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1. INTRODUCTION

Carbonaceous chondrite meteorites (CCs) are the most chemically primi-
tive macroscopic solids in the solar system. They are ncbular leftovers and
are thus invaluable recorders of some of the oldest and best kept secrets
regarding the formation and early history of the solar system. With a U/Pb
age of 4.56 x 10° years, they are also the oldest known materials,
0.6 billion years older than the most ancient terrestrial rocks (Chen &
Wasserburg 1981, Bowring et al 1990). They contain mineral grains that
occurred in and even preceded the solar nebula. As relics of material that
formed the sun and planets, they are a totally unique resource and have
thus received intensive study. Yet, in spite of revealing many intimate
secrets of solar system formation, they have, paradoxically, also proven
remarkably intractable. Matrix is perhaps the least understood major
component of CC meteorites.

Matrix is the background ‘“‘sea” in which the chondrules, inclusions,
and larger mineral grains occur. It is finely comminuted material that
mainly consists of the anhydrous phases of meteorites, such as olivine,
pyroxene, and Fe/Ni metal, together with lesser amounts of Fe oxides and
sulfides, carbonates, sulfates, and a variety of other minerals that are
generally present in only minor amounts. Some meteorites contain sig-
nificant amounts of phyllosilicates, and these have been the focus of much
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study and attention. The interplanetary dust particles (IDPs) are in some
ways similar to the CC matrix in both mineralogy and composition, but the
IDPs are even finer grained, which suggests that they are a related but dis-
tinct class of materials. The focus of this review is the matrix of the CCs.

There is much interest in matrix because () it contains a wealth of
mineralogical and chemical information about the early history and sub-
sequent development of the CCs (somc of the minerals are intact from the
time of the solar nebula, which is the earliest stage of the solar system that
we can ever hope to understand in reasonable detail); (b) it forms a
significant fraction of the highly important CCs; (¢) it has long been
difficult to study—a result of its extremely fine-grained, opaque character;
and (d) it provides a model for studying alteration processes in the early
solar system.

Much matrix appears to have developed from the primary anhydrous
minerals olivine, pyroxene, and metal. It appears that accretion brought
these minerals to a variety of meteorite parent bodies. It is probable that
cometary debris and similar hydrated materials were included among the
samples collected by the parent bodies and subsequently buried as other
rocks rained onto the parent body surfaces. A variely of events, not all of
which are known, then combined to produce alteration reactions. Regolith
gardening, produced by theinfall of other meteorites, resulted in collisional
heating, fragmentation, and mixing of surficial rocks. These sources of
energy, possibly combined with gentle heating from radioactive decay of
unstable nuclides, provided the heat necessary for alteration.

Three features of CC matrices are of particular interest:

1. Tiny diamonds and crystals of SiC have recently been found in these
meteorites (Lewis et al 1987, Tang & Anders 1988b, Bernatowicz et al
1987); their isotopic compositions indicate that they had their origin in
circumstellar or interstellar space, outside of the solar system (Tang et
al 1989, Zinner et al 1989, Lewis et al 1989, Huss & Lewis 1990). These
are the first minerals about which it can be said with confidence that
they are older than the materials of the solar system.

2. It has long been known that the bulk chemical composition of the CI
meteorites closely matches that of the solar photosphere (Holweger
1977, Anders & Ebihara 1982), and yet recent work has shown that
aqueous alteration is pervasive in at least some of these meteorites
(Tomeoka & Buseck 1988, Zolensky & McSween 1988). It is apparent
that the alteration must have occurred in a largely closed system so that
it did not change the bulk composition significantly. Yet there are
questions whether some of the alteration occurred prior to incor-
poration into a parent body. Paradoxically, the meteorite group that is
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most primitive chemically (CI) is not the same as those that are phys-
ically most pristine (CO and CV). (The symbols for the meteorite types
are defined in Section 3.)

3. The minerals of the matrix, because of their fine-grained, reactive
character, provide a sensitive indicator of secondary processes such
as heating, shock, and aqueous alteration. Unraveling these effects is
required before a comprehensive understanding of the early solar sys-
tem can be achieved.

Because much matrix appears to have developed as a result of alteration,
or was profoundly affected by it, considerable emphasis in this review is
placed on alteration minerals, processes, and mechanisms. Determining
the temperatures, pressures, oxidation conditions, and durations of these
alteration reactions is one of the challenging aspects of research on CC
matrices. The resulting information provides insights into activities in the
early solar system.

On a personal note, the senior author has long been both intrigued and
frustrated regarding the character of CC matrix. Prior to the mid—1970s,
the available mineralogical techniques were inadequate to provide much
insight into the character of CC matrix. However, with the advent of the
transmission electron microscope (TEM) as a viable mineralogical tool,
especially through the use of high-resolution transmission electron
microscopy (HRTEM), it became possible to image and study minerals as
fine grained as those in the CC matrices (Buseck & Iijima 1974).

In order to achieve the goal of understanding the HRTEM images of
the minerals in CC matrices, we embarked on a systematic series of studies
to obtain the requisite knowledge and experience. Our investigations of
pyroxene (Iijima & Buseck 1975, Buseck & lijima 1975), micas (lijima &
Buseck 1978), serpentines (Veblen & Buseck 1979), and pyrrhotite (Pierce
& Buseck 1974) were all part of that effort. Because of the problems of
radiation damage, efforts to image clays (Mckee & Buseck 1978) of the
types thought to occur in CCs had only limited success. However, in the
late 1970s and early 1980s, several TEM studies of CC matrices appeared
(Mackinnon & Buseck 1979; Barber 1981; Mackinnon 1982; Tomeoka &
Buseck 1982a,b, 1983c). These and subsequent studies established the
details of the secondary minerals that occur in the matrices.

It is now widely accepted that the TEM is a necessary tool for studying
the details of matrix mineralogy, but only relatively few such studies have
been completed (although the number is increasing steadily). As a result,
the following discussion and generalizations are based disproportionately
on those CC meteorites whose matrices have been studied using TEM
techniques.
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The main differences in the alteration products in matrix among different
CC samples are (a) their amounts, (b) the phyllosilicates (generally either
serpentine or saponite, a clay), and (¢) the Fe-bearing phases (troilite,
magnetite, maghemite, ferrihydrite, or a variety of poorly crystallized
oxyhydroxides of uncertain character). Other alteration minerals that show
differences in occurrence, abundance, and distribution include carbonates
and sulfates.

Recent reviews that describe aspects of the matrices of the carbonaceous
chondrites are by Scott et al (1988) on the matrix material itself, Barber
(1985) on layer silicates within stony meteorites, Zolensky & McSween
(1988) on the aqueous alteration, Grimm & McSween (1989) on the ther-
mal evolution of carbonaceous chondritc parent bodics, and Tomeoka et
al (1989) on alteration mineralogy of the CM meteorites.

2. MORPHOLOGY AND GENERAL
CHARACTERISTICS

When viewed in hand specimen or at moderate magnifications using a
conventional petrographic microscope, matrix is opaque, black, and rela-
tively featureless—an appearance that visually distinguishes the CCs from
other meteorites. The grain sizes of its constituent minerals range from
~5 pmdown to the limit of optical resolution. Using a TEM, it is evident
that grains as small as a few nm in diameter can occur. Grain sizes vary
with CC type (Scott et al 1988); they are smallest in the CRs (Zolensky
1991) and largest in the CVs. The minerals of matrix include typical CC
anhydrous silicates such as olivine and pyroxene, as well as lesser oxides,
carbonates, and sulfates. Also prominent are alteration products such as
serpentines, other layer silicates, and hybrid phases such as tochilinite.
Definitions of matrix vary widely (see Scottet al 1988 for a review). For
present purposes we include polyphasic material with grains smaller than
5 pm in diameter, in agreement with many others (Huss et al 1981, Naga-
hara 1984, Scott et al 1988, Brearley 1989); in many cases such material is
interstitial to coarser crystals or crystal fragments, composite inclusions,
or chondrules. By polyphasic we include regions where several grains are
clustered and exclude small monophasic inclusions within larger crystals.
The 5-um size is arbitrary, and in specific cases the grains could be larger
(e.g. Kallemeyn et al 1991). McSween & Richardson (1977) on the basis
of their study of matrix compositions, redefined matrix as “all those low-
temperature components which are genetically related and which, taken
together, properly represent the composition of the primitive matter from
which they formed.” While intriguing, this is a difficult definition to use
because it presupposes we know which parts of the meteorite are pri-
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mordial and also which parts are “genetically related.” Subsequently,
M cSween (1979a) defined matrix ““operationally” as everything thatis not
recognizable petrographically as something else (i.e. chondrules,
inclusions, lithic and mineral fragments, or opaque minerals).

Scott et al (1984) distinguished no fewer than seven types of matrix
occurrences, ranging from lumps and clasts to rims of chondrules for the
ordinary chondrites and the Vigarano (CV) meteorite. Clasts are common
and can be of other types of meteorites than their hosts, giving rise to the
interpretation that some CC meteorites were part of a regolith breccia
(McSween & Richardson 1977, Bunch & Chang 1980), much like the
surface of the moon. The clasts have typically been altered in whole or in
part to phyllosilicate minerals, thereby complicating their recognition,
although their outlines are retained. Bunch & Chang (1980) point out the
common juxtapositions of altered and unaltered clasts, lending support to
the mixing of fresh and altered material such as occurs on a parent body
that is repeatedly impacted by falling bodies.

3. CLASSIFICATION

During the past three decades several versions of CC nomenclature have
been used. For example, depending on when the paper was written, the
Murchison meteorite is grouped with the type II, C2, or CM meteorites.
Since these are all more or less equivalent, the terminology can be confus-
ing. Therefore, in reviewing the literature of CCs it seems prudent to
provide a brief summary of the terminology that is used so commonly for
the CCs.

Based largely on the amounts of H,0, S, and C, Wiik (1956) subdivided
the CCs into types I, II, and III. In their “chemical-petrologic” classi-
fication of stony meteorites, Van Schmus & Wood (1967) retained Wiik’s
groupings but changed their names to C1, C2, and C3, respectively, to be
consistent with the other meteorite groups. The numerical designations
reflect petrographic and mineralogical changes and extend to type 6. Type—
3 meteorites are physically the most pristine, whereas types 2 and 1 contain
increasing amounts of minerals typical of aqueous alteration. Types 4 to
6 show features that are compatible with progressively increasing inte n-
sities of thermal metamorphism. The C3 group was subsequently sub-
divided into C3(V) and C3(O) groups by Van Schmus (1969). That
nomenclature was revised by Wasson (1974) to CI (for Cl1), CM (for C2),
and CV and CO (for C3), where the second letters designate representative
meteorites (Ivuna, Mighei, Vigarano, and Ornans, respectively). It is these
last terms that are in current use. The several groups have distinctive
mineralogical, chemical, and isotopic characteristics, although there is
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Table1 The classification of chondrites® (a listing of some key taxonomic parameters)

FeO,

Al/Si Mg/Si Ni/Si Zn/Si  FeO,+MgO §'0 60
(normalized ratios) (mol%) (%0) (%0)
GROUP
CvV 1.34 1.00 0.85 0.25 35 -3 1
CcO 1.07 0.97 0.87 0.21 33 —4 0
CM 1.10 0.97 0.92 0.48 43> 1 7
7

CI =100 =100 =100 =100 45° 9 1

2 From Philos. Trans. R. Soc. London Ser. A 325: 535-44 (1988).
® Estimated FeO,/(FcO, +MgO) for cquilibrium asscmblagc.

overlap. Table 1 gives some salient chemical and isotopic characteristics
for the major groups.

Recently, the CR (for Renazzo) and CK (for Karoonda) groups have
been established for “anomalous™ meteorites that do not comfortably fit
into the above grouping. Their characteristics are given in Section 5.5.
Both contain fewer meteorites than do the other CC groups, and so they
have not received the extensive attention that the other major groups have
had.

4. CHEMISTRY
4.1 Inorganic Chemistry

The chemical composition of the CCs, and the surprisingly similar abun-
dances of their nonvolatile elements to those of the solar photosphere, is
a major reason why the CCs are of such great interest and led to the
conclusion that these meteorites are chemically primitive (Suess 1949,
Suess & Urey 1956). Since the sun contains 99+ % of the mass of the solar
system, its composition is considered representative of the solar system.
The CCs contain the highest abundances of volatile elements of any
meteorite group, an observation that is also supportive of their primitive
origin since these elements tend to be depleted during geological process-
ing. As a major component of CCs, matrix plays an important role in the
search for pristine nebular materials and in understanding the early stages
of the solar system. Other meteorites have experienced chemical frac-
tionation such that their compositions deviate widely from that of the sun,
as is also the case for all terrestrial rocks.

Although much has been written about the inorganic chemistry of the
CCs, it is almost exclusively based on “whole-rock” analyses, and so it is
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difficult to generalize about matrix composition using such data.
Moreover, many CCs are brecciated and have a polymict character so that
their compositions, while relatively homogeneous within a given clast, vary
considerably from one clast to another. As a result, it is difficult to obtain
reliable and representative matrix abundance data. However, in situ chemi-
cal analyses of CC matrices have been obtained by using broad-beam
electron microprobe analysis (EMPA) (Fuchs et al 1973, Kerridge 1976,
McSween & Richardson 1977, Rubin et al 1988, Scott et al 1988, Rubin
& Kallemeyn 1990). Separated matrix has been analyzed by wet chemistry
(Clarke et al 1970) and by instrumental neutron activation analysis (INAA)
(Rubin & Wasson 1987, 1988).

The most thorough study of matrix compositions is by McSween &
Richardson (1977), who analyzed 32 CCs using a defocussed beam with
their electron microprobe. Although physical separation of matrix is not
required with the microprobe, trace element abundances are not easily
obtained. Rubin & Wasson (1987, 1988) determined the bulk matrix com-
position of CO3s and CV3s by INAA. However, their data differ sig-
nificantly from the EMPA data of McSween & Richardson (1977). Rubin
& Wasson indicate that these apparent discrepancies may arise from
differences in methods of sampling and analysis, which points out a sig-
nificant problem in the determination of average matrix compositions.

Larimer & Anders (1970) suggested that the CIs consist entirely of
matrix, so their bulk analyses should provide direct matrix compositions.
Compilations of CI elemental abundances are provided by Cameron
(1982), Anders & Ebihara (1982), Wasson (1985), Anders & Grevesse
(1989), and Wasson & Kallemeyn (1988); an evaluation of much prior
work was made by Burnett et al (1989), who confirmed the previous
abundance curves.

Figure 1 summarizes chemical data for the CC matrices. Since the water
and organiccontents within and among the several CC groupsare variable,
directcomparisons of matrix analyses are difficult. To minimize this prob-
lem, we adopt the method of McSween & Richardson (1977) by using Si-
normalized weight ratios of the elements. The Na/Si ratios are dcpletcd
relative to the whole-rock analyses, with CI matrix the most depleted and
CM the least. Na/Si ratios in CMs show much variation. Mg/Si ratios are
unusual in being rather constant, with an average value of 0.822+40.053,
similar to the value of ~0.910 from bulk analyses of CCs (McSween &
Richardson 1977). Al/Si ratios show large variations, especially in the CM
and CVs, and differ from the average Al/Si ratio of 0.083 in bulk analyses
of CCs. K/Si ratios vary such that CI > CM > CO, CV. The K/Na ratios
in the matrices are almost five times higher than those in the whole rock
(Wiik 1956, Bunch & Chang 1980). Ti/Si, Cr/Si, and Mn/Si ratios are
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Figure 1 Compilation of chemical analyses of CC matrices, all nomalized to Si. The average
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nearly constant from group to group, but the low bulk concentrations of
Ti and Mn make the Ti/Si and Mn/Si values uncertain. Ca/Si ratios vary
in the sequence CI < CM < CO, CV. This sequence is explained in part
by exclusion of minerals in veins from the CI matrix analyses. Fe/Siin Cls
(1.04 +0.06) is distinctly lower than the 1.857+0.297 of the CMs, CVs,
and COs; Ni/Si is much higher in CMs than in CIs, COs, and CVs; S/Si
varies in CMs. Both the Ni/Si and S/Si ratios in CMs suggest the existence
of a Ni-, S-, Fe-bearing phase.

McSween & Richardson (1977) compared published bulk compositions
of the CCs to their EMPA analyses of matrix and found a difference exists
for the CIs. Moreover, the CI bulk compositions agree better with the
solar abundances than does the matrix, which is strongly depleted in Na,
Ca, S, and Fe relative to solar abundances and to the other CCs. This
depletion presumably reflects the CI compositional heterogeneity that
occurs on the scale of microscopic clasts plus the fact that McSween &
Richardson assumed that magnetite, calcium sulfate, and carbonate vein-
fillings are not matrix components and so avoided obtaining EMPA analyses
in regions where they occur. The CM matrix compositions are, in fact,
closer to solar values than those of the CIs. This difference results from a
combination of the extensive aqueous alteration and consequent chemical
fractionation of the CIs plus the selective EMPA analysis mentioned
above. Clearly, bulk rather than matrix CI compositions must be con-
sidered when comparisons to solar abundances are made.

Thc major element abundances of matrix group into clusters that cor-
respond to the CC types (McSween & Richardson 1977). The CIs show
considerable compositional variations among the various clasts that com-
prise what are probably polymict regolith breccias. CV and CO matrices
contain lower amounts of Mg, Al, Ca, Ti, and S than do CIs and CMs,
presumably because these elements have not been as extensively mobilized
into matrix from chondrulcs, inclusions, and sulfides. Even though
McSween & Richardson found that the differences in matrix chemistry
among the various CC types is significant, they concluded that, in general,
the chemical variations are rclatively small.

4.2 Organic Chemistry

The CC matrix is host to a large variety of organic mattcr—partly soluble
material but mainly insoluble macromolecular carbon. A fascinating
aspect of such compounds is that some may be precursors of life, there-
by giving their study extra significance. Murchison is the most thor-
oughly studied meteorite for its organic chemistry, but Orgueil, Ivuna,
Murray, Renazzo, Cold Bokkeveld, and Allende have also received
attention.

Although discrete organic compounds in CCs occur in amounts less
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than 1 wt%, they are widespread and sufficiently abundant to be analyzed
in detail by current techniques. They are most concentrated in those
meteorites and in those portions of the meteorites that experienced the
most intense aqueous alteration (Cronin et al 1988, Bunch & Chang 1980).
Thesc arc the CM and CI matrices, in which 70 wt% of thc carbon occurs
in extremely fine-grained (< 50 nm) acid-insoluble macromolecular matter
containing H, N, O, S, and perhaps halogens (Chang & Bunch 1986), and
30% is in organic compounds that are soluble in nonpolar organic solvents
like CCl, or polar solvents like CH,OH and water (Hayes 1967). However,
the polar solvents used for the extractions do not clearly separate organic
compounds from inorganic salts, leading to an overestimate of the soluble
fraction; thus, the actual insoluble to soluble ratiois probably greater than
7:3 (J. Cronin 1992, personal communication).

Significantly smaller amounts of carbonaceous matter occur in COs and
CVs; much of the carbon in the Allende CV3 occurs in its elemental form
as poorly ordered, turbostratic graphite (Lumpkin 1981, Smith & Buseck
1981). Smith & Buseck (1981) showed a TEM image (Figure 2) of carbon

Figure 2 HRTEM image of round layered carbon, found in an acid-residue from Allende
(Smith & Buseck 1981).
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that resembles a hypothesized cross-section of the layered fullerenes that
were recently proposed by Kroto et al (1985).

The macromolecular matter consists of both amorphous and poorly
crystalline components including condensed aromatic, heteroaromatic,
and hydroaromatic ring systems, cross-linked by short methylene chains,
ethers, sulfidcs, and biphenyl groups (Hayatsu et al 1977, 1980; Cronin &
Pizzarello 1986; Zenobi et al 1989; de Vries et al 1991). The soluble
compounds include amino acids (Cronin et al 1988); aliphatic hydro-
carbons (Cronin & Pizzarello 1990); aromatic hydrocarbons (Basile et al
1984); various carboxylic acids (Lawless et al 1974, Peltzer & Bada 1978,
Yuen et al 1984); nitrogen heterocycles, amines, and amides (Hayatsu et
al 1975, Jungclaus et al 1979); and alcohols and carbonyl compounds
(Jungclaus et al 1976, Cronin et al 1988). Most data regardingthe organic
fraction of CCs have been obtained by analyses of bulk samples and are
well reviewed by Cronin et al (1988) and Cronin & Chang (1992); a brief
summary is given by Chang & Bunch (1986).

It would be desirable to know the exact location of the various organic
compounds within different parts of the matrix. However, in situ studies
of carbon and organic compounds are almost nonexistent—the result of
the extreme challenge of analyzing the light elements in small sample
regions. Two methods are currently available for such in situ analyses at
high spatial resolution: (a) electron microscopy and (b) laser desorption
combined with an analytical method such as mass spectrometry.

There is evidence from transmission electron microscopy that graphitic
layers coat some mineral grains in Allende (Green et al 1971). However,
currently the best hope for understanding in situ occurrences of organic
materials in CCs are studies done by two-step, laser-desorption, mass
spectrometry (L*MS) (Hahn et al 1988, Zenobi et al 1989). This technique
uses a CO, laser to volatilize neutral molecules intact from surfaces. After
a 20-us delay, a second laser (Nd:Y AG) using the principle of resonance-
enhanced multiphoton ionization (REMPI) selectively ionizes polycyclic
aromatic hydrocarbons (PAHs) from among the vaporized desorbed species.
These ions are passed into a time-of-flight mass spectrometer, which re-
cords species with masses up to ~ 1500 amu. The desorbing laser can be
focused to a spot ~40 pm in diameter, and the position of this spot can
be monitored with an optical microscope with attached video camera.
There is thus the possibility of selectively analyzing PAHs from specific
places on the surface of a meteorite and correlating the results with minera-
logical and textural observations, in effect giving rise to a microprobe for
organic molecules. By using lasers having different wavelengths (or tunable
lasers), it should be possible to analyze different types of organic species,
especially if they are relatively volatile and ionizable.
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L’MS studies indicate that a wide range of PAHs with extensively
alkylated rings are heterogeneously distributed within the matrix of
Allende. Major species include naphthalene, phenanthrene/anthracene,
and their alkyl-substituted derivative, as well as a large range of heavier
PAHs (Zenobi et al 1989). Specific correlations of particular organic species
and inorganic minerals or structural features within the meteorites remain
for the future.

Interstellar clouds, the solar nebula, and parent bodies within the solar
system have each been proposed as locations where meteoritic organic
matter formed (Miller 1955, Studier et al 1968, Khare & Sagan 1973,
Hayatsu & Anders 1981, Greenberg 1984, Peltzer et al 1984). Based on
the intriguing excess of deuterium in insoluble acid residues of meteorites,
a relationship was suggested between meteoritic and interstellar organic
matter (Kolodny et al 1980, Becker & Epstein 1982, Robert & Epstein
1982, Yang & Epstein 1983, Yuen et al 1984, Epstein et al 1987, Kerridge
et al 1987). Some noble gases that have anomalous isotopic compositions
are enriched in the acid-insoluble residues—an observation that also sup-
ports an interstellar origin (Anders 1981, Lewis & Anders 1981, Tang et
al 1988). Shock & Schulte (1990) provide evidence that extraterrestrial
amino acids and phyllosilicates formed in the same aqueous alteration
events, presumably on the parent bodies of meteorites, as discussed in
Sections 5 and 6. It seems clear that the formation of organic materials in
the meteorites involved a combination of bothinterstell ar and solar system
abiogenic processes and environments.

6D and 6'C values correlate with molecular species (Krishnamurthy et
al 1991), whereas the macromolecular carbon is lighter and lies off the
correlation line. The enrichment in deuterium implies an interstellar syn-
thesis and suggests that at the radial distance of the asteroids (2-4 AU),
in the approximate region where the primitive meteorites occur, the
environment was not too harsh to preclude the survival of preexisting C-C
and C-H bonded material. This material, which presumably predated the
solar system, was then modified by the aqueous alteration that is so
prominent in the CM and CI chondrites, consistent with the correlation
of organic matter with extent of aqueous alteration (Cronin & Chang
1992).

4.3 Isotope Chemistry

During solar system for mation and subsequent evolution, several processes
took place that were recorded by the isotopic compositions of meteoritic
material. As summarized by Clayton (1986), processes occurring at T < 50 K
in a pre-solar molecular cloud caused isotopic variations of H, C, and N;
evaporation caused by transient heating in the nebula and subsequent
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recondensation led to large isotopic fractionation effects in Mg and Si
and smaller effects in Ca and Ti; oxygen underwent large-scale isotopic
exchange between solid and gaseous reservoirs. Continuous isotopic ex-
change of oxygen occurred within planetary bodies during melting and
igneous differentiation, thermal metamorphism, and aqueous alteration.
We focus on the isotopes of O, H, C, and N in the following section
because they seem most likely to have recorded changes that occurred in
the matrix. Isotopic data for organic species were discussed in Section 4.2.

Many isotopic measurements of CCs exist. Some are of particular frac-
tions (e.g. magnetic, nonmagnetic, carbonates, acid-insoluble residues)
while others are of unseparated pieces, producing “whole-rock” values.
Certain measurements occur over a range of temperatures—the result of
step-heating experiments. This potpourri of data is difficult to compare
and summarize because the values are from different fractions or they were
obtained under varied conditions. (For reviews of the implications of
isotopic measurements in meteoritcs see Begemann 1980, Anders 1987,
Clayton 1986, Grady et al 1988). Our Table 2 and Figure 3 indicate the
ranges in 6"%0, 6"°C, 6"°N, and 6D values by CC type. For details, we refer
the reader to the references listed in the table. It is evident that the isotopic
results are widely scattered and, not surprisingly, for a given CC type they
are dispersed in proportion to the number of meteorites studied. It is
difficult to be confident about trends from such a mixed set of measure-
ments, but certain patterns can be discerned. In general, 'O, "0, '*N, and
BC show the greatest enrichments among the meteorites that have most
clearly been exposed to hydrous, low-temperature environments.

The whole-rock 4'*O measurements show the only clear trend. They
indicate a progressive increase through the series CO, CV, CR, CM, and
CI. The 6'®0 trend for the carbonates, on the other hand, is weaker and
somewhat different, going from CV, CO/CI, CM, and at the high end,
CR. For the 8"°C whole-rock measurements, the corresponding trend is
CO/CV, CI/CM, and CR. For the §'°N whole-rock measurements, the
trend is similar to that for 6"*C: CO/CV, CI, CR, and CM; the last two
types are interchanged. Finally, for the §D whole-rock measurements, the
trend is CI/CV, CM, and CR. CM and CI values are interchanged for the
acid-insoluble residues.

The isotope compositions can be used to provide information regarding
the sources and subsequent events involved in the formation of CC
matrices. Although the basis of their interpretation has been challenged
by Thiemens (1988), Clayton & Mayeda (1984) proposed a widely accepted
model of two oxygen reservoirs and two episodes of fluid-solid interaction
for the origin of CMs. The reservoirs initially had different oxygen-isotope
abundances, with the solid-phasc reservoir enriched in 'O, while the gas-
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Group  Meteorite Fraction (%) Refs (%) Refs (%o) Refs (%o) Refs
CI  Alais whole rock *15.85/16.84 [3] 1 —6.6/—15.6 [1] 2,3 31/52(3] 4 44/223 [3] 4,5
Ivuna carbonate 11.9/30.55 [3] 6 23.3/70.2 [3] 6,7
Orgueil non-magnetic 17.82[1} 1
magnetic 17.35/19.26 [1] 1
HF-HCl residues —23.6/3.7[1] 15 —19.411] 3 271(1] 3 950/1150 [1] 3
CM 26 meteorites bulk matrix 10.90/12.61 3] 1 —0.4/—22.0 [15) 4 13/47¢[11] 4 —176/990 [15] 4
analyzed carbonate 19.2/35.3 [26] 6 1.9/80.7 {26] 6
HF-HCl residues —130/—-14.6 3] 3 18/29(3) 3 650/830 (3] 3
CR Al-Rais whole rock 1.5/6.8 [4] 13 —9.9/-11.8[2] 4,8 140/190[2] 4,3 520/1014 [2] 59
Renazzo carbonate 23.1/33.8 [3] 6 54.3/65.4 3] 6
Y 790112 HF-HCl residues -210(1] 3 150/1756(3] 3,14 2500 [t] 3
CV 7 meteorites bulk matrix 2.10/3.72 [1] 10, 11 —12.8/-21.6 7] 4 —43/24(7] 4,12 —77/440 [7] 4
analyzed carbonate 12.3/189 [1] 6 —6.3/—741] 6
CO 5 meteorites whole rock —2.3/0(4] 13 —14.2/—19.3[5} 4 —30/13(5] 4 —147/2150[5] 4
analyzed carbonate 17.5/25.0 [3] 6 —16.9/5.2 {3] 6

*The slash signifies a range; e.g. 15.85/16.84 indicates the smallest and largest values.
1 The 335 value for §'°N in Bells is far higher than any other CM meteorite and has not been included in the table.
[#] indicates the number of measured meteorites to which this range applies; in several cases multiple measurements were made.

References:

1. Clayton & Mayeda (1984); 2. Boato (1954); 3. Robert & Epstein (1982); 4. Kerridge (1985); 5. Yang & Epstein (1983); 6. Grady et al (1988); 7. Smith & Kaplan
(1970); 8. Grady et al (1983);9. McNaughton et al (1982); 10. Clayton et al (1976); 11. Clayton et al (1983); 12. Kung & Clayton (1978); 13. Clayton & Mayeda (1989);

14. Grady et al (1991); 15. Halbout et al (1986).
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Figure 3 Summary of 6'%0, §"°C, 6'°N, and 6D data for measurements on the whole rock
or matrix, carbonates, and acid-insoluble residues of CCs. Solid line: data for whole rock or
matrix; dashed line or the single dots: data for HF-HCI residues; dashed and dotted line:
data for carbonates. The values are from Table 2.

phase reservoir, consisting principally of H,O and CO, was depleted in '°O.
The two episodes were: 1. an incomplete exchange at high temperatures
between solid (or melt) and gas to yield the oxygen isotope compositions
.of anhydrous silicates, and 2. alteration, much of which occurred at 20°C
or less and that required at least 44% by volume of water to make the
phyllosilicates and carbonates. In contrast, the CIs are more strongly
depleted in '*O than CMs, which suggests the alteration occurred in a
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warmer, wetter environment, with temperatures ranging from 100 to
150°C. The CO and CV chondrites are relatively unaltered and therefore
required only the high-temperature step.

Many assignments of Antarctic meteorites to specific groups based on
oxygen isotope compositions differ from similar assignments based on
mineralogy. These differences suggest an ambiguity in the distinction
between CI and CM chondrites and a possible continuum of chemical,
mineralogical, and isotopic features (Mayeda et al 1987). For example,
Belgica—7904 is classified as a CM meteorite based on its mineralogy, but
it islikely to be a CI meteorite accordingtoits oxy gen isotope composition;
Yamato—82042 is just the reverse.

Unusually high D/H and “N/"N ratios were found by Epstein et al
(1987) in the amino acids and monocarboxylic acids extracted from the
matrix of Murchison (6D = 1370%o, 6'°N = 90%o). These values provide
evidence for a relationship between the organic matter in CC matrix and
interstellar clouds. As shown by Robert & Epstein (1982), D is extremely
high (up to 3500%) in acid residues. The D/H ratios of gases released on
step heating vary with temperature above 400°C, which indicates that
different hydrogen hosts in the acid residues have different isotopic com-
positions.

The meteoritic carbonates in CI, CM, and CR matrices are enriched in
BC, with 6"C ranging from 40 to 50%. for CMs, 50 to 80%. for CIs, and
most values below 60%o for CRs (Grady et al 1988). Carbonates are rare
or absent in CV and CO meteorites. The carbonates in matrix are more
BC-enriched than those derived from alteration of high-temperature
inclusions, presumably because the '*C-rich fluid could more easily per-
colate through the porous and fine-grained matrix than through the more
indurated CAls (Grady et al 1988).

Stepped combustion gives unusual isotopic results for C in the high-
temperature fraction (above 650°C) of acid residues. These refractory
carbonaceous materials have a 6"°C value of at least +1500%o (Swart et
al 1983, Yang & Epstein 1984), and in situ ion probe measurements show
values as high as +7000%o (Niederer et al 1985, Zinner et al 1986). These
high values are presumably derived from refractory interstellar materials
such as SiC and perhaps other carbides. The tiny diamond (2-10 nm) and
larger SiC (0.1-1.0 um) grains were found in acid residues from primitive
meteorites (CCs, types 1 to 3 ordinary chondrites, and type 4 enstatite
chondrites) (Huss et al 1981; Bernatowicz et al 1987; Tielens et al 1987;
Tang & Anders 1988a,b; Huss 1990). Significantly, diamond and SiC as
well as some amorphous carbon also show associated Neand Xe anomalies
and enrichment of heavy N, all of which point to an interstellar origin
(Tanget al 1988, Anders et al 1988).
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5. CCTYPE VSMATRIX MINERALOGY
5.1 Matrix in Cls

The ClIs have the largest fraction of matrix among all known meteorites;
they consist almost entirely of matrix, containing neither chondrules nor
aggregates of anhydrous minerals. The rarity of CI meteorites may arise
from the abundance of extremely fine-grained minerals, which leads to
fragility and susceptibility to alteration. As a result, there have been rela-
tively few detailed studies of their matrix mineralogy, although thorough
studies exist for Orgueil, Ivuna, Alais, and Yamato-82162 (see Table 3 for
references); the most carefully studied CI meteorite is Orgueil, which fell
in 1864 in France.

Minerals occurring in Cls are summarized in Table 3. Phyllosilicates
are major phases, but most are poorly crystalline and occur as extremely
small crystals (see Table 4). Thus their identities are controversial. Using
different techniques, a variety of conclusions have been reached, some of
which conflict. For example, major phyllosilicates reportedly are ser-
pentine and montmorillonite (Bass 1971—x-ray powder diffraction,
Mackinnon 1985—analytical electron microscopy), smectite (Caillere &
Rautureau 1974—electron diffraction, Fanale & Cannon 1974—adsorp-
tion measurements), Fe-rich chlorite or serpentine (Bostrom & Fred-
riksson 1966, Kerridge 1976—microprobe analyses), and chamosite (Zai-
kowski 1979—infrared spectroscopy).

A review of the papers describing matrix and alteration features in
Orgueil is given by Tomeoka & Buseck (1988), who also did a HRTEM
study of the matrix phases in an attempt to resolve questions regarding
the matrix phyllosilicates and Fe-bearing phases. They found the major
minerals to be Fe-bearing serpentine, saponite (a variety of trioctahedral
smectite) (Figures 4 and 5), and ferrihydrite—a poorly crystallized S- and
Ni-bearing ferric hydroxide of somewhat variable composition, together
with lesser amounts of magnetite and sulfides (Figure 6). The serpentine
and saponite occur in roughly equal molar proportions, are coherently
intergrown, and occur in intimate association with the ferrihydrite, sug-
gesting a related origin.

Ferrihydrite is dispersed in particles <8 nm in diameter; it contains
~60% of the Fe in matrix, which causes the superparamagnetic character
of CIs (Wdowiak & Agresti 1984, Madsen et al 1986). Most remaining Fe
is in the saponite, which accounts for 40% of the matrix Fe in CIs
(Tomeoka & Buseck 1988).

The ferrihydrite is extremely fine grained, and it is probable that the
high surface area acted as a “getter” for volatiles and minor elements,
thereby contributing to its somewhat variable compositional and structural



Table 3 Matrix mineralogy of CCs

CC type Major phases

cv olivine
pyroxene

co olivine

(] phyllosilicate
tochilinite

a phyllosilicate

cR olivine
pyroxene

magnetite, Fe-Ni sulfides,
enstatite, diopside, fassaite,
andradite, chromite, spinel,
anorthite, sodalite

Ca-rich & Ca-poor
clinopyroxene, kamacite,
taenite, magnetite, maghemite,
ferrihydrite, ferroxhyte

olivine, pyroxene, pentlandite,
pyrrhotite, magnetite, calcite,
aragonite, dolomite spinel,
brucite, iron-hydroxide, alkali-
halides (NaCl, KCl),
carbonaceous matter

magnetite, olivine, pyroxene,
ferrihydrite, pentlandite,
pyrthotite, troilite, cubanite,
dolomite, ankerite, aragonite,
vaterite, ferroan magnesite,
gypsum, hexahydrite, blodite,
epsomite, carbonaceous matter

plagioclase, metal, sulfides

* Minerals occur in CAls. We include them here for comparison.

Phyllosilicates
montmorillonite*,
saponite,
Na-phlogopite*,
margarite*, clintonite*

serpentine

cronstedtite, greenalite,
antigorite,
chrysotile

serpentine,
montmorillonite,
smectite, chlorite,
chamosite, saponite

saponite, serpentine

Allende, Kaba, Mokoia,
Vigarano.

Lancé, Omans,
ALHA77307, Kainsaz,
Warrenton, Isna;
inclusions in Murchison,
Isna.

Murchison, Cold
Bokkeveld, Nawapali,
Cochabamba, Mighei,
Murray, Yamato 82042,
Yamato 86720,
ALHB84034,Nogoya;
xenoliths in Jodzie

Orgueil, Ivuna,
Alais, Yamato-82162

Renazzo, EET87770, 49

1to 8

References

5,10, 11

25, 28to 51

3,9,121026
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character. The ferrihydrite adsorbed much S and Ni onto its surfaces,
which helps explain the high content of S in CI matrix (Bostrom & Fred-
riksson 1966) and the correlation of S and Ni (Kerridge 1977, McSween
& Richardson 1977). It has an approximate formula of 5Fe,O;+9H,0
(Chukhrov et al 1973).

Relatively minor phases include magnetite and vein fillings of Mg and
Ca sulfates (mainly epsomite and gypsum), together with dolomite, breun-
nerite, and magnesite as the carbonate phases (DuFresne & Anders 1962,
Bostrom & Fredriksson 1966, Richardson 1978). Magnetite in Cls displays
a variety of morphologies; it occurs in framboids, spherulites, plaquettes,
and a variety of miscellaneous shapes (Jedwab 1971, Kerridge et al 1979,
Tomeoka et al 1989). Isolated carbonates and sulfates provide strong
evidence of aqueous alteration on the parent bodies (Bostrom &
Fredriksson 1966, Nagy 1975, Fredriksson & Kerridge 1988).

5.2 Matrixin CMs

CMs contain between 57 and 85 vol% matrix (McSween 1979a), with the
remainder consisting of chondrules, CAls, and isolated mineral fragments.
CM matrix is a complex assemblage consisting mainly of phyllosilicates
and PCP (see definition below), with lesser amounts o fcarbonates, sulfides,
oxides, hydroxides, silicates, alkali halides, and organic matter (Table 3).
The most detailed observations on CM matrix are of Murchison, but Cold
Bokkeveld, Nawapali, Cochabamba, Mighei, Murray, Yamato—82042,
Yamato-86720, Nogoya, ALH-84034, and CM-like xenoliths in Jodzie
have also received careful attcntion (see Table 3 for references).

Products of aqueous alteration (Table 4) are ubiquitous in CMs and in

References:

1. Tomeoka & Buseck (1982a); 2. Cohen et al (1983); 3. Tomeoka & Buseck (1985); 4.
Tomeoka & Buseck (1990); S. Keller & Buseck (1990a,b); 6. Zolensky ct al (1989); 7. Keller
& Buseck (1991); 8. Zolensky & McSween (1988); 9. Liorca & Brearley (1992); 10. McSween
(1977); 11. Wood (1967); 12. Johnson & Prinz (1991); 13. Barber (1977); 14. Barber (1981);
15. Barber et al (1983); 16. Mckee & Moore (1979); 17. Mackinnon & Buseck (1979); 18.
Akai (1980); 19. Mackinnon (1980); 20. Mackinnon (1982); 21. Bunch & Chang (1980); 22.
Fuchs et al (1973); 23. Ramdohr (1973); 24. Tomeoka & Buseck (1983a,b); 25. McSween &
Richardson (1977); 26. Bunch ct al (1979); 27. Mackinnon & Zolensky (1984); 28. Bass
(1971); 29. Caillére & Rautureau (1974); 30. Fanale & Cannon (1974); 31. Bostrom &
Fredricksson (1966); 32. Kerridge (1976); 33. Zaikowski (1979); 34. Mackinnon (1985); 35.
Tomeoka & Buseck (1988); 36. Tomeoka (1990); 37. Chukhrov et al (1973); 38. Herr &
Skerra (1969); 39. Wdowiak & Agresti (1984); 40. Madsen et al (1986); 41. Nagy (1975); 42.
Fredriksson et al (1980); 43. Richardson (1978); 44. Fredriksson & Kerridge (1988); 45.
Jedwab (1971); 46. Tomeoka ct al (1989); 47. Kerridge et al (1979); 48. Lewis & Anders
(1975); 49. Zolensky (1991); 50. Kerridge (1977); S Brearley (1992).



Table 4 Secondary minerals in CC matrix

Basal

spacing CC Meteorites M/
Group name Mineral name (nm) type represented Morphology Si+Al References
oPhyllosilicate
Serpentine ferroan serpentine (Mg,Fe);Si,O(OH), 0.7-0.73 CO Lance platy, ribbon- 1.5 1
CR Renazzo like tubes, 8
cronstedtite (Fe*2,Fe*?),(Si,Fe**)O5(OH), 0.7-0.73 CM Cochabamba fibers, flat & 15 2,3,4,11, 17
greenalite (Fe*?,Fe*?),;Si,0,(OH), 0.7-0.73 CM Cold Bokkeveld corrugated 1-1.5 4,11
ferroan antigorite (Mg,Fe,Mn);(Si,Al)Os(OH),  0.7-0.73 CM Murchison sheets, cones 15 4,11,18
CI Orgueil 6
chrysotile Mg,Si,O5(OH), 0.7-0.73 CM tubes, fibers, flat 1.5 4,5
& corrugated
Smectite montmoritlonite 1.0-14 (A% Allende sheets 0.83 8
(Na,Ca)q;(Al,Mg),Si,0,,(OH),n(H,0) CI 13, 14
saponite 1.0-1.5 Ccv Allende, Mokoia 0.83 1,9to 12
(Cags5,Na), (Mg, Fe*?),(Si,Al),0,,(OH),4H,0 CI 6, 15
sobotkite CR Renazzo 7
(Cayg 5,K)o3(Mg;,Al)(Si;,Al)O,4(OH),5H 0 (6\% 0.83 16
Mica* Na-phlogopite 1.0 Ccv Mokoia sheets ] 12
(Na,K)(Mg,AlFe),(Si,Al),0,,(OH),
margarite Ca(Mgy ,,Al, ;)(Si;3,Al; ;)O10(OH), 20 Ccv Allende 0.73 19
clintonite Ca(Mg2 5,Al3)(Si) 6,A1,4)010(OH), 1.9 (&A% Allende 0.95 19
Chlorite chamosite (Fe *2,Mg,Fe*?);Al(Si;,A1)O,4(OH); 1.4 CI sheets 1.5 15,20
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eTochilinite

sHydroxide

oCarbonate

oSulfate

tochilinite ~Fe,;;Niy,SO, 4* Mg(OH),? 1.07-
1.13,
0.54
haapalaite 4(Fe,Ni)S 3(Mg,Fe*2)(OH),

brucite Mg(OH), 0.5
ferrihydrite SFe,03 9H,0

calcite & aragonite (CaCOs)
dolomite Ca(Mg,Fe*?,Mn)(CO;),
ankerite Ca(Fe*?,Mg,Mn)(CO;)2
vaterite CaCO,

ferroan magnesite (Mg,Fe*?)CO,
epsomite MgSO, 7H,0
hexahydrite MgSO, 6H,0
gypsum CaSO, 2H,0

blodite Na,Mg(SO,), 4H,0

CM Murchison

CM

CM
CM
CI

CM.CI  Orgueil
CM,CI

CI

CI

CI

CI

massive, tubes

fibers, flat &
corrugated sheets
sheets & filled
tubes

4,5,11, 17,
21to0 30

33

5,26,28,
30,37
1,20, 23, 31,
32, 34to 36
20, 38 to 40
33
33
33
33
33
33
33
33

*The micas may be primary; see text.
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amounts far greater than those in CVs and COs. Relative to CIs, CMs
lack saponite and ferrihydrite; instead, Fe-rich layer silicates such as cron-
stedtite, ferroan antigorite, and greenalite are the dominant fine-grained
phases (Tomeoka & Buseck 1985a). TEM observations show a wide variety
of morphologies (Figure 7).

Fuchs et al (1973), as a result of a careful examination of CM matrices,
introduced two terms: “PCP*” and “‘spinach.” Both have been widely used.
“Spinach,” a semi-transparent, green, hydrated silicate within chondrules
and commonly associated with anhydrous silicates in CMs, is an inter-
growth of Fe-rich serpentines (Bunch & Chang 1980, Tomeoka & Buseck
1985a). If it occurs in matrix at all, it does so as a minor component. The
situation for PCP, which is the second most abundant material in CM
matrix, is more complex.

Identification of the mineral constituents of PCP has a complicated
history. It was originally defined by Fuchs et al (1973) as Poorly Charac-
terized Phase because its character could not be determined by the then
standard methods of mineralogy. Bunch et al (1979) and Bunch & Chang
(1980) identified three forms of PCP and suggested that it consists of an
Fe-rich serpentine and an Fe-Ni-S-C-rich phase. A series of TEM studies
sheds considerable light on its constituent minerals as well as on its origin
and development (Mackinnon & Buseck 1979; Mackinnon 1980, 1982;
Tomeoka & Buseck 1983a,b,c; Tomeoka & Buseck 1985a). As a result
of those studies, Tomeoka & Buseck (1985a) redefined PCP as Partly
Characterized Phases.

The mineralogical character of PCP was problematical both because of
its fine-grained nature and its unusual mineralogy. It now seems widely
accepted that it consists of an intimate intergrowth of cronstedtite and
tochilinite (see Table 4 for their compositions), both of which are rare
terrestrially. Tochilinite, a composite mineral consisting of alternating
layers of mackinawite-like sulfide and brucite (Organova et al 1971), was
recognized as the identity of a PCP constituent by Mackinnon & Zolensky
(1984). Prior to that time, Mackinnon & Buseck (1979) had used trans-
mission electron microscopy to identify alternating layers in PCP from the
Murchison CM meteorite; the layers have spacings (~7 and 5 A) that they
thought belonged to serpentine- and brucite-type minerals (Figure 8 A4).
Tomeoka & Buseck (1983a,b,c) provided more detail regarding the struc-

Figure 4 Serpentine (Sr, 7-A layers)—saponite (Sp, 10-A to 11-A layers) intergrowths. (a)
TEM image showing coherent but disordered intergrowths of the two silicates. (b) Selected-
area electron-diffraction pattern showing diffuse streaks along [001], with intensity maxima
corresponding to ~7 A (Sr) and ~ 12 A (Sp) spacings. [From Orgueil CI (Tomcoka &
Buseck 1988).]
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Figure 5 The ideal Mg-Fe composition lines for serpentine and smectite solid solutions.
The shaded triangle is enlarged at the right. Line BC represents Fe/(Mg+ Fe) = 15 atomic%,
D represents the average matrix composition, and A shows the average composition of the
matrix phyllosilicates in Orgueil. [From Orgueil CI (Tomeoka & Buseck 1988).]

tures and intergrowths of the two layer types; they also recognized the
importance of sulfur in one set of layers. Barber et al (1983) found that
PCP has an Fe/S atomic ratio of 1.4 and O/S ratio of 1.3.

A striking characteristic of the tochilinite in PCP is the wide variety of
complex and beautiful forms it assumes (Figures 8 4—F). Its undulatory
character and its curved or even circular lattice fringes result from the
misfit between the sulfide and hydroxide layers (Tomeoka & Buseck 1983b,
Mackinnon & Zolensky 1984).

The origin and development of PCP was studied by Tomeoka & Buseck
(1985a), who observed two major types. Type I occurs in chondrules
and aggregates and consists largely of an Fe-Ni-S-O phase, presumably
tochilinite; type II, in platelet and acicular fiber shapes, occurs in matrix
and consists of tochilinite and cronstedtite. Microprobe analyses show
variable S and Si contents, trace Cr and P, and low summations. It forms
in cylindrical, corrugated, wavy, and ribbon structures in both ordered
and disordered intergrowths. Most common is the ordered sequence with
a ~17.8-A spacing (Tomeoka & Buseck 1985a), with 5.4- , 5.4-, and 7.0-

.
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Figure 6 TEM image of ferrihydrite and adjacent phyllosilicates. Large ferrihydrite aggre-
gates (arrows) occur together with fine phyllosilicates (left), whereas the coarse phyllosilicates
(right) appear free of ferrihydrite. [From Orgueil CI (Tomeoka & Buseck 1988).]

A spacings, which resembles the SBB sequence of Mackinnon & Buseck
(1979; Figure 8 4). We believe that further work on tochilinite is warranted.

Olsen et al (1988) described several xenoliths (inclusions having charac-
teristics and perhaps sources that differ from their hosts) from the Mur-
chison CM meteorite. These xenoliths have the mineralogical charac-
teristics of other CC types. For example, their xenolith M X1 has alteration
minerals (prominent among which is berthierine, a 1:1 Fe-rich layer silicate
that is a member of the serpentine-kaolinite group) that bear a close
resemblance to those of Lancé (Keller & Buseck 1990a), a CO3 meteorite.

5.3 Matrixin CVs

CV meteorites contain abundant chondrules, fragments of olivine and
pyroxene, and refractory inclusions. Consequently they contain less matrix
than CIs or CMs (35-50 vol%) (McSween 1979a). Typical matrix minerals
such as phyllosilicates occur in at least small amounts in most CVs, and
they provide important insights into alteration histories. In Allende most
phyllosilicates occur in the Ca-, Al-rich inclusions (CAls) and in some
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Figure 7 Varied morphologies of Fe-rich serpentines in CMs. (a) Spherulites and sectored
crystals on platelike nuclei (arrow); Nawapali. (b) Tubular chrysotile fibers showing a central
void (arrow); Cochabamba. (¢) Platy crystals separated by “spongy” material containing
small chrysotile-like fibers; Nawapali. (d) Boundary between massive partly-spherulitic
material (left) and “spongy” material containing small tubular fibers (right); Nawapali.
(From Barber 1981.)

chondrules, but in the vast majority of CVs the phyllosilicates also occur
in the matrix (Tomeoka & Buseck 1982a, Cohen et al 1983, Fegley & Post
1985, Tomeoka & Buseck 1986, Hashimoto & Grossman 1987, Keller &
Thomas 1991). Published observations on CV matrix are from Allende,
Bali, Grosnaja, Kaba, Mokoia, and Vigarano (see Table 3 for references).
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(A)
Figure 8 The varied appearances of tochilinite and its intergrowths in PCP, as viewed by
transmission electron microscopy. As discussed in the text, prior to its recognition as tochi-
linite, this component in PCP was variously called SBB, FESON, or by its major elements.
These terms and labels appear in some of the following figures.

(A) Ten ordered “SBB” units occur between the arrows. The white rectangle is enlarged
in the inset. See text for explanation. [From Murchison CM (Mackinnon & Buseck 1979b).]

(B) Presumed tochilinite tube, viewed end-on. (i) The concentric layers and cylindrical
structure are evident; (ii) enlargement of the framed area in (i), with the black arrows
indicating areas where layers are bent (cf ‘“Povlen” chrysotile). [From Murchison (Tomeoka
& Buseck 1985a).]

(C) Image showing undulations in the structure and a reversal in the direction of the
curvature. Scale bar = 300 A. [From Murray (Tomeoka & Buseck 1983b).]

(D) (@) Set of tubes viewed end-on. (#), (¢) Enlargements of the tubes indicated in (a); they
consist of alternating intergrowths of 5.4- and 7-A layers. The centers consist of 7-A layers.
[From Murchison (Tomeoka & Buseck 1983a).]

(E) Terminations and discontinuities (arrows) of the layersin a PCP spherulein an olivine
chondrule. [From Mighei (Tomeoka & Buseck 1983b).]

(F) 500-kV image of undulations, 7.7-A transverse spacings (arrows), and the cor-
responding electron-diffraction pattern. [From Murchison (Barber et al 1983).]



282 BUSECK & HUA




CARBONACEOUS CHONDRITE MATRICES 283




284 BUSECK & HUA

Mokoia CV matrix has been the topic of a recent study by Tomeoka &
Buseck (1990). The main matrix phase is olivine, which is characterized
by a wide compositional range (Peck 1983, Tomeoka & Buseck 1990) and
so indicates a lack of internal equilibration and consequent homogen-
ization. Additional matrix phases include magnetite, FeNi sulfides, py-
roxenes (enstatite, diopside, and fassaite), andradite, and chromite
together with lesser spinel, anorthite, and sodalite.

Phyllosilicates are interspersed among these minerals, although they
appear to be mainly associated with the olivine. The major phyllosilicate
is saponite, similar to that in Orgueil. In places the Mokoia smectite is
associated with ferrihydrite, as it also is in Orgueil. However, becausc in
Mokoia the alteration is far less advanced, and so olivine is still present,
there is direct observational evidence that the saponite developed from the
olivine (Figure 9). It grew along crystal edges as well as interiors, especially
along planar defects (Figure 10). Since the metal/Si ratio of olivine (2.0)
is appreciably closer to that of serpentine (1.5) than to saponite (0.83,
Table 4), it is surprising that saponite is the alteration phase. Tomeoka &
Buseck (1990) proposed that the planar features may represent Fe-rich
precipitates that segregated from olivine, making the original olivine
cation-deficient near these precipitates and thereby promoting saponite
development.

The phyllosilicate described in the previous paragraph had been called
“LAP” (for Low-Al Phyllosilicate; Cohen et al 1983. Cohen also described
“HAP> (High-Al Phyllosilicate) in CAls (Table 5). Tomeoka & Buseck
(1990) identified it as an intimate intergrowth of serpentine and Na-rich
phlogopite and found it in chondrule interstices and mesostasis glass.
Although the serpentine-phlogopite intergrowths are not concentrated in
matrix, their occurrence raises the possibility that thcy might be an carly
stage of matrix formation since they could well be precursors to the
components that ultimately comprise much matrix.

Kaba, another CV3 CC, also contains phyllosilicates, although in rela-
tively low abundancc (McSween & Richardson 1977, Pcck 1984). However,
they occur in matrix, CAls, and altered chondrules (Keller & Buseck
1990b). The phyllosilicates in Kaba matrix occur in coarse- and fine-
grained clusters, in isolated packets between olivine grains, and as lamellar
replacements of olivine. Only the clusters are large enough for energy-
dispersive spectrometry (EDS) analysis; they have the composition of
saponite, similar to thatin Mokoia, Orgueil, and Yamato—-82162 (Zolensky
& McSween 1988, Tomeoka et al 1989).

Based on fringe spacings and analytical electron microscopy (AEM)
analyses, Keller & Buseck (1990b) assumed that Fe-bearing saponite is the
widespread, albeit minor, phyllosilicate that occurs throughout Kaba.
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Figure 9 Saponitc replacing olivine. (Top) The saponite (Sap) layers devcloped adjacent to
the olivine (Ol), close to a large grain of magnetite (mag). (Bottom) Saponite layers intruding
and presumably replacing the interior of an olivine crystal. [From Mokoia (Tomeoka &
Buseck 1990).]
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Figure 10 Planar zones of various thicknesses within olivine. (Lef7) From right to left the
planes correspond to widths equaling 1; 2, and 9 unit cells along the a crystallographic
dimension of olivine. (Right) Saponite (Sap) with its (001) planes parallel to olivine (Ol)
(100). The arrow indicates Moir¢ fringes, presumably arising from overlapping saponite and
olivine crystals. [From Mokoia (Tomeoka & Buseck 1990).]

They concluded that it formed on the parent body, consistent with the
general calculations of Prinn & Fegley (1989). The saponite developed
from both olivine and enstatite, but it seems to have preferentially attacked
the pyroxene in chondrules. The minor amounts of Na, Al, and Si that
were needed for the reaction were presumably derived from the mesostasis
glass:

31\:/15 SiO3+0.5Nillﬁ\sslSiO4+(n+ 1)H,0

nsTatite

= (Na,, s)Mgs(Ssiasﬁ‘géelols)o10(OH)2 -nH,0.

As shown by Keller & Buseck (1990b, and Figure 11), the development
of saponite from enstatite requires relatively little structural rearrange-
ment, and the diffusion required to introduce the necessary elements was
over short paths. The structural rearrangement to alter olivine is more
complex, which is perhaps why such alteration is less well developed. The
reaction temperature inferred by Keller & Buseck is < 100°C, which may
be another reason why olivine alteration was inhibited.

The alteration phases in Kaba resemble those in Mokoia (Tomeoka &
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Table S Acronyms in the literature related to CC matrix

Acronym Meaning Possible minerals or materials References

LAP Low Aluminum Trioctahedra Ca-Mg smectite 2
Phyllosilicate
HAP High Aluminum Al-serpentine with mixed layers of 2
Phyllosilicate Na-, K-rich, phyllosilicates
Al-rich smectite 3
Coherent intergrowth of Na-rich 4
phlogopite and serpentine
PCP Poorly Characterized A group of Fe-S-Ni-O- and 5
Phase Fe-S-Ni-Si-O-rich phases
Tochilinite and an unnamed mineral 6,7,8,9,
consisting of coherently interstratified 10, 11
serpentine and tochilinite
Partially Characterized Complex intergrowth of tochilinite, 12,13
Phases cronstedtite, and submicron particles

of magnetite, chromite and a mineral
containing Fe, Ni, Cr, and P
PAHs Polycyclic Aromatic Phenanthrene, anthracene, i, 14
Hydrocarbons naphthalene, pyrene, fluoranthrene, etc

References:

1. Zenobi et al (1989); 2. Cohen et al (1983); 3. Zolensky & McSween (1988); 4. Tomeoka & Buseck
(1990); 5. Fuchs et al (1973); 6. Mackinnon & Zolensky (1984); 7. Zolensky et al (1987); 8. Barber et al
(1983); 9. Mackinnon (1980); 10. Mackinnon (1982); 1. Mackinnon & Buseck (1979); 12. Tomeoka &
Buseck (1983a,b); 13. Tomeoka & Buseck (1985); 14. Wing & Bada (1991).

Buseck 1990), although therc arc differences in the naturc and distribution
of the Fe oxides. Also, Fe sulfides are more abundant in Kaba. Alteration
in both of these CV3s was in a relatively oxidizing environment, but that
in Kaba was perhaps slightly more reducing. Kaba contains neither the
Na-phlogopite that occurs in Mokoia nor the mica in Allende (Hashimoto
& Grossman 1987, Keller & Buseck 1990b).

The saponite in Kaba is similar in composition to that in the Orgueil
and Yamato-82162 CIs (Tomeoka & Buseck 1988, Zolensky et al 1989).
However, Kaba is far less altered than any CI, and the saponite is not
intergrown with serpentine in the way it is in Orgueil. In Yamato-82162,
Zolensky et al (1989) described saponite-ferrihydrite intergrowths similar
to those observed in Kaba. The Bali, Vigarano, and Grosnaja CVs contain
saponites and Fe-bearing serpentinein the matrices, although they are not
asaltered as Kaba and Mokoia (Keller & Thomas 1991, Graham & Lee 1992).

54 Matrix in COs

Like the CVs, the matrices of most CO chondrites show little evidence of
alteration. The main anhydrous matrix minerals are olivine and pyroxene.
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Figure 11 (Top) HRTEM image of a saponite-enstatite intergrowth. (Bottom) Sketch of an
oriented enstatite-saponite intergrowth showing pyroxene I-beams abutting saponite sheets.
[From Kaba (Keller & Buseck 1990b).]
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Keller & Buseck (1990a) studied three of the 13 known CO falls: Lancé,
Warrenton, and Kainsaz. Of these, only Lancé shows evidence of sig-
nificant matrix alteration, and the data suggest that the maximum post-
accretional temperature to which it might have been subjected is 450°C.
ALH A-77307, one of the least equilibrated CO3 chondrites, has a rather
different matrix mineralogy from other CO3 meteorites; notable is the
relatively abundant Si-, Fe-rich amorphous material (Brearley 1990).

The Lancé matrix consists mainly of fragmented Fe-rich olivine, lesser
phyllosilicates, poorly crystalline Fe oxides and hydroxyoxides, Ca-rich
and Ca-poor clinopyroxenes, metal, and oxides (Keller & Buseck 1990a).
An unusual feature of the olivine is that it contains periodically arranged
pits a few nanometers in dimension on some of its surfaces (Figure 12);
because they are seen in TEM images, which are 2-dimensional, the possi-
bility that these are actually grooves cannot be excluded. Keller & Buseck
speculated that these features subsequently formed channels within the

Figure 12 Pits (or grooves; periodic white spots at the crystal margins indicated by arrows)
in euhedral matrix olivine. Note the serpentine packets in matrix. [From Lance (Keller &
Buseck 1990b).]
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olivine, and these, in turn, were sites for both attack by phyllosilicate
alteration minerals and fracture during regolith gardening.

The phyllosilicates are either draped around the olivine or parallel to
(100) planes of olivine, which suggests limited crystallographic control.
Keller & Buseck (1990a) estimated the phyllosilicate composition as
(Mg, ,Feqs)Si,Os(OH),, a variety of serpentine that forms through a
hydration reaction with olivine. The Fe released in the process formed
the fine-grained Fe oxide, which is either ferrihydrite (5Fe,O; < 9H,0) or
ferroxyhyte (6-FeOOH).

The morphologies of these Fe minerals differ among the few meteorites
in which they have been studied in detail. In Lancé (CO3) they occur as
finely dispersed, poorly crystalline grains that pervade the sample. In
Orgueil they occur in granular masses that appear to be pseudomorphic
after framboidal magnetite (Tomeoka & Buseck 1988), and in Kakangari
(a unique chondrite) they occur in featherlike masses as well as in rims
around troilite (Brearley 1989).

The Kainsaz and Warrenton CO3s are among the least altered CO
meteorites, and their anhydrous (unaltered) matrix minerals are essentially
the same as those in Lancé. However, in Kainsaz, Keller & Buseck (1990a)
observed kamacite, which is one of the first phases to be attacked and
consumed during alteration, and sparse graphite.

The anhydrous minerals in CV3 and CO3 chondrites are similar, and it
is probable that their prealteration mineralogy diffcred little from one
another. However, as shown by the contrast between Kaba and Lancé
(Keller & Buseck 1990a,b), their alteration products differ even though
the degree of reaction in both was relatively slight. Lancé contains ser-
pentine and Fe oxides that suggest alteration at higher temperature and
more oxidizing conditions; their sparser distribution also suggests less
water was available for Lancé alteration.

The matrix mineralogy of Mokoia (CV3) and Lancé (CO3) are similar
(Keller & Buseck 1990a). However, the main alteration product of Mokoia
olivineis saponite and Fe oxides whilein Lancéit is serpentine, presumably
reflecting a higher alteration temperature. The: phyllosilicates in Kaba
resemble those in Mokoia rather than those in Lancé.

5.5 Matrices in CRs and CKs

The proportions of Mg, Fe, and Si to one another in the matrices of the
CRs arc similar to those in the CM, CO, and CV meteorites, but S is
significantly higher than in CVs and COs. Olivine is the dominant phase
in the CR matrix. Metal, sulfides, saponite and serpentine are abundant,
and the two layer silicates are locally intergrown.

The phyllosilicates and carbonates in CRs differ from those in other
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meteorite groups (Weisberg & Prinz 1991). Some chlorite-like phases are
highly aluminous (10 to 15 wt% Al,Os;), whereas the serpentines and
saponites are not as magnesian as those in CI, CM, and CV chondrites.
In distinction to CIs and CMs, the CR carbonates have compositions
ranging from pure CaCO; to containing up to 7.3 wt% FeO, 3.1 wt%
MgO, and 1.9 wt% MnO. Unique to the CRs, CaCOj also occurs as rims
surrounding curved, unbroken surfaces of chondrules. Weisberg et al
(1991) showed that dark inclusions in CR2 chondrites have textures, com-
positions, and oxygen isotope ratios similar to the CR matrices, which
they interpret as indicating that at least some matrix existed as lithified
material prior to the aggregation of CR chondrites.

The phyllosilicates in CR meteorites are significantly finer grained than
those in Cls. That, together with the abundant olivine, suggests that
aqueous alteration was not pervasive. The lack of tochilinite suggests that
the CRs experienced a maximum alteration temperature of ~150°C. Their
mineralogy resembles that of many saponite-class IDPs (Zolensky 1991).

The compositional, textural, and oxygen-isotope data of the CKs are
closely related to the CVs and COs, except that all CKs have been sig-
nificantly metamorphosed, with petrographic grades from 4 to 6; some
contain shock features (Kallemeyn et al 1991). Their matrix consists of
two types of materials. 90 vol% consists of olivine (50-200 um), plagioclase
(20-100 pm), magnetite and sulfides (several micrometers across)—the
olivine grains are unzoned, contain significant (~0.5 wt%) NiO, and are
appreciably larger than in matrix of the other CC types, as defined in
Section 2. 10 vol% consists of fine-grained augite (<2 pum), low-Ca py-
roxene (<5 um, ~Fs,,;),anhedral olivine (<2 um, ~ Fa,,), and subhedral
magnetite (<1 pm, containing ~2%Cr, ~1%Al) (Brearley et al 1987,
Kallemeyn et al 1991).

5.6 Comparison to Interplanetary Dust Particles

Several studies have suggested a relationship between the CCs and the
IDPs (e.g. Tomeoka & Buseck 1985b, Rietmeijer & Mackinnon 1985,
Bradley & Brownlee 1986). Although most IDPs differ from CCs in the
details of their mineralogy and textures, two recent papers provide con-
vincing evidence of a relationship between CCs and certain IDPs. Keller
et al (1992) show that IDP number W7013F5 contains Mg-Fe carbonates
as well as coherent intergrowths of Mg-Fe serpentine and Fe-bearing
saponite on a unit-cell scale, similar to what is observed in CIs. There is
also compositional overlap of phyllosilicates, carbonates, and sulfides in
W7013FS5 with those in the CIs. Bradley & Brownlee (1991) show that the
minerals in IDP RB12A44 resemble those in the matrix of certain CMs.
It contains tochilinite and, morcover, the tochilinite is intergrown with
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cronstedtite. The minor phases in RB12A44 also resemble those in CM
matrix. Some IDPs are thought to be derived from comets; McSween &
Weisman (1989) discussed the possibility that cometary nuclei may be
similar in many aspects to CC parent bodies.

6. ALTERATION

6.1 Alteration Processes and Phases

6.1.1 GENERAL In spite of their primitive composition, it has long been
perceived that CCs experienced aqueous alteration. The effects of such
alteration were first noted by DuFresne & Anders (1962) on the basis of
veins containing hydrous sulfates and carbonates. Similar early petro-
graphic obscrvations were made by Nagy et al (1963) and by Bostrom
and Fredriksson (1966). Petrography combined with electron microprobe
analyses allowed Richardson (1978), McSween (1979b), and Bunch &
Chang (1980) to elaborate on this alteration. Details were provided by
subsequent TEM studies (see references in Sections 1 and 5). In the case
of CI chondrites, their mineralogy is almost totally the result of such
secondary processes, and the matrix is the main repository of these secon-
dary products. Indeed, matrix mineralogy cannot be properly understood
without considering alteration. During the past decade much work has
provided details, primarily by use of TEM to identify the alteration min-
erals and, to a lesser extent, also to detail the mechanisms whereby the
alteration occurred.

We will explore the alteration by considering matrix in the CCs that are
physically most primitive (least altered) and then consider the more heavily
altered types. In general, the sequence is CV, CO, CM, and CI, although
there are significant variations within each group. It is worth noting that
alteration reactions occurred at many temperatures. Thus, there is an
extensive literature regarding reactions experienced by minerals in
inclusions formed at high (> ~1200 K) temperatures. These minerals do
not, however, form in matrix, and therefore we restrict this discussion to
hydrated mincrals. Micas areincluded in Table 4 becausc thcyarchydrated
and are mineralogically related to the other minerals in the table, although
it is probable that they formed before matrix developed (Keller & Buseck
1991).

A thorough electron microprobe study of alteration phases in CM
meteorites was provided by Bunch & Chang (1980). Based on com-
positional and textural evidence, they concluded that alteration was exten-
sive and that it occurred in situ on parent bodies at low temperatures
(<400 K). Their indications of alteration—pseudomorphic replacements,
cross-cutting veins, colloform textures, hydrated minerals—have been
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confirmed by subsequent TEM studies that allowed observation of more
details of the minerals and their replacement relations (Tomeoka & Buseck
1985a, Tomeoka et al 1989).

McSween (1979a), as a result of detailed electron microprobe studies of
a suite of CMs and CIs, observed that the volume percent of matrix is
proportional to the extent of alteration. He therefore concluded that much
matrix is secondary, having resulted from the comminution of coarser
material. The comminution was produced by regolith gardening, which
resulted from impact of other meteorites onto the CC parent bodies. He
provides estimates of the amount of matrix in various CCs, and from that
it is possible to estimate the degree of processing that occurred to produce
a given CC. However, the details of the alteration were not known,
although they could potentially provide information about development
of matrix and conditions on the parent body.

A series of five alteration steps for CMs were outlined by Tomeoka &
Buseck (1985a) and Tomeoka et al (1989) and are illustrated in Figure 13.
Itis assumed that theinitial meteorite contained mainly anhydroussilicates
such as olivine and pyroxene and lesser amounts of metal and sulfide,
primarily kamacite and troilite. A small amount of carbon was present,
but it did not significantly influence the alteration reactions.

e Step I: This first low-temperature alteration stage occurred when a S-
bearing fluid, presumably generated by decomposing some of the sulfides,
attacked the kamacite to produce tochilinite. The presumed presence of
hydroxylreflects the widespread assumption that the fluid contained water.
e Step II: More extensive aqueous alteration occurred together with
regolith gardening, resulting in greater comminution plus extensive alter-
ation of olivine to phyllosilicates such as serpentine and the development of
“spinach” from mesostasis glass. Richardson & McSween (1978) suggested
that this alteration greatly weakened the meteorites, thereby facilitating
disaggregation (and even breakup). This disaggregation helped produce
mixing of the step-II products into the matrix.

e Step III. Si, released during the alteration of olivine and pyroxene,
reacted with the tochilinite to produce magnesian cronstedtite. The result
was intimate intergrowths and intercalations of the two phases. This mix-
ture has long been called PCP, and it is widespread in many partly altered
CM meteorites.

e Step IV: Cronstedtite became the dominant alteration mineral. It formed
both by consuming tochilinite and by scavenging Fe from ferroan serpen-
tine, thereby becoming more Fe-rich and resulting in a more magnesian
serpentine. The effects of continued regolith gardening were to repeatedly
stir the surface of the host parent body, exposing fresh PCP and serpentine
as well as olivine and pyroxene to reaction and thus producing more
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cronstedtite. The bulk composition of the matrix became richer in Mg. Fe
released during this process produced the fine-grained magnetite (perhaps
including the framboidal aggregates first described by Kerridge et al 1979)
and the Fe-Ni sulfides that contribute to the opaque character of matrix.
e Step V: Repeated bombardment and continued comminution combined
with alteration resulted in an almost uniformly fine-grained matrix that
consists mainly of layer silicates and few, if any, residual coarse-grained
fragments.

Some mincral and lithic clasts in polymict achondrites resemble CC
matrix material. Brearley & Prinz (1992) propose that, based on oxygen
isotopic composition, mineralogy, and bulk chemistry, certain clasts in the
Nilpena ureilite are closely related to Cls; they are less altered than is
Orgueil and so may serve as the starting material for the aqueous alteration
of CI parent bodies. They essentially support the alteration model pro-
posed by Tomeoka & Buseck (1988). Bourcier & Zolensky (1992) used
computer models to try to reproduce the mineralogy produced during
aqueous alteration. While their models do not work too well for the COs
and CVs, the results for the CIs and CMs are encouraging.

6.1.2 MINERALOGICAL AND CHEMICAL CHANGES DURING ALTERATION
Since matrix is a major product of alteration, it follows that both its
composition and mineralogy change during the alteration process. Based
on broad-beam electron microprobe analyses, McSween (1979a) showed
that the Mg content of CM matrix correlates with the amount of matrix
(and perhaps with the degree of alteration). The destruction of the refrac-
tory anhydrous silicates that presumably resided in the unaltered CCs
produced a net transfer of Mg into the matrix, thereby increasing the
Mg/Si ratio. The Fe/Si ratio, on the other hand, decreased as the amount
of matrix increased, presumably because of the development of iron oxides
and sulfides, which McSween excludes from matrix. The combination
produces anincreasein Mg/Fein the bulk matrix. The progressive develop-
ment of tochilinite, serpentine, and cronstedtite as major alteration species
is consistent with these trends. Ca was also progressively leached from the
matrix and formed carbonate veins in the CIs. McSween (1987) did mass
balance calculations from which he inferred the changes in relative pro-
portions of minerals as alteration progressed.

6.2 Water in CCs

The original classification of the CCs was founded in part on their H,O
contents, with average values of 20.1 wt% for type I, 13.4 wt% for type
II, and 0.99 wt% for type III CCs (Wiik 1956). These numbers can be
compared with the average volume percentages of matrix determined by
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McSween (1979a): 99% for Cls, 57-85% for CMs, and 35-50% for COs
and CVs. The correlation is evident and is consistent with an increase in
water content with degree of alteration. Also, the amount of matrix can
be used as an indicator of the extent of alteration.

In spite of this widely accepted relationship, there are no published H,O
measurements on matrix alone (except for Cls, which are essentially only
matrix). Many measurements were made by determining total H,O
content, and Van Schmus & Hayes (1974) point out the potentially severe
problem of terrestrial contamination, the extent of which is hard to assess.
By using H as a variable with Ar in plots of H/(102Si) vs **Ar/(10'°Si), they
were able to separate the CO from CV meteorites.

It seems curious that the amount of H does not increase with degree of
alteration within the CM group (McSween 1979a), since many of the
presumed alteration phases are hydrated. Moreover, the source of the H,O
that produced the alteration is a major unresolved question. Kerridge &
Bunch (1979) discussed possible sources of the H,O that produced the
alteration and speculated that it was one of the earliest recognizable events
in the solar system. There are numerous possibilities, none of which have
been confirmed. The H,O may have accreted as ice together with lithic
material at the time of parent-body formation. Alternatively, it may have
come from cometary ices deposited during impacts, and then later released
as the result of heating through the decay of short-lived radionuclides or
magnetic induction resulting from interaction with a strong solar plasma
(Grimm & McSween 1989) or from impacts onto the surface of the parent
body (Lange et al 1985). McSween noted that the amount of retained H,O
seems to have remained approximately constant within CMs, independent
of the extent of alteration. He suggests degradation of amino acids in
matrix as a possible explanation, in which the H freed by destruction of the
amino acids during alteration would be converted to H,O. Such reactions
would presumably produce an increase in the H/C ratio, and there is a
suggestion that this does occur. Cronin (1989) noted a correlation between
the amino acid content and the amount of PCP in five CMs, which strongly
suggests that amino acid synthesis was related to an early stage of aqueous
alteration on the parent body.

7. CLOSING THOUGHTS; FUTURE RESEARCH
DIRECTIONS

Matrix provides a unique window to the most distant past of our solar
system. It is an important component of all chondrites, and it is especially
prominent in the CCs; the CIs consist essentially of only matrix. Although
an integral and well-studied part of the meteorites, in many ways CC
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matrix remains enigmatic, primarily because of its fine-grain sizes and
intimately mixed nonmatrix materials. For these reasons, study of either
individual grains or of bulk matrix presents formidable difficulties. None-
theless, as shown in the previous sections, significant progress has been
made in understanding matrix and the processes that contributed to its
development.

It was long thought that matrix is pristinc, but itis now widely recognized
that it contains a strong imprint of aqueous alteration. Theevidenceis both
chemical and mineralogical. The anhydrous silicates and simple oxides are
presumably primary minerals, but there is a possibility that they have
been cycled through previous geological or cosmochemical events. The
alteration products are among the intriguing and characteristic features of
matrix and have been the focus of extensive TEM studies.

The problem of where the alteration occurred remains one in which the
most likely site—in situ on a parent body rather than in the nebula, prior
to incorporation—seems reasonable. However, most evidence to date is
textural and thus permissive rather than compelling and so cannot easily
be used to disprove alternative sites. The calculations of Prinn & Fegley
(1989) indicate that silicate hydration in the nebula would have been
kinetically inhibited and therefore improbable.

A contrary view is suggested by Metzler et al (1991, 1992), Metzler &
Bischoff (1991), and Graham & Kurat (1991), who reported accretionary
dust mantles coating alteration products such as serpentine, tochilinite,
calcite, and magnetite. They assume these mantles formed within the solar
nebula by adhesion of dusty material onto surfaces of coarse chondritic
components and thus conclude that the alteration minerals must have
formed in the solar nebula or on small planetesimals.

A plausible question might be whether any matrix is pristine, but this
question was answered definitively by the discovery, within the matrix, of
minerals having interstellar origins. As discussed in Section 4.3, diamond
and SiChaveisotopic compositions that point convincingly toward sources
outside the solar system. The D/H ratios of amino acids and mono-
carboxylic acids extracted from CMs also show interstellar sources.

While isotopic data would be especially helpful for resolving questions
regarding the origin and development of matrix, the difficulty of separating
“clean” matrix for isotopic analysis is a limiting factor. The ion probe is
animportant instrument for isotopic analyses of the larger (> 2 um) matrix
grains, but most of the meteorite matrix is still too fine grained for current
instruments.

The origin of organic material has long been an important problem in
understanding CCs. One approach is to determine exactly where in the
matrix they reside. A potential solution to determining their spatial dis-
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tribution has appeared within the last few years. The development of
L>MS as a high-spatial-resolution analytical technique for large molecules
(severalhundred amu; Section 4.2) holds promise that in the future precise
correlations will be possible between organic species and specific com-
ponents of CC matrix.

Finally, there is the curious apparent anomaly that the CIs, the meteor-
ites that are chemically the most similar to solar composition, are also the
most highly altered. It would appear that alteration occurred in a closed
system, but such a supposition is not supported by the depletion of at least
some elements such as Na and Ca. The mismatch between the pristine
character of CCs as based on chemical vs physical characteristics is
intriguing. Tt is evident that important questions regarding matrix and
their host meteorites remain to be solved.

In this review, we have tried to show the wealth of information stored
within the fine-grained melange called matrix. It contains secreted within
it some of the oldest and most remote known materials, but their study is
stilldifficult and extremely challenging. Itiscertain that additional research
will uncover further clues to this most fascinating and ancient material.
Answering questions such as which fraction of matrix is primary and
which is the product of alteration and when and where the alteration
occurred awaits the development of yet more precise analytical techniques
and procedures than exist today.
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