 2001) and CO chondrule
compositions (McSween, unpublished). Also shown is the average
composition of GEMS from chondritic anhydrous IDPs (solid
triangle: Keller and Messenger 2004). The CO-CV line is a best-fit
line to the CO, CM, and CV bulk compositions. Except for the CVs,
the fine-grained interchondrule matrix compositions can be
explained either as mixtures of CI, type IIA chondrule glass and
some evaporates, and/or residual material produced by
crystallization of forsteritic olivine from CI-like material (Fo-CI
line). The higher Al/Si ratio of the CV matrix may result from the
presence of refractory inclusion fragments. The interchondrule
matrix compositions are for Kaba (CV), Kainsaz (CO), Renazzo
(CR), and the CM matrix is an average of CM matrix compositions
with Na2O > 0.5 wt%. The sources for the other compositional data
are as in Fig. 8.

average composition of amorphous GEMS in anhydrous IDPs
is similar to chondrite matrices (Fig. 9). There is significant
uncertainty in the GEMS composition (Keller, personal
communication), but its similarity to chondrite matrices hints
at a genetic link or formation by a common process. The
crystallinity of IDPs indicates that like CI material, some
fraction of their constituents has been thermally processed.
Also, presolar GEMS-like objects have been found in
chondrite matrices (e.g., Mostefaoui and Hoppe 2004;
Nguyen et al. 2005).
TRACE ELEMENT CONTENTS OF RIMS
The first attempts to measure trace element abundances
in matrix were made on physical separates from ordinary and
CO chondrites by induced neutron activation analysis
(INAA) (Wilkening et al. 1984; Grossman 1985; Grossman
and Wasson 1987; Rubin and Wasson 1988; Brearley et al.
1989) and synchrotron X-ray fluorescence (SXRF) (Flynn
et al. 1995). These studies indicated that matrix is enriched in

Fig. 10. The CI-normalized Fe/Si versus Al/Si elemental ratios of
∼120 individual analyses of areas in 25 Bishunpur rims (crosses).
The rims form an array that roughly connects the interchondrule
matrix and the type IA chondrule evaporate composition (open
triangle). The type IA evaporate composition assumed a CI precursor
composition and that all Fe forms FeO. The sources for bulk
chondrite (stars), chondrule (filled squares), chondrule glass (solid
diamonds), and interchondrule matrix (open circles) compositions
are as in Figs. 7 and 8.

volatile elements compared to chondrules, but the difficulty
of obtaining large enough samples of pure matrix for these
analyses means that the absolute concentrations they obtained
are open to question.
Brearley et al. (1995) used SXRF to analyze rims in ALH
A77307 for Cu, Zn, Ga, Ge, and Se at a resolution of ∼10 µm.
They found ∼CI absolute abundances of Ga, Ge, and Se in the
ALH A77307 rims, while Zn is ∼0.7× CI and Cu ∼3× CI.
Alexander (1995) analyzed rims and interchondrule matrix in
ordinary chondrites by ion microprobe at a scale of 20–
30 µm. Other than the alkalis and Cu, no other more volatile
elements were included in this study. However, the ion
microprobe measurements revealed that Al is enriched in
ordinary chondrite matrix relative to almost all other
refractory elements. Similar depletions of Zr, Ca, and Ti
relative to Al are apparent in SXRF data for Semarkona
(LL3.0) matrix (Flynn et al. 1995), and depletion of Ca and Ti
relative to Al are present in electron microprobe analyses of
ALH A77307 rims (Brearley et al. 1995).
Alexander (1995) attributed these depletions to
formation of Ca phosphates and other secondary minerals
around metal during metamorphism/alteration. Phosphorous
is expelled from metal and oxidized during metamorphism/
alteration, and many refractory elements tend to partition into
phosphates. Because the phosphates as well as other
secondary phases form near metal, they will tend to be
underrepresented in most matrix analyses. This explanation
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be affected by the internal redistribution of elements.
However, the assertion made above, which is based on
matrix-normalized abundances, that matrix must be
dominated by a CI-like component, is apparently in conflict
with the direct measurements of both major and trace element
abundances. The major and trace element compositions of the
matrices can only be reconciled with the matrix-normalized
results if a modest amount of refractory-rich, volatiledepleted material has been added to matrix. The nature of this
material is uncertain, but matrices do contain chondrule and
refractory inclusion fragments. The addition of 10–30 wt% of
chondrule and inclusion material to CI would produce
depleted refractory-element-normalized trace element
abundance patterns similar to those reported by Bland et al.
(2003, 2004a).
EVAPORATION, CONDENSATION, AND THE
FORMATION OF CHONDRULE RIMS
Fig. 11. The CI-normalized Na/Si versus Al/Si elemental ratios of
∼120 individual analyses of areas in 25 Bishunpur rims (crosses).
The sources and symbols are as in Fig. 10. Unlike in Figs. 10 and 8,
the rims do not form a mixing line between interchondrule matrix
and the calculated evaporate composition. This could be because
evaporate-rich rims formed at high temperatures and the alkalis
preferentially recondensed on the interchondrule matrix material.
Alternatively, the alkalis prefer to be incorporated into glasses via the
coupled substitution (Na,K)(Al,Fe3+)O2 = SiO2. Consequently, the
alkali distribution in Bishunpur may reflect the distribution of Al and
Fe3+, perhaps explaining the scatter of the rim data about the atomic
Na/Al = 1 line (dashed line). Because the alkalis are so mobile, it is
uncertain whether their distribution in the matrix is primary or
secondary.

needs to be checked quantitatively, because if the refractory
element fractionations are primary, this will have profound
implications for the origin of matrix.
The recent combination of UV lasers with inductively
coupled plasma mass spectrometry (ICPMS) has allowed for
precise measurements of abundance ratios of a wide range of
trace elements at ∼100 µm scale. Bland et al. (2003, 2004a)
have analyzed the compositions of matrix in primitive CCs.
Normalized to a refractory element, the CC matrices are
depleted in volatile elements compared to CI, although they
exhibit smaller depletions than the bulk meteorites. The CV
and CO matrices show the greatest depletions, the CMs
exhibit intermediate depletions, and the CR matrices are the
least depleted. This is qualitatively consistent with the
variations in the Al/Si ratios of the matrices determined by
electron microprobe (Fig. 9). The matrix trace element
abundances are not as smooth functions of volatility as the
bulk meteorites, possibly reflecting non-representative
analyses, addition of elements that evaporated from
chondrules or were expelled from chondrules in metal/
sulfide, and secondary redistribution of elements associated
with metamorphism and aqueous alteration.
The indirect approach of using matrix-normalized
elemental abundances to infer matrix compositions will not

It has often been assumed that chondrules behaved as
closed systems, and therefore that their bulk compositions
could be used to make inferences about the nature of their
precursors (Grossman and Wasson 1982, 1983a, 1983b).
Jones (1990) was one of the first to point out that type IA
chondrule compositions could be explained by evaporative
loss of alkalis, FeO and Si, although she concluded that
chondrules probably behaved as closed systems. Later, Huang
et al. (1993) and Sears et al. (1996) argued that chondrules
behaved as open systems and that the variations in chondrule
compositions reflect evaporative loss.
Kinetic models of chondrule formation suggest that
chondrules would have behaved as open systems under
canonical formation conditions and time scales, and that they
would have experienced significant evaporation (Alexander
2004). The lack of significant isotopic mass fractionation in
chondrules suggests that chondrules were able to approach
equilibrium with the surrounding gas at high temperatures
after the initial phase of evaporation. Equilibrium models of
silicate melts in dust-enriched nebular environments are
qualitatively consistent with type IA chondrules forming in
this way from initially CI-like precursors (Fig. 8). The model
predicts that for modest degrees of evaporation, the melt/
chondrule compositions would roughly parallel the OC-CI
line. Since essentially no Al is evaporated under these
conditions, the composition of the evaporated material from
these equilibrium melts/chondrules will lie close to the
intercept of the OC-CI line with the y-axis.
Grossman (1996) calculated the composition of material
that must be lost to make an average type IA OC chondrule
from an initially CI-like precursor material (type IA
evaporates), except for FeO and metal/sulfide contents in the
precursors which were assumed to be like that of type II OC
chondrules. This material falls close to the y-intercept of the
OC-CI line in Fig. 8, and is very similar to the evaporates
from type IA chondrules predicted by the equilibrium model.
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The compositions of type IB and IAB chondrules lie close to
the mixing line between CI and the type IA evaporates.
Consequently, it is possible that type IIA and B chondrules
formed from mixtures of CI-like material and type IA
evaporates.
Direct evidence for evaporation from chondrules can be
seen particularly clearly in the rims of Bishunpur chondrules.
Alexander et al. (1989) found two endmember types of
chondrule rim that are especially well-developed or preserved
in Bishunpur: matrix-like rims and FeO-rich rims. Like the
interchondrule matrix, the matrix-like rims contain abundant
clastic material, while FeO-rich rims often seem featureless in
BSE images. Transitional rims (e.g., Fig. 1b of Alexander
1995) indicate that FeO-rich rims are the result of
condensation of FeO-, MnO-, and SiO2-rich material onto
interchondrule matrix-like material at high temperature.
Diffusional exchange between the clastic olivine and
pyroxene grains and the FeO-rich condensates has all but
erased the atomic number contrast in these rims, rendering
their BSE images relatively featureless. The transitional rim
described by Alexander (1995) surrounds a type IB
chondrule, suggesting that evaporation from type IB/ABs also
occurred.
Figure 8 shows the average compositions for these two
types of rim in Bishunpur (Alexander 1987). As can be seen,
the FeO-rich rim compositions are roughly consistent with
their being mixtures of interchondrule matrix and type IA
evaporates. It was argued earlier that OC matrix compositions
could be understood if they are largely made up of CI-like
material and type IIA chondrule fragments. However, in
Fig. 8 the interchondrule matrix compositions fall to the left
of the CI and type IIA chondrule tie lines with average type
IIA mesostasis. This shift could be explained if the
interchondrule matrix also contains some chondrule
evaporates, either because evaporates condensed onto
interchondrule matrix or because some areas that were taken
to be interchondrule matrix were in fact rims (or rim
fragments) if they could have been observed in the third
dimension.
In Fig. 10, as in Fig. 8, the Bishunpur rims form a trend
that ranges from interchondrule matrix-like compositions to
Fe/Si ratios that are consistent with a high proportion of type
IA evaporates. The evaporate composition calculated by
Grossman (1996), assuming a type II chondrule composition
for the precursors of type IA, has a ∼CI Fe/Si ratio. A type II
composition clearly has a FeO-content that is too low, unless
metal was evaporated at the same time and recondensed as
FeO. In contrast to Grossman (1996), in Fig. 10 it was
assumed that the type IA precursors had CI-like Fe/Si ratios
and that all Fe in the evaporates condensed as FeO.
The FeO-rich rims in Bishunpur are relatively poor in
alkalis compared to the interchondrule matrix (Fig. 11),
perhaps because recondensation onto interchondrule matrix
occurred at lower temperatures. However, the alkalis prefer to

be incorporated into glasses via the coupled substitution
(Na,K)(Al,Fe3+)O2 = SiO2 (e.g., Taylor and Brown 1979;
Navrotsky et al. 1982; Roy and Navrotsky 1984), which may
explain why the individual Bishunpur rim analyses scatter
about the atomic Na/Al = 1 line in Fig. 11. So it cannot be
ruled out that the alkali distribution in Bishunpur simply
reflects the distribution of Al and Fe3+. Further, because the
alkalis diffuse rapidly, it is possible that the alkali distribution
in Bishunpur rims and interchondrule matrix is largely the
result of secondary parent body processes.
Recondensation of evaporated material onto rims and
interchondrule matrix may explain why chondrules were able
to approach equilibrium with the nebular gas at high
temperatures but were unable to maintain equilibrium to
lower temperatures (Alexander 2004). If chondrules had
maintained equilibrium to lower temperatures, their
compositions would essentially be that of the bulk system
(i.e., CI-like). As chondrules cooled and crystallized,
diffusion rates in their increasingly silica-rich residual melts
would have decreased significantly. As a result, gaschondrule equilibration would have become increasingly
sluggish, particularly for slow-diffusing species like SiO2. At
the same time, the dusty material from which rims and
interchondrule matrix formed would have provided a large
surface area for material to condense on. This condensation
may even have enhanced the formation of rims and might
help explain why they have relatively low porosities. Fastdiffusing species would have been able to maintain gaschondrule equilibrium down to lower temperatures. For
instance, the Na distribution coefficients between Ca-rich
pyroxene (CPX) and glass in chondrules indicate that the
current Na contents of the glass were established at the time
and temperature at which the CPX crystallized, roughly
1200–1000 °C (Libourel et al. 2003; Alexander and
Grossman 2005). Such high levels of Na could not be
sustained at the peak temperatures of chondrule formation
under canonical conditions (Ebel and Grossman 2000).
Consequently, alkali gas-chondrule equilibration must have
continued down to the temperatures at which CPX formed.
WHAT WAS FRACTIONATED FROM WHAT?
Up to this point, it has been shown that a primitive, CIlike matrix component may dominate the matrices in all
chondrites, as is required by the two-component model.
Subtraction of the CI-like matrix from bulk OC produces a
composition that is very similar to the average OC chondrule
composition determined by INAA. It has also been shown
that there probably was evaporation during chondrule
formation and that the evaporated material preserved in some
Bishunpur rims is consistent with what must be lost to
produce type IA chondrule compositions. Despite the
evidence for evaporation, the chondrule compositions are not
as devoid of volatile elements as originally envisaged in the
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two-component model (Larimer and Anders 1967, 1970).
This is perhaps because during cooling there was some reequilibration with the gas down to relatively low
temperatures, and because the higher than solar dust/gas
ratios needed to stabilize silicate melts during chondrule
formation increased the condensation temperatures of many
elements (Ebel and Grossman 2000).
It has not been shown that the volatile or major element
fractionations occurred during chondrule formation, as
opposed to having been inherited from the chondrule
precursors. At this stage, any model that links the elemental
fractionations to chondrule formation must necessarily be
speculative because the mechanism of chondrule formation
has yet to be identified.
Nevertheless, in plots of Mg/Si versus Al/Si (Fig. 8), the
type IA and evaporate compositions roughly parallel the OCCI line. If the initial chondrule precursors were CI-like (but
not aqueously altered), their high IOM contents may have
meant that the first generations of chondrules were dominated
by metal-rich type IAs. These chondrules may have more
closely resembled those in the CRs than the chondrules now
present in the OCs. Loss of material resembling type IA
chondrules from initially CI-like bulk material, along with
enrichment of the remaining material in the SiO2-rich type IA
evaporates would have led to OC-like bulk Mg/Si and Al/Si
ratios. It could also explain how the compositions of type IIA
and even type B chondrules were produced. Mostefaoui et al.
(2002) and Tachibana et al. (2003) have proposed a similar
evolutionary scheme to explain an apparent inverse
correlation between chondrule Si-content and age (based on
initial 26Al/27Al ratios).
If chondrules were involved in the major element
fractionations, they presumably would also have modified the
volatile element fractionations. Sears et al. (1992) and Haak
and Scott (1993) first suggested that it was type IA chondrules
that were preferentially lost from the OC formation region,
but as was pointed out by Grossman (1996), the typically low
Na/Si ratios of type IA chondrules compared to CI and bulk
OC (Fig. 11) means that the loss of type IAs alone cannot
account for the volatile element fractionations. The alkalis
and other volatile elements must have been lost in a separate
phase. How this might be accomplished will depend on the
chondrule formation mechanism or mechanisms.
One possibility is suggested by the shock heating
mechanism. The chondrule precursors are heated
significantly prior to the arrival of the shock wave. For
example, in the canonical shock model of Desch and
Connolly (2002), chondrules are heated to over 1000 K ∼3 hr
before and over 1500 K ∼1 hr before arrival of the shock
wave. At this stage, there will be some evaporation of volatile
elements. The lack of K isotopic fractionation in chondrules
(Alexander et al. 2000; Alexander and Grossman 2005) and
bulk chondrites (Humayun and Clayton 1995) requires that
the chondrules and gas approach isotopic equilibrium.
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Passage of the shock wave through a region rapidly separates
the protochondrules from the pre-shock gas, producing a
volatile element fractionation. Heating of the protochondrules
by the passing shock wave would produce further volatile
element evaporation, as well as some Si and Fe evaporation.
The difference in stopping times of silicate and metal/sulfide
grains of comparable size could also produce some metalsilicate fractionation. On cooling, Si and Fe recondense to
form chondrule rims and metal. Volatile elements also
recondense onto the rims and metal, with elements like the
alkalis diffusing back into the chondrules. Subsequent
preferential loss of chondrules with proportionately thinner
rims, along with metal, would lead to OC-like bulk
compositions.
An alternative explanation is suggested by the high Na/Si
ratio of the interchondrule matrix, assuming that it is primary.
The loss of interchondrule matrix, associated mineral
fragments, and metal could explain the major and volatile
element fractionations provided that 1) type IA rather than
type IIA chondrules initially dominated, and as a result type
IA fragments dominated the fine-grained clastic material, and
2) that like Na, the other volatile elements preferentially
recondensed onto interchondrule matrix material rather than
rims, with the fraction of an element that condensed onto the
interchondrule matrix being proportional to its volatility.
Both models require fractionation of metal and either
chondrules or fine-grained clastic material. How could the
fractionations have happened? Chondrules and metal/sulfide
seem to have been aerodynamically sorted (Whipple 1972;
Dodd 1976; Kuebler et al. 1999). If they have been
aerodynamically sorted, then some chondrules and metal
must have been lost, and fine-grained material would have
been severely fractionated. Whipple (1972) and Dodd (1976)
suggested that the aerodynamic sorting happened during
parent body accretion. However, this would not allow the
system to evolve from one dominated by type IA chondrules
to one dominated by type IIA and type B chondrules.
Separation of metal and silicate that were initially in close
proximity is possible in the shock wave model, but whether
this would lead to large-scale metal-silicate fractionation is
unknown.
A more attractive mechanism is turbulent concentration
(e.g., Cuzzi et al. 2001) that would have been an ubiquitous
process in a weakly turbulent nebula. Turbulent concentration
preferentially concentrates particles with a limited range in
the product of their radius and density. Thus, it is capable of
fractionating fine-grained dust, chondrules, and metal/sulfide
from each other if their products of radius and density do not
fall in the correct range.
SUMMARY AND CONCLUSIONS
Based on the matrix-normalized abundances of presolar
materials (circumstellar grains and interstellar organics), it is
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argued that all chondrite groups accreted a CI-like component
that dominates chondrite matrices. The relatively low organic
C content of CI chondrites and the CI-like material suggests
that they are not pristine molecular cloud dust. Greater than
75% of their material has been thermally processed in a way
that destroyed all refractory organics but did not fractionate
the volatile elements significantly. Interplanetary dust
particles have a higher organic C content, but their high
degree of crystallinity (∼50%) compared to dust in the
interstellar medium (<<1%) suggests that a significant
fraction of IDP material has been thermally processed as well.
Since the CI-like matrix is found in all chondrite groups,
irrespective of their chondrule and refractory inclusion
contents, this processing presumably occurred prior to
chondrite formation and is distinct from the heating events
associated with CAI and chondrules formation.
This CI-like matrix component will have brought in
much of the volatile element complement in chondrites. This
is consistent with the observation that matrix-normalized
abundances of elements with condensation temperatures less
than 750–800 K in OCs and CCs are very similar. The
correlation in the CR chondrites between IOM, volatile
element, and matrix abundances provides particularly
compelling support for this. Typically, the matrix-normalized
abundances of the more volatile elements in OCs and CCs are
at or slightly above CI levels. These excesses are attributed to
the presence of low levels of these elements in chondrules and
coarse metal. Also, subtraction of the CI-like matrix from
bulk OC produces a composition that resembles the average
composition of chondrules in OCs determined by INAA. All
these observations are consistent with the two-component
model, although chondrules are not as volatile-depleted as
was originally envisaged by Larimer and Anders (1967,
1970).
Most problematic to the two-component model is the fact
that measured matrix compositions are not CI-like. It is
possible that the measured matrix compositions are all
affected to some extent by selection bias, redistribution of
elements during secondary, parent body processes, and
recondensation of chondrule volatiles. However, to reconcile
the matrix compositions with the two-component model, it
seems that ∼10–30% of refractory-rich, volatile-depleted
material must be added to the matrix. Chondrule and
inclusion fragments are present in matrix, and these may be
one component of the volatile-depleted material, but it is
possible that there are other sources of this material.
Models of how elemental fractionations might occur in
association with chondrule formation are necessarily
speculative since the fractionated material has been lost, the
composition of the remaining material may have evolved
with time, and the mechanism(s) of chondrule formation is
unknown. Nevertheless, it is possible, even likely, that type
IA chondrules dominated the first generations of chondrules
because of the high C content of their CI-like precursors.

Starting from a CI-like bulk composition, loss of type IA-like
material and gain of type IA evaporates can explain the bulk
Mg/Si and Al/Si ratios of the OCs. It would also explain how
type IIA and type B chondrule compositions were produced.
However, the loss of type IA chondrules alone cannot explain
all aspects of the OC bulk compositions. Loss of metal,
which would have been produced in significant quantities by
the type IA chondrules that formed from CI-like precursors,
and a volatile-rich component is needed. The volatile-rich
component could either be gas that was in equilibrium with
the type IA chondrules, or fine-grained clastic matrix
material onto which volatile elements had partially or
entirely recondensed depending on their volatility. Similarly
detailed explanations for the CCs have not been attempted
because of the added complication produced by refractory
inclusions.
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APPENDIX

is used because it seems most representative of the results of
the various analyses. The composition of the R chondrites
used is a compromise between instrumental neutron
activation analysis (INAA) and wet chemical measurements
(Table A2).

The bulk compositions of both the CR and R chondrites
are somewhat uncertain. For the composition of CR
chondrites, one of two XRF analyses of Renazzo (Table A1)

Table A1. The abundances (wt%) of Mg, Al, and Si in Renazzo (CR) determined by different techniques. The preferred
CR chondrite composition is indicated in bold.
Technique

Mg

Al

INAA
INAA
INAA
Wet chem.
XRF
XRF

13.20
13.90
13.80
14.33
13.85
13.94

1.22
1.32
1.23
1.25
1.28
1.43

Si

Source

15.81
16.12
16.68

Kong and Palme (1999)
Kong and Palme (1999)
Kallemeyn and Wasson (1982)
Mason and Wiik (1962)
Klerner (2001)
Klerner (2001)

Table A2. The abundances (wt%) of Mg, Al, and Si in R chondrites determined by different techniques. The preferred R
chondrite composition is indicated in bold.
Meteorite

Technique

Mg

Al

Rumuruti
Y-793575
R mean
Rumuruti
Y-793575
R preferred

INAA
INAA
INAA
Wet chem.
Wet chem.

12.80
12.80
12.88
13.66
13.57
13.3

1.08
1.14
1.10
1.06
1.85
1.10

Si

16.50
15.89
16.20

Source
Kallemeyn et al. (1996)
Kallemeyn et al. (1996)
Kallemeyn et al. (1996)
Jarosewich (unpubl.)
Yanai (1992)

