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Abstract-Petrographic observations and analyses of CM matrices are consistent ulth their origin as i/t 

sitrr low temperature (~400 K) aqueous alteration products in a parent body regohth. At Icast four 
different phyliosilicates were tentatively characterized in Murray and Murchison meteorites. in addition 

to Fe- and Mg-serpentines in Nagoya. In comparison with bulk meteor& comp~~sit~ons, all phyllosiit- 

cates and hulk matrices show enrtchment of K relative to Na. Possible ioss of Na and possibly some Cl. 

with addition of H20 and CO2 and water-soluble organic compounds durmg alteration. indicates a 

partially open system during alteration. Poorly characterized phases (PCP) :lre fine-pined (< Iprn) 
admixtures of variable proportions of phyllosilicates, carbonaceous matter and opaque oxides of sulfur 
with high Fe. Ni and Cr contents. Calcite and some magnetite show paragenettc overlap with PCP and 

phyllosilicates. Carbonaceous matter is largely associated with PCP in altered CM matrices. In the 

unaltered CV Allmde. carbonaceous matter is concentrated on ohvine surfaces as a micromounded 

coating, particu~rly in the dark haloes that surround some chondrules and aggregates. Precurstve 

alteration maternal may have been analogous to similarly coated olivine mixed uith smaller amounts of 

metal and sulfides. 
Synthesis of the water soluble organic compounds found in CM matrices may have occurred prior to 

or in the same environment as did aqueous alteration of the precursive phases. Preservation or partrat 

preservation of this organic matter may reflect the degree of overlap in episodes of synthesis and 

alteration. 

Nogopa is YY’,, altered and has a bulk carbon content of 5.2 wtO;. which is higher than any meteorite. 

In addition. it has the lowest measured “C,“C ratio of any other carbonaceous chondrite, except for 

Karoonda. 

INTRODUCTION 

CARBONAGXKS ~HONDRITES are some of the most 

studied objects in the solar system. principally 

because of the presence of water-bearing phases (in CI 

and CM types), organic compounds, relatively high 

nobIe gas concentrations, and possible high-tempera- 
ture condensates (CM. U(V), and C?(O) types). and 
apparently primitive bulk compositions. Moreover, 

ZELLNER and BOWELL (1977) have observed that 
C-type asteroids (material closely resembling carbon- 
aceous chondrites) are the most abundant main belt 

asteroid. Thus, carbonaceous chondrites may serve as 
a ‘Rosetta Stone’ in unraveling the mysteries of the 

origin and early history of the solar system. 
Results to date from the study of so-called high- 

temperature condensates in carbonaceous chondrites 
have been very useful in strengthening theoretical 
models of the chemical behavior of a cooling gas of 
solar contposition (LORD, 1965: LARIMER. 1967; 
GHXMAX 1972). Matrices of carbonaceous chon- 
drites are considered to represent a low-temperature 
fraction of solar nebula condensation (ARKHENIUS and 
ALFVEN, 1971; GKOSSMAN. 1972: WILKE[SING, 1978) or 
hydrothermaf alteration. based on the observations of 
CI chondrites (FISH r’f trl.. 1960: DI.:FRES~UE and 
ANIXRS, 1962; Nnc;u c’t ~1.. 1963: BOSTK~~M and FRED- 

RIKSSON, f 966: KFRRIDGE. 1977; RI(.HARIXON. 1975) 

and CM chondrites (DUFKESNE and AWERS, 1962: 

BLKH and CHAX. IY78; BUNCH rr irl.. 1979). Briefly, 
the condensation theory involves reaction of the resi- 

dual solar nebula gas with earlier formed phases. 

mostly ferromagnesian minerals. NiFe metal. and FeS 
in the presence of water at 3%500’K. Nonorganic 

products from these reactions are layer-lattice sili- 
cates, magnetite. and pentlandite. The organic com- 
pounds in CT and CM meteorites have been attri- 
buted with both nebula and parent body origins; 

discussions of possible formation locations and reac- 

tion mechanisms are provided in reviews by AUDERS 

ei crl. (1973) and MILLER rr cd. (1976). F(~rrn~~tioIl of Cl 

chondrites by low-temperature aqueous alteration of 
pre-existing materials is generally accepted by the 
condensation proponents, although similar alteration- 

like components present in CM meteorites are 
thought by many to be strictly preplanetary conden- 
sation products. 

In a recent report (BIJXH and CNANG, 197X), we 
suggested that the matrices of CM meteorites devel- 
oped in response to low-temperature hydrothermal 
alteration, similar to CI chondrites but to a lesser 
degree. WC report here more detailed work on the 
matrices of Jodzie. Murray. Murchison, and Nogoya, 
in which we find ample evidence to confirm our 
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earlier contention that the ‘low-temperature’ matrices 
of carbonaceous chondrites formed in aqueous media 

under low temperature (<400K) on or in the near 
surface of a planetary body. Our observations of some 

C+(V) and C3(0) matrices also suggest they were par- 
tially altered and that irl situ alteration of carbon- 

aceous chondrites was more prevalent that previously 
recognized. How and where the low-temperature frac- 
tion (matrices) formed is important to understanding 

the evolution of organic compounds, entrapment and 
retention of noble gases (the carrier is a matrix phase) 
and environmental constraints on parent body sur- 

faces. 
A growing number of investigators are becoming 

more convinced that all carbonaceous chondrites are 
not representative of pristine condensation materials, 
either the ‘high’ or ‘low’ temperature fractions, but are 

examples of a segment of primordial composition 

altered by thermal, mechanical and hydrothermal 

processes (KERRIDGE and BUNCH, 1979; BUNCH and 
CHANG. 1979; MCSWEEN. 1979a, b). 

In this report, we use the revised carbonaceous 
chondrite classification (VAN SCHMUS, 1969) that sub- 

divides C3 meteorites in C3(V) (Vigarano type) and 
U(O) (Ornans type). The C2 designation is replaced 

by CM. 

GENERAL DESCRIPTION OF 
MURCHISON-MURRAYPJODZIE 

TYPE MATRICES 

Standard and ultrathin sections of meteorites used in 
this investigation were prepared for petrographic, electron 
microprobe and scanning electron microscope (SEM) ana- 
lyses. In addition. a bulk sample of Murchison was sub- 
Jetted to multiple cycles of freeze-thaw-ultrasonication 
treatment with subsequent grain-size separation to purify 
and concentrate phyllosilicates. Phyllosilicate separates 
were investigated by SEM. transmission electron micro- 
scopy (TEM) and diffraction. and X-ray diffraction 
methods. 

Two CM meteorites. Murchison and Murray and CM 
clasts in the Jodzie howardite were studied in detail for 
their matrix characteristics. Because Jodzie clasts (BUNCH 

et al.. 1979) and Murchison (FUCHS et al., 1973) have been 
adequately described, most of the observations and data 
presented here are from Murray. We emphasize that 
matrix characteristics of all three meteorites are very simi- 
lar. 

The CM matrices consist of phyllosilicates, ‘poorly char- 
acterized phases’ (PCP), sulfides [pentlandite. pyrrhotite, 
‘Q’ sulfide (LEWIS et (II., 1975)], magnetite and hydrated 
iron oxides, calcite. solvent-and-acid-insoluble carbon- 
xcous (SAIC) matter, solvent-and-acid-extractable organic 
compounds. and mineral and lithic clasts. Phyllosilicates, 
PCP and carbonaceous matter are intimately associated 
and serve as host matrix for the other components. 

Figure I shows an extensively altered area in Murray. 
The overall textures of most areas in CM meteorites are 
similar to terrestrial altered volcanic tul% and tuff breccias 
in which precursive components are pseudbmorphed by 
alteration minerals and the original shape outlines are 
sharply preserved. Nearly all clasts < 100 p are altered to 
OH-bearing phases and PCP. Metal and sulfides in the 
matrix show, various degrees of alteration and those in 
chondrules and clasts are often less altered. Figures I 
through 7 show typical examples of in situ alteration of 
precursive materials to phyllosilicates and PCP. Mechan- 

ical movement of components in possibly a water (vapor or 
liquid) medium is indicated by partial rotation of chon- 
drules and aggregates. schlieren of comminuted minerals. 
clasts and phyllosilicate patches. boudinage-like structures. 
and subtle foliated zones, which together given an appear- 
ance of protomylonite, but with much less intense dynamic 
metamorphism. An alternative explanation is alteration of 
a preexisting compaction or shock lithification fabric simi- 
lar to that described for Allende by KING and KING (1978). 

Murray is a good example of a regolith breccia because 
it contains abundant clasts of other carbonaceous chon- 
drites (CM and C3) that range in size from tens of microns 
to 0.7 cm. The largest clast observed is 0.7 x 0.5 cm and 
represents an unrecognized CM subtype meteorite; it con- 
tains large amounts of magnetite (3.6 vol?,,) and pyrrhotitee 
pentlandite (8.7 vol”/,). A detailed description of this clast 
will be presented elsewhere. Most of these xenolithic inclu- 
sions are consistent with CM characteristics. although 
< loo/, are akin to C3’s based on mineral contents of spi- 
nels, melilite, grossular. perovskite, rhonite. nepheline and 
sodalite. Many of the C3 clasts contain phyllosllicates in 
replacement of olivine and pyroxenes so that the less-alter- 
able minerals are remnant ‘islands’ in an altered matrix of 
phyllosilicates. which are indistlnguishable from those in 
the host meteorite. The observation offers strong support 
to the in sifu alteration model of CM phyllosilicates. 

Phyllosilicates collectively represent the most abundant 
mineral type in CM meteorites (of those studied). Labora- 
tory investigations show that at least four phyllosilicates 
occur in Murray and three in Nogoya. Adequate identifica- 
tion in terms of terrestrial phyllosilicate nomenclature is 
precluded by the unique composition and environmental 
conditions of the meteorite phyllosilicates, slight compo- 
sitional changes and thermal events. Therefore. it is not 
surprising that meteoritic phyllosilicates possess their own 
unique characteristics. For convenience. we refer to the 
various CM phyllosilicates in terms of their closest terres- 
trial mineral analogs. 

Phyllosilicates in Murray were separated into 4 groups 
by petrographic characteristic. although a considerable 
compositional range exists for each of the phyllosilicates. 
The compositions given in Table I are only an attempt to 
compositionally characterize what we think are distinct 
phyllosilicate species based partly on petrographic 
and X-ray diffraction data. Murray matrix consists mainly 
of these phyllosilicates and intimately mixed PCP on 
micron to submicron scale so that accurate microprobe 
analyses are difficult. Samples of the phyllosilicates in 
Table I were analyzed with the microprobe and these com- 
positions (element ratios) were confirmed with scanning 
electron microscope energy dispersive analysis (SEM- 
EDA). Despite the small electron beam of the SEM 
(<2OOj\). there was possible contamination by S from 
PCP and observed sulfides < I p in size, because the elec- 
tron-beam-excited sample volumes may reach l-2 p dia. 
Many small sulfide particles have been observed (SEM) to 
cling to phyllosilicate grains. Most sulfur and some Fe and 
Ni in the analyses are probably not coordinated in the 
phyllosilicate structure. The same problem exists for C by 
microprobe analyses: thus. It IS not included in the ana- 
lyses totals. In some phyllosilicate regions of thin sections 
where PCP appears to be admixed in low abundance. the 
C concentration is <0.67’,. Almost all (>90”<) of the 
phyllosilicate separates from Murchison contained about 
20/, C (CHANG er rrl., 1978), a concentration comparable to 
the whole rock value. MCKEE and Moo~t (1979) and 
MACKINNON and BUSECK (1979) have reported coatings of 
amorphous material, which may be carbonaceous. on phyl- 
losilicate obtained from CM matrlces. which suggests that 
C may be more abundant in PCP phases than in phyllositi- 
cates. 
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Table I. Electron microprobe analyses of ph~llosilicat~s in CM meteorites 

FHYLLOSILICATES 

Fe types 
-. -.._ - 

Mg type 
..__ 

Jodzie* 
(Bulk) Orgueil+ Nagoya Murray Nagoya 

Dark 
Light 

green 
Yellow green Gl-ay 

to brown --._ 

Si02 

gzj”” 
2 

C*203 
"Fe0 

Fe>03 
i"rgo 
cao 
MllO 
Na20 
KzO 
PZOS 
S 
NiO 
CT 
H20s 

32.1 33.87 
2.85 2.72 
0.09 0.04 
0.65 0.56 
19.0 10.13 
10.0 IL.26 
18.0 19.62 
1.15 0.16 
0.11 0.21 
0.03 0.32 
0.03 0.08 
0.39 0.35 
0.92 5.60 
1.56 2.51 

f4.01 n.d. 
12.0 10.0 

100.00 97.41 

33.5 22.8 
3.3 5.3 
0.08 0.04 
0.23 0.08 

25.3 58.1 

16.8 2.2 
0.28 0.17 
0.20 0.58 
0.33 0.05 
0.40 0.06 
0.17 co.05 
2.5 0.62 
1.9 a.05 
6.1 6.4 
10.0 10.0 ~- 

95.04 100.05 

22.6 36.2 
2.4 3.1 
0.10 0.07 
0.25 0.28 

51.1 23.0 

7.9 

0.35 
0.27 
0.09 
0.10 
0.13 
1.28 
1.30 
7.2 

10.0 

97.87 

20.1 
0.19 
0.19 
0.10 
0.13 
0.16 

1.9 
1.47 
3.0 
10.0 

96.89 

37.2 38.4 
3.2 2.1 
0.05 0.15 
0.32 0.30 

20.9 13.8 

19.0 33.0 
0.24 0.15 
0.10 0.15 
0.20 0.24 
0.24 0.27 
0.16 0.15 
1.2 1.57 
1.97 1.54 
8.3 a.08 
10.0 10.0 

94.78 101.82 

* Defocused beam analysis of bulk separated phyllosilicates (BUNCH rr ~1.. 1979): I,3 Fe0 converted 
to Fe20,, IL??,,, assumed f-x30; normalized to lC@?;,. Carbon not included. 

i- K~R&VGE i1976). _ 
: Carbon not included in totals. 
9 Hz0 assumed to be fO’+‘. in 

X-ray diffraction and electron diffraction of the phyllosi- 
licates separated by density and settling techniques suggest 
that light green to brown, yellow and gray (colors in cross 
polarized light) varieties are probably septachlorites or Fe- 
serpentines. The d,,, spacing is about 7.3 A, wahich corre- 
sponds to septachlorites or serpentines. Compositional 
data and earlier conclusions by FUCHS et ul. (1973) on the 
identification of Murchison phyllosilicates favor septa- 
chlorites, possibly chamosites. The dark-green phyllosili- 
cate is also consistent with septachlorites although compo- 
sition and diffr~tction data suggest that it is closest to cron- 
stedtite (SiO, = 19.07;: Fe0 + FezO, = 70%). Low 
Al,03 contents of all phyllosilicates make further identifi- 
cation useless because site occupancies and structural 
characteristics are generally unknown We prefer the classi- 
fication of these phyllosilicates as Fe-serpentines based on 
the low Al and high Fe contents, which is consistent with 
Moody’s classification scheme (Moonu, 1976) and recent 
findings by MCKEE and MOORE (1979). The four phyllosih- 
cates in Murray will henceforth be referred to as dark- 
green, yellow, brown and gray Fe-serpentines. 

Figure 3 shows a possible metacolloidal development of 
three Fe-serpentines and PCP. Gray Fe-serpentine devel- 
oped from neighboring olivine (Foss) with additional Fe 
and Ni coming from included metal or sulfides. The 
remaining Fe-serpentines and PCP probably formed from 
alteration of ferr~)magnesian silicates, metal, and sulfides. 
This sequential development shows enrichment of S. C, 
Mn. Fe and Ni and depletion of Si, Cr. alkalis and P from 
the earliest formed gray Fe-serpentine through yellow Fe- 
serpentine to PCP: the dark-green Fe-serpentine is incon- 
sistent with this compositional trend. Examples of this kind 
are common in Murray and are similar to alteration 
textures in water-saturated terrestrial mafic rocks, (See 
numerous initial reports of the JOIDES Deep Sea Drilling 
Program). MCKEE and MOORE (1979) reported that their 
high resolution TEM studies of Murray and Nogoya Fe- 
serpentine indicate a close similarity with serpentine miner- 

als synthesized hydrothermally from olivine (YADA and 
IISHI. 1977). 

The most abundant phyliosiiic~it~ in Murray is the 
brown Fe-serpentine rather than cronstedtite. as we 
reported earlier (BLNCH and CHANG, 1978). This conclu- 
sion is based on petrographic observattons. SEM-FDA 
analyses of phyllosilicate particles. and chemical balance of 
analyzed bulk samples of Jodzie and Murray phyllostli- 
cates. Ultrathin section observations coupled with micro- 
probe analyses indicate that brown Fe-serpentine is most 
abun~nt. followed by green, yellow and gray. Two 
hundred and thirty-eight phyllosilicate particles of Mur- 
chinson were analyzed by the SEM--EDA method and of 
these, I IO are similar to brown Fe-serpentine, 77 to green, 
36 to yellow and IS to gray. A bulk analysts of separated 
but mixed phyllosilicates from Jodtie is given in Table I. IT 
most of the other CM chondrites are mineralogically simi- 

lar to Jodzie, then the order of phyllosiiicate abundance is 
consistent with that of Murray. The FeMg ratio of 1.4 for 
Jodzie mixed phyllosilicates requires an abundant phyllosi- 
licate of either the brown or gray variety and lesser 
amounts of the more Iron-rich phyllosilicates. We caution 
against the future use of matrix bulk analyses for defining 
matrix mineralogy because the results shed little light on 
the complex nature of mixed. extremely fine-grained com- 
ponents. These analyses can be used for comparison with 
other meteortte matrices as shown in Table I. Jodzie bulk 
phyllosihcates show good compositional agreement with 
Orgueil phyllosilicates (KERRIDGE. 1976) wnith the exception 
that Jodzie has higher Fe content. 

FUCHS et al. (1973) described and analyzed amorphous 
‘Fe-S-O’ phases in Murchison that they termed ‘poorly 
characterized phases.’ RAMD~HR (1973) also described a 
similar phase ‘Fe-C-O’ in three CM meteorites, McSwr:~ru 

and RICHARIISON (1977) suggested that an Fe-Ni--S-O 
phase is present in all CM meteorites and. wrth various 
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Table 2. Electron microprobe analyses of poorly characterized phases 

POORLY CHARACTERIZED PHASES (PCP) 

Jodzie Murray Nagoya 

TYPO I Type II Type III 

SiO, 0.26 0.86 8.1 11.5 22.0 
Al203 0.10 0.52 1.1 2.2 1.5 
"FeO" 54.0 51.5 62.0 34.4 42.0 
crgoj 3.3 --- --- -_- 

%O 0.56 0.70 2.5 4.6 10.2 
cao 0.04 0.05 0.10 0.10 0.04 
KzO 0.36 0.63 0.20 0.10 0.20 
P205 co.02 0.84 co.02 co.02 0.05 
Ni 5.8 7.7 6.4 1.2 0.03 
S 20.4 17.0 8.8 10.4 12.0 
C 2.4 2.2 5.0 8.4 0.2 ____~ 

SUlll 83.92 82.0 94.20 92.90 88.22 

Fibrous Massive Fibrous and Gt-XU1.U Small grains 
to platey Needles to formless <3 u 

proportions of phyllosilicates, is a low-temperature con- 
densation product in the solar nebula. We find that Jodzie, 
Nogoya. Murchison and Murray contain amorphous or 
poorly crystallized phases high in Fe, Ni, 0, C, S and in 
some morphological forms, Si (Table 2). This material is 
massive, fibrous, needle-like, granular, or formless and is 
consistent with the description given by FUCHS er al. (1973). 
Composition of the massive form in Murray is similar to 
that described in Murchison by FUCHS PI ul. (1973). al- 
though they did not analyze other forms. In the three 
forms. we find a correlation between morphological form 
and composition (Table 2). A high S content appears to be 
associated with low Si, Al and Mg. Several varieties are 
shown in Figs 4 and 5. Of the three forms, Type III (granu- 
lar and formless) is the most abundant. Because these 
phases lack the virtues of horzajde minerals, we collectively 
refer to them by the acronym PCP. 

All forms of PCP are black and opaque in standard thin 
sections and show a range of color from gray to beige in 
reflected light. The degree of anisotropy varies with form; 
massive forms show the least and fibrous the most, Com- 
positions of PCP are puzzling; analytical sums are always 
less than 100%; some barely exceed 80%. Oxygen 
measured by the microprobe exceeds amounts necessary 
for oxide assignments even if we assume that all iron is 
Fe3 + so that a portion of the missing components could be 
water or S that is oxidized to S03. This appears to be a 
plausible explanation if we convert S in the analyses of 
Table 2 to SO, which bring the sums to nearly lOt$~,. In 
either case, PCP does not appear to have stoichometry. 

The coexistence and inverse relationship of S and Si in 
PCP were also puzzling until we observed PCP in 
ultrathin sections. Apparently. Si-bearing PCP consists of 
two phases: (I) an Fe-rich phyllosilicate phase and (2) a 
phase rich in Fe, Ni. S and C (Fig. 6). The two-phase 
mixture was confirmed by TEM and SEM observations. 
Measurements of accurate compositions for these phases is 
hampered by their fine-grain size. Figure 7 shows an SEM 
micrograph of PCP and X-ray images of Fe, S and Mg. 
Iron and S are clearly enriched in the outer margins; Mg is 
concentrated in the core areas (phyllosilicate), despite the 
rather low abundance (<3 wt9:,) of Mg and lower sensi- 
tivity of SEM analysis. 

We believe that PCP is important in understanding the 
formation and evolution of CM mineral matrices and the 
chemical evolution of C and S in meteorites. The PCP 
textures and association with other phases strongly suggest 
an irl situ alteration origin for most matrix components as 

opposed to nebular condensation. Because some of the sul- 
fide and PCP veins transcend many phase boundaries, it 
seems improbable that alteration occurred anywhere other 
than in the matrix. Many pseudomorphed clasts and chon- 
drules consist entirely of PCP and phyllosihcates. More- 
over, many matrix mineral grains, especially calcite, show 
PCP needles and fibers penetrating into or encrusting on 
the grain margins (Figs 4 and 5). PCP contains rather high 
amounts of carbon, Carbon in the most abundant Type III 
PCP averages about 8 wt% in Murray or about 4 times 
greater than bulk contents, After phyllosilicates. PCP is the 
second most abundant phase in the matrix and may 
account for up to 3Ovol4;, of matrix components. The 
amount of C associated with PCP and phyllosilicate 
phases can account for most of the carbon in Murray and, 
presumably other CM meteorites. The content of C as well 
as the abundances and types of organic matter and noble 
gases in CM meteorites seem to be interrelated. a point 
more fully developed in the discussion section. 

SulJirlrs 

Pyrrhotite, pentlandite. ‘Q’ sulfide and unusual alter- 
ation sulfides were found in Murray, in addition to sulfur- 
bearing PCP. Of these sulfides. pyrrhotite is the most 
abundant (617”) compared with pentlandite; both show no 
unusual compositions (Table 3) although those grains in 
advanced stages of alteration may contain large amounts 
of oxygen (up to I4 wt”/,) in their outer margins, An un- 
usual primary sulfide was found in all CM meteorites and 
is similar to the predicted ‘Q’ phase composition of a puta- 
tive noble gas-rich phase in meteorites (LEWIS ef (I/.. 1975). 
‘Q’ sulfide refers to observed sulfides compositionally simi- 
lar to a putative gas-rich trace phase in meteorites that is 
insoluble in HF and HCI but dissolves in oxidizing acids 
releasing its gas contents (the ‘Q’-effect: LEWIS c’t ul., 1975; 
cf. REYNOLDS er (I/.. 1978 and OTT er ul., 1979); its existence 
and Fe, Ni. Cr-sulfide composition have been inferred from 
analyses of HNO, etchants of meteoritic HF-HCI insolu- 
ble residues. Identification of sulfide grains with Q-like 
compositions neither confirms nor denies the gas-retention 
and acid solubility properties attributed to the inferred 
Q-sulfide. Microprobe analyses of I I small grains ( -c IO n) 
within the matrix and 4 in forsteritic aggregates show vari- 
able composition among the grains (Table 3) with respect 
to Cr, which appears to have an inverse relationship with 
Ni. Major elements are homogeneously distributed (Fig. 8) 
and all observed grains show little evidence of alteration, 
We are not able to obtain complete analyses for this phase 
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Table 3. Electron microprobe analyses of primary sulfides in Murray and Nogoya 

Murray Nagoya 

Pyrrhotite 

(45)” 

Pentlandire ” Q ” sulfide “Pentlandite” 

(30)” (13)* (17)” 

Fe 61.4 - 63.0 

s 35.6 - 36.9 
Ni 0.04 - 1.24 

Cr 10.02 - 0.21 

P <0.02 

K co.02 

Zn <0.02 

0 co.05 - 0.6 

C co.05 - 0.53 

31.1 - 45.1 

32.8 - 33.3 
20.7 - 34.0 

co.02 - 0.6 
co.02 

co.02 

to.02 

co.05 

10.05 - 0.03 

29.1 - 30.4 

23.9 - 25.9 

18.0 - 26.9 

4.0 - 12.5 

3.1 - 4.0 

0.35 - 1.0 
10.02 

co.05 - 3.0 

CO.05 

31.1 - 36.6 

30.8 - 33.1 
23.7 - 33.3 

co.02 - 0.14 

<0.02 - 1.2 

<0.02 - 0.9 
~0.02 - 22.3 

co.05 - 1.2 

0.08 - 0.6 

* Number of grains analyzed. 

because the analytical sums of all detectable elements never 
exceed 91 wt”,,. Microprobe analyses show little or no oxy- 
gen or C. Unfortunately, the fine-grain size and low abun- 
dances preclude X-ray diffraction and isotopic analysis. 

Calcite occurs m the matrix as small (few to 95 {c). mostly 
equant grains that have needles of PCP protruding into the 
grams (Fig. 4) or are commonly rimmed by PCP (Fig. 5). A 
few partly altered chondrules and aggregates have small 
amounts of calcite. Electron microprobe and SEM analyses 
she\< calcite to be free of any cations other than Ca. 

Calcite PCP textural relationships indicate paragenetic 
overlap v.ith calcite formation preceding, although over- 
lapping PCP crystallization. Calcite in Murray and 
Nogoya chondrules and aggregates is clearly an alteration- 
rcplacemcnt product. Matrix calcite is also an alteration 
product as shown by its growth development with PCP. 
C‘arbonates arc common alteration products in hydrother- 
mally altered terrestrial ultramafic and mafic rocks. We 
conclude that calcite in CM meteorites formed in a similar 
manner and not as low-temperature nebula condensates. 

Magnetite occurs as small (< l-3 /L) spheres. equant 
grnlns (1 7 11) and massive units. Microprobe analyses 
shou onl) the presence of Fe and 0. Although some mag- 
nrtitc ma) have formed as a low-temperature condensate, 
\bc suggest that most magnetite occurs as an alteration- 
reaction product. based on its mutual association with 
other alteration phases. Hematite and y-Fe,O, were ident- 
ified in the matrix by X-ray diffraction. 

YOGOYA ALTERATION 

CHARACTERISTICS 

Nagoya is a unique meteorite that has received 
httlc attention in the past. Our samples of Nogoya, 
obtained through the courtesy of Professor Carleton 
Moore, show 9S1(; alteration of precursor materials. 

The matrix is nearly completely altered to Mg-serpen- 
tine and Fe-serpentine (Figs 9 and 10). In addition 

SEM. microprobe analyses, X-ray diffraction, and 
TEM diffraction indicate the presence of Fe,O,, 

Fe?O,. ;,-Fe,O,, possibly antigorite and brucite, 
PCP, gypsum. pentlandite, zincian pentlandite, cal- 
cite. epsomite and relic pyrrhotite, forsterite and Ca- 
poor and Ca-rich pyroxenes. 

X-ray diffraction of phyllosilicates in Nogoya show 
that they are more structurally ordered than phyllosi- 
licates in other CM meteorites. Moreover, they are 
also more compositionally homogeneous and better 

physically separated, which together suggest attain- 
ment of equilibrium. Phyllosilicate average analyses 
(Table 1) and example analyses in Fig. IO show more 
MgO and less ‘FeO’ in both Mg-serpentine and Fe- 

serpentine compared with other CM analyses. Many 

small (< 10 p) grains of pentlandite are dispersed in 

and around both phyllosihcates (Fig. IO): they have 
apparently formed from PCP during prolonged alter- 
ation with decreasing oxygen fugacity. Recrystallized 

margins around larger (30 11) relic pentlandite contain 
up to 23 wto/;; Zn that has replaced Ni. Only relic 

Fe-free ohvine and pyroxenes remain, apparently 
because they were more resistant to alteration. 

The most remarkable textural characteristic of 
Nogoya is the complete replacement of chondrules 
and aggregates by phyllosilicates, PCP and spongy 

mosaic calcite (Figs I I and 12); only ‘spinach’ 
remains. Several chondrules contain relic forsteritic 
olivine completely surrounded by fibrous Mg-serpen- 
tine. 

Mesh or island textures are common for chondrules 

and aggregates that still contain relic primary olivine 
and pyroxene (Fig. 13a). Analyses of phyllosilicates 

that surround the ohvine ‘islands’ in Fig. l3a are con- 

sistent with Fe-serpentine composition. In addition. 
they contain Cl, which is enriched over relic materials 
by a factor of 2-10. Petrographic and SEM obserba- 

tions of the phyllosilicates indicate the possible pres- 
ence of antigorite. although no conclusive TEM elec- 
tron diffraction has been obtained. Figure 13b shows 

a typical mesh or island alteration texture of a terres- 
trial altered ultramafic rock. Nogoya and, to a lesser 

degree, Cold Bokkeveld, contain a few cross-cutting 
veins filled with calcite, phyllosilicates. iron oxides. 

altered sulfides and possibly Fe-rich epsomite. 

Other altered aggregates and chondrules in Nogoya 
contain granular magnetite surrounded by Fe-rich 
brucite and Fe-serpentine (Fig. l4a). The granular, 
wispy nature of magnetite is very similar to secondary 
magnetite in terrestrial serpentinite rocks (Fig. 14b). 
In addition, the aggregate in Fig. 14a (and in the 
enlarged view in Fig. 14~) shows an excellent develop- 
ment of colloform texture which is typical of crystal- 
lization in a liquid medium. SEM-EDA spectra 
(Figs l4d through 14f) shah the composition of the 



1548 T. E. BUVCH and S. CHAW 

various colloform layers. Layer a appears to be a 

Mg-rich phyllosilicate whereas layer h is Fe-rich. 

Note that layer h is also enriched in K and Cl, which 

amount to 0.5 and 1.8 wt%, respectively. Interiors of 

the colloform structures are poorly crystallized or 
amorphous (optically) and are Mg, %-rich. Area c is 
possibly Fe-rich brucite; Si that is present is probably 

contamination from surrounding serpentine. Particles 

from this aggregate were excavated and analyzed by 

TEM electron diffraction. Most particles show a 
strong spacing at 7.3 A, consistent with serpentine. 

Other particles show strong spacing at 4.9 and 2.4 A, 
consistent with brucite. 

Evidence for alteration in place is further strength- 
ened by the textural relationship between matrix and 
an olivine clast shown in Fig. 15. This fractured grain 

is corroded by alteration mostly along fractures, 
which afforded easy access for alteration fluids or 
gases. The original grain boundary has been com- 

pletely destroyed by advancing alteration and the 

grain has been partly replaced by phyllosilicates, iron 
oxide and calcite. 

Abundances and distributions of C. N and S in 
Nogoya, and data on C isotopic composition are 
given in Table 4. Although values for total S and N 
are consistent with other CM meteorites, values of 

5.206 for total C are higher than previously observed 
in any meteorite. Moreover. the bulk carbon isotopic 

composition (- 21 X’~,,,) shows the lowest measured 
‘3Ci’2C ratio of any carbonaceous chondrite except 
for Karoonda ( - 25.2”,,,,; BELSKV and KAPLAN, 1970), 
a C4 meteorite. Carbon in Nogoya shows isotopic 
affinities with C in ordinary chondrites (BOATO, 1954; 

BELSKY and KAPLAN. 1970). The amount and isotopic 
composition of C in the acid insoluble residues point 
to an indigenous origin for the isotopically light car- 

bon rather than terrestrial contamination. Although 

these residues from carbonaceous meteorites usually 
exhibit isotopic compositions close to - 16”,,,,. several 

analyses of CI and CM meteorites yielded values 
ranging from - 18 to -3O”,,, (KROUSE and M~IIZE- 
LESKI, 1970; NAGY, 1975). The abundance and iso- 
topic composition of carbonate-CO, released by acid 

are not unusual and resemble those of Murchison 

(CHANG rr L!/., 1978) and other CM meteorites (SMITH 

and KAPLAN. 1970). The origin of the isotopically 

light CO. however, is not clear. Acid treatment of 

Murchison yields a similar CO component. The CO 
may be gas originally trapped within the meteorite 
matrix or a product resulting from a partial decompo- 

sition of organic matter during acid treatment. or 
both. In Table 4, the difference between carbon abun- 

dances in the whole rock and in the sum of carbon- 

aceous components obtained by acid treatment indi- 

cates that water and acid soluble organic matter 
amounts to roughly 30”,, of the total carbon. in agree- 
ment with analyses of other CM and Cl meteorites 
(HAYES. 1967; SWTH and KAPLAN. 1970). Substantial 

amounts (6&90”:,) of sulfur were also extracted by 
acid as might be expected if water-soluble sulfates 
were a major component. A small amount of SO, was 

also released. but no H2S derived from a hydrolyzable 

sulfide was detectable at the IOO-ppm level in either 

Nogoya or Murchison. KROUSE and MODZELESKI 

(1970) consistently observed the evolution of SO2 dur- 

ing acid treatment of carbonaceous meteorites. The 

occurrence of the oxidized form of sulfur readily 
accounts for the ‘excess oxygen’ seen in PCP phases. 

A few problems are evident regarding classification. 

formation and evolution of Nogoya. Relic textures 

and relic mineralogy are consistent with CM meteor- 

ites: however. high bulk carbon (5.2 wt”,,). relatively 
high “C enrichment in the carbon isotopes, and de- 

pleted amino acid contents are unusual. Although the 

19th century measurements (MASOX. 1963) of C 

(I .62”,,) and S (3.27”,,) relegated Nagoya to the CM 

classification. the data in Table 4 and our mineralogi- 
cal-petrographic observations place it in a unique 
category. 

DESCRIPTION AND SIGNIFICANCE 

OF HALOES 

‘Haloes’ are fine-grained spherical to elliptical 
zones of matrix material that rim most aggregates and 

a few chondrules. This feature was noticed by FUCHS 

Table 4. Abundances of C, N and S. and isotopic composition of C in Nogoya* 

Whole rock 19.4 5.18 -21.7 I 1037 
Whole rock 18.9 5.25 -21.9 2.35 758 
Whole rock 34.1 (4.27)+ (-20.6)+ 2.61 1039 
Carbonate - CO24 0.246 +37.2 
Carbon monoxides 0.057 -29.9 
Sulfur dioxide5 0.023 
HCl-Insoluble Residue 6.14 3.41 -25.6 0.288 458 
HCl-Insoluble Residue 3.25 3.76 -24.6 0.410 970 
HCl-Insoluble Residue 11.8 3.65 -25.0 0.973 1036 

* Abundances calculated for whole meteorite. 
t Sample lost. 
$ Incomplete recovery of carbon. 
t; Freed by heating a 19.3-mg sample in 6 N HCI at 11O'C. 
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Fig. I. Example of altered matrix in Murray. 
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Fig. 2. Examples of incipient alteration in Murray high-temperature aggregates. 
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Fig. 3. Colloidal alteration sequence (colloform texture) in Murray 
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Fig. 6. PCP (dark) intergrown with phyltosilicate (center portions) as Seen in an ultrathin section (8 I() of 
Murray (diameter uf j-grain cluster is 10 ~1). 



Fig. 7. (a) SEM photograph of PCP-phyllosilicate clusters shown in Fig. 6. (b) Fe X-radiation image of 
a. (c) S X-radiation image of n. (d) Mg X-radiation image of a. 



Fig. 5. ‘Q’ sulfide. (a) SEM photograph or Q’ sulfide in Murray. Field width = 15 jr. (b) Fe X-radiation. 
(c) S X-radiation. (d) Cr X-radiation. 
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Fig. 9. Typical matrix texture of Nagoya. 
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Fig. 10. Nogoya phase relationships and compositions. 
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Fig. 11. Nogoya chondrule pseudomorphed by calclte and phyllosilicates. 
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Fig. 12. Nogoya aggregate pseudomorphed by PCP and phyllosilicates. 
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Fig. 13. (a) Nagoya chondrule consisting originally of three olivine grains now partially altered to 
fibrous and massive phyllosilicates in a manner similar to terrestrial serpentinite mesh or Island textures. 
Dark rounded areas within the chondrule are brownish iron oxides and altered sulfides. Small dark 
grains are PCP. Plane light. field width = 1.8 mm. (b) Example of a terrestrial serpentine mesh texture 
showing island of relic olivine surrounded by antigorite and lizardite serpentines. Del Norte County. 
California. Plane light, field width = 1% mm. (c) Nagoya. Cross-cutting vein (small arrows) consisting, of 
calcite, phyl~osilicates, brownish iron oxides and Fe-epsomite that transects an aggregate of relic ohvme 

(large arrow) surrounded by phyllosilicates. Plane light. held width = 1 .X mm. 
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Si 
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Fig. 14. (a) Nagoya. Aggregate altered to Mg-phyllosilicates and amorphous colloidal material (light 
color), magnetite (dark granular patches) with interstitial Fe-brucite. and Fe-serpentine (intermediate 
shades). Arrows point to colloform ureas. large arrow points to enlarged area (c). Plane light, field 
width = 1.8 mm. (b) Terrestrial serpentinite that shows similar sfructured and granular development of 
secondary magnetite, which is surrounded by serpentine. Plane light, field width = 1.8 mm. (c) Enlarged 
area from (a) that shows colloform textural, plane light, field width = 0.45 mm. Area a is ~g-phyllosi~~- 
cate (SEMW?DA X-ray emission spectrograph G, Fig. 14d). Area b is Fe-serpentine @EM-EDA X-ray 
emission spectrograph h, Fig. 14e). Area c is probably Fe-hrucite (SEM-EDA X-ray spectrograph c. Fig. 

14~). Area d relic olivine. 



a 

Fig. 15. (a) Ohvine grain in Nogoya matrix, which is partially replaced on margins and in fractures by 
phyllosilicates and iron oxides (large filled arrow) and calcite (small open arrows). Small filled arrows 
point to iron oxide replacement of metal and sulfide. Plane light, field width = 0.45 mm. (b) Same as (a) 
in reflected light. Dashed line shows prealteration grain outline. Filled arrow shows direction of 

enhanced alteration-replacement along a system of subparallel fractures. 
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Fig. 16. Examples of C-rich haloes in CM and C3 meteorites. (a) Halo surrounding aggregate in Allende. 
(b) Altered halo surrounding aggregate in Vigarano. (c) Altered halo surrounding aggregate in Murchi- 

son. (d) Altered haloes surrounding aggregate in Murray. 
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Fig. 18. Carbon and olivine relationships in Allende haloes and matrix. (a) SEM photograph of Allende 
matrix (polished thin section)-elongated grains are olivine. bright grains are sulfides (field width = 
12 ;L). (b) Enlarged area in (a) showing long olivine grain and carbonaceous coating of grains (field 
width = 3 in). (c) SEM photograph of interlocking olivine grains in Allende halo (field width = 12 11). (d) 
Enlarged central portion of (ct showing carbonaceoiis micromounds on olivine surfaces (field 
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ef crl. (I 973) in Murchison. Examples of haloes in CM 
meteorites are shown in Fig. 16 with examples of 

haloes in two C3(V) meteorites, Vigarano and 

Allende. Haloes in CM meteorites are commonly less 

than 1.3 of the aggregate thickness and completely 
surround the aggregate. The haloes consist of phyllo- 
silicates. PCP. carbonaceous matter and fine-grained 
sulfides with rare mineral fragments no larger than 

5 IL. In standard thin sections. haloes appear dark. due 
primarily to large amounts of opaque phases. In 

ultrathin sections the opacity is diminished and fine- 

grained textures can be observed. Elongate grains in 
haloes are commonly oriented parallel or tangentially 

to the aggregate surface. Microprobe analyses of 

haloes indicate enrichment of carbon relative to the 
bulk meteorite (Fig. 17). Carbon shows a weak posi- 
tive correlation with S and no correlation with Fe. In 

addition, C is concentrated at the aggregate halo 
interface and diminishes toward the meteorite matrix 

(Fig. 17). 
Haloes are less abundant in C3 meteorites, al- 

though there is a correlation of haloed aggregates 
with bulk C content. Less than IS”;, of the olivine 

ALLENDE 

aggregates in Allende (total rock C = O.3:& CHANG ~‘t 
al.. 1978) have haloes (8 thin sections), whereas about 

405; have haloes (2 thin sections) in Vigarano 

(C = 1.15”;,. GIBSON ef al., 1971): all remnant aggre- 

gates in Nogoya (C = 5”/& Table 4) have haloes. 
Moreover, haloes in Allende are irregular in shape 
and thickness and may not completely surround the 
aggregate. On the other hand, haloes in Allende are 

the most C-enriched. ranging 448 times the bulk C 
abundance (Fig. 17). The U(O) chondrite Isna has no 
haloes and contains 0.19”; C (METHOT rf ol., 1975). 

Vigarano haloes are similar in bulk phase content to 

those in CM meteorites as phyllosilicates are common 
in Vigarano (Table 5). SEM observations and EDA 

and microprobe analyses show that Allende haloes 
consist of an interlocking network of mostly small 
(I 3 Jo) olivine (Foa8 s2) with minor amounts of 
platelet metal and sulfides and high void space 

(Fig. 18). We observed a micromound texture on oli- 
vine surfaces in both haloes and matrix, in agreement 

with earlier findings of GREEN et ul. (I971 ) and BAL- 
MAN et d. (1973); the latter group interpreted the tex- 

ture as vapor-deposited carbon. In contrast. matrix 

30 

F Fe -.- 

C- 
S ---- 

20 HALO BULK ANALYSIS 

,I- 

Fe = 28.4 

c= 1.6 

BULK METEORITE C = 0.33% 

0 5 10 15 20 25 30 

MURRAY 

I 1. 
/\j L.1.’ .’ 

& A 

‘.\,//F. = 8.3 

c = 2.8 

- iULK METEORITE C = 2.24% 

liJ 0 5 10 15 20 25 30 

NOGOYA 
BULK METEORITE C = 5% 

Fe = 6.2 

C = 5.2 

S = 2.7 

0 5 10 0 5 10 15 0 5 10 
DISTANCE FROM CHONDRULEiAGGREGATE - HALO INTERFACE. ir 

Fig. 17. Microprobe step scans for Fe, C, and S in Allende, Murray and Nogoya haloes showing 
enrichment of C near halo-chondrite or aggregate interface. 
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Table 5. Electron microprobe analyses of phyllo- 
silicate and haloes in Vigarano 

Phyllosilicate HalIES 

SiOL 30.9 28.8 - 41.9 
AlLOi 5.0 2.1 - 4.0 

Tioj 0.08 0.11 - 0.16 
CrLoj 0.55 0.3 - 0.4 

"FeO" 28.9 23.1 - 45.6 
MgO 26.1 11.7 - 22.6 

C30 0.67 0.13 - 3.7 

NaLO 0.98 0.06 - 0.20 

KZO 0.64 0.04 - 0.18 
P;Om, 0.09 0.17 - 0.78 

s 0.32 1.10 - 3.75 

Nio 2.33 0.98 - 3.32 

c* 0.80 0.8 - 2.1 

H;O. 10.00 

sum 97.96 

* Carbon not included in totals. 

t H20 assumed to be lo”,,. 

olivine (Fo,, 52) is larger (5 p), has poorly developed 
micromounds. lower void space and is mixed with 

other phases (pyroxenes and high-temperature 

phases). Carbon appears to be associated entirely with 
olivinc grains (CHANG et d.. 1978). Halo and matrix 

olivine contain low amounts of P, Al and S (Table 6). 

These elements and C do not coordinate well within 
the olivine structure and their presence may be attri- 
buted to substances adsorbed on olivine surfaces 
either during or after grain growth or both. No min- 
eral inclusions or negative crystals were observed with 
the SEM to a maximum size of 5001%. Haloes could 

represent the initial growth period of low-temperature 

condensates in contact with earlier formed high-tem- 

perature phases. 

DlSCLSSlOlV 

The CM meteorite matrices contain phyllosilicates 

and other secondary minerals in a contextured man- 
ner that clearly indicate low-temperature alteration of 
precursive material on or near the surface region of a 

parent body. This conclusion is consistent with those 

of DUFRESN‘E and AWERS (1962). NAW pt II/. (1963). 

B~STR~~M and FREDRIKSSON (1966), KERRIDGL: (1977) 

and RI~HARIX~Y (1978) for Orgueil matrix but in 

marked contrast with those of M~SWWW and 

RICHARIXOU (1977) and AKRWEYILIS and ALFWU 
(1971) who suggested a condensation origin from. rc- 
spectively, the solar nebula and a low density partiallq 
excited gas. ARRHENIUS and ALFWX ( I97 I ) based their 
suggestion on a conclusion drawn by ./LFFR~~ and 

AXIICRS (1970) that phyllosilicates in Orgueil wcrc 
host phases for noble gases. FRIGX and MOWIT (1976. 

1977) and SRINAVASAN ct nl. (1977). however. have 

demonstrated that an acid-insoluble carbonaceous 
residue contains the main noble gas carrier(s) in 
Orgueil and CM meteorites. rather than phyllosili- 
cate. MCSWWN and RICHARIXON (1877). on the basis 

of matrix bulk analyses, suggested that compositional 

variations among CM meteorites resulted from mix- 
ing of two condensation components. phyllosilicatcs 
and an amorphous Fe NiLS ~0 phase (PC‘P). which is 

inconsistent with our observations. 
To conclude that phyllosilicates formed as alter- 

ation products in a parent body. two major considcr- 
ations must be met: (I) it must be demonstrated con- 

vincingly that phyllosilicatcs were indeed alteration 

derived and (2) pertinent observations must clearly 
show that alteration occurred within hojt rock and 

not prior to parent body accretion. To satisfy the first 
condition we cite from our petrographic observations. 

the presence of assemblages typical of terrestrial hyd- 

rous alteration. mainly combinations of scrpentines. 
magnetite, calcite. hydrated iron oxides. awaruitc and 
pentlandite. Textural relationships of these assem- 

blages arc highly suggestive of sccondq alteration 

processes. Nogoya and Cold Bokkevctd contain a 

very high percentage (>95”,, for Nogo~a) of alter- 
ation minerals, with remaining olivine and pyroxenes 
showing evidence of partial alteration in place. The 

most striking evidence for aqueous (liquid and or 
gaseous) alteration is the presence of pseudomorphed 

chondrules. aggregates and clasts rcptaced b! calcite. 
phyllosilicates and iron oxides (Figs IO 12). Collo- 

form textures (Figs 3 and 14) are known to form on14 
through aqueous activity. The redistribution of iron is 

Table 6. Electron microprobe analyses of matrix and halo olivine In 
Allende 

Halo olivine Matrix olivine 
(14)* (10)" 

Si02 34.5 (34 -35 ) 35.6 (34.1 - 35.3 ) 
Al203 0.67 ( 0.5 - 0.75) 0.38 ( 0.25 - 0.45) 

Cr20, 0.28 ( 0.2 - 0.34) 0.13 ( 0.05 - 0.18) 

Fe0 40.6 (39.8 - 41 ) 39.4 (39.4 - 40.2 ) 
xgo 23.1 (22.7 - 23.5 ) 22.5 (21.6 - 23 ) 
cao 0.45 ( 0.4 - 0.52) 0.5 ( 0.02 - 0.09) 
NiO 0.48 ( 0.4 - 0.56) 0.37 ( 0.2 - 0.44) 

P 0.13 ( 0.11 - 0.25) 0.06 ( 0.02 - 0.1 ) 
s 0.64 ( 0.51 - 0.7 ) 0.06 ( 0.03 - 0.13) 

Sum 100.90 98.85 

* Number of grains analyzed. 
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highly suggestive of aqueous alteration. During alter- 

ation, iron may enter serpentine minerals and brucite 

or form secondary opaque minerals, magnetite, awar- 

uite, PCP and pentlandite (MOOIIY, 1976), all of which 

are present in Nogoya and, with the exception of bru- 
cite, in all other CM meteorites that were studied. 
Formation of magnetite and pentlandite in Cl 
meteorites (KERRIDGE et al., 1979) and in CM meteor- 
ites (KERRIDGE and BUNCH, 1979) probably occurred 
through aqueous alteration processes. MCKEE and 
MCKIRE (1979) reported important observations from 
their high-resolution, SEM study of Murray and 
Nogoya phyllosilicates that give additional support to 

the alteration theory: (I) the range of laboratory- 

separated particle morphologies and structures are 
very similar to those of serpentines hydrothermally 

synthesized from olivine; (2) cylindrical axis thinness 
in some particles is similar to terrestrial serpentine 

minerals formed from pyroxenes. In addition, they 

found that some of the particles are probably admix- 
tures of serpentine--talc-brucite, a situation that 

would unlikely arise through primary nebular or 

vapor condensation. 
Our own SEM and petrographic observations, elec- 

tron diffraction and SEM analyses indicate the prob- 

able presence of brucite in conjunction with magnetite 
in an altered aggregate in Nogoya (Fig. 14). This 
assemblage, in addition to being supportive of an 
alteration scenario, is quite useful in estimating fo, 

and temperatures of formation. MOODY (1976) 
reported from experimental work that brucite prob- 

ably forms prior to magnetite in an alteration 
sequence. Magnetite and brucite [Mg (OH)?] form at 

the expense of Fe-rich brucite on increasing tempera- 
ture (not exceeding 375’C), total pressure of 

0.3~2.0 kbar, and low fo,. At f,, higher than 
FeeFe,O, or Fe,O,-Ni,Fe field stabilities, iron 
either forms magnetite and bypasses brucite forma- 
tion or forms Fe-rich brucite, which breaks down on 
decreasing temperature to form magnetite. The prob- 
able presence of Fe-rich brucite with magnetite in 
Nagoya established environmental limits of tempera- 

ture. total pressure and fo,, which are within the en- 
vironmental range that permit organic synthesis and 

preservation of the observed organic compounds in 
Nogoya (see below). 

The main question to be answered is not whether 
alteration occurred, but where it took place--in the 
solar nebula or in a parent body. We conclude from 
the available data that all forms of alteration could 
have occurred within a parent body. We do not pre- 
clude some preaccretion alteration; the evidence 

seems to justify near-surface alteration of regolith-like 
material by gaseous or aqueous processes or by both. 
Pseudomorphic replacement, cross-cutting veins, col- 
loform textures, serpentinite-like mineralogy and 
matrices composed of interlocking growths (some- 
times spherulitic. e.g. Fig. 9) of alteration minerals 
and mesh textures argue for solid rock (or poorly 
consolidated regolith) alterations as opposed to nebu- 

lar gas-grain interaction. Petrofabric analyses of CM 

meteorites show weak to pronounced lineation of 

matrix components and inclusions similar to the 

fabric of Allende. KING and KING (1978) attributed 

the lineation in Ailende to overburden compaction or 
shock lithification in a regolith. There does not seem 
to be conclusive evidence in CM meteorites to indi- 
cate whether the observed fabrics are the result of 
simple compaction, flow orientation, or some other 

process. The important consideration here is that 
alteration occurred during or after lineation based on 

the textural continuity of phyllosilicates and other 

alteration minerals within clasts, through the clast- 
host boundaries. and into the host matrix. 

The presence of from < 150 to 2000 ppm of chlor- 

ine in CM phyllosilicates and even larger amounts in 
amorphous colloidal material (up to 3200ppm) of 

Nogoya (Fig. 14) indicates a possible redistribution of 

chlorine by a medium during alteration. SEM-EDA 

and electron microprobe analyses of unaltered olivine 
in CM and C3 meteorites show chlorine to be from 

below detection limits (< 150 ppm) to 300 ppm. Intcr- 
stitial glass or poorly crystallized material in chon- 

drules and aggregates in CM chondrites contains 
chlorine in amounts up to 2.1 wto/;,. the average being 

0.4 wt?,;. Apparently. chlorine was redistributed dur- 
ing alteration into secondary phases and did not form 

separate chloride salts, as only poor correlations were 
found between Cl and Na or K. Beam scanning 

(SEM-EDA) of cross-cutting veins and pseudo- 

morphs show higher amounts of chlorine on the aver- 

age than the matrices, which are higher in chlorine 
than primary silicates. Redistribution of chlorine. 
especially in veins, pseudomorphic structures and col- 
loidal materials suggest fluid or vapor transport. or 
both. From premliminary microprobe bulk analyses 
of CM matrices, there appears to be an inverse re- 
lationship between the chlorine content and degree of 
alteration. Nogoya. the most altered CM, contains 

only 400 * 50 ppm (average) compared with 

700 + 100 ppm for the next most altered CM. Cold 
Bokkeveld, 1000 + I50 ppm for Murray. and 

1400 i 200 ppm for Murchison, the least altered CM 
in our study. We find a similar trend among C3 

meteorites with unaltered Allende matrix containing 

1200 & I75 ppm, Mokoia 1100 & 150 ppm: the most 

altered C3 meteorite. Vigarano, cont‘iins 
800 f 100 ppm chlorine. Although the data arc few. it 
seems reasonable to suggest that if Cl contents of 
these meterorites are not inherent to initial bulk com- 
positions, the chlorine may have been partially 
leached out during aqueous alteration. Similarly. the 
rather high incidence of calcite replacement in pseu- 

domorphic structures and in limited vein occurrences 
in Nogoya also suggests that CO* or H2C0, was 
available in a fluid or gas phase. The amount of car- 
bonate alteration is low compared with terrestrial ser- 
pentinites. The presence of large amounts of carbo- 
nates in altered terrestrial rocks is commonly the 
result of an open system in which Joints and fractures 
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serve as conduits for CO,-bearing fluids. CM meteor- 

ites are nearly devoid of open channel ways for migra- 

ting fluids, although Orgueil is obviously veined. 

There is little evidence to support an extensive open 
system exchange in CM meteorites during alteration; 
the system may have been open with respect to 
species like H,O and CO2 which can remain in the 
gaseous state. The volume of fluids and gases and 
rates of exchange between them and solids are impor- 
tant with respect to metasomatic effects, which are 
minor or nonexistent if a fixed volume of fluid or gas 

remains in a closed system. The probable high poro- 
sity of prealteration material (regolith) greatly aided 

the alteration processes in CM meteorites, although 

the lack of fractures restricted or precluded significant 
metasomatic effects. Veining (fracture filling) shows a 
positive correlation with the degree of alteration from 
no visible veining in Murchison and Murray, little 

veining in Cold Bokkeveld and Nogoya to significant 
veining and more complete alteration in Orgueil. 

KI RRIIXE (1977) concluded that sympathetic vari- 
ations of Ni and S in Orgueil (CI) phyllosilicates was 
probably the result of aqueous alteration of a Ni- 

bearing sulfide. We concur that most of the Ni and S 
in CM (and probably C3) phyllosilicates resulted from 
decomposition of a Ni-bearing sulfide, although the 
sympathetic correlation is not as clear in CM phyllo- 

silicates, because of the intimate association of phyllo- 

silicates with PCP. Poor single-phase grain resolution 
during microprobe analyses does not allow for good 
statistical confirmation. 

Because of the excellent ion-exchange properties of 
clays. KERRIDGE (1977) reasoned that Na in phyllosili- 
cates should be more depleted than K relative to bulk 
meteorite compositions. From our analyses of four 
different phyllosilicates in Murray (53 individual mic- 
roprobe analyses), Na,O/K,O ratios show a narrow 
range between 0.77 and 0.9 I whereas the bulk meteor- 
ite ratio is 5.3 (WIIK. 1956). For Nogoya phyllosili- 

cates (two types; 36 analyses) a range of 0.83 to 0.90 is 
indicated with a bulk ratio of 2.6 (FRIEDHEIM. 1888; 
AHREIGS er ul.. 1969). Analyses of Na and K in 
Murchison and Jodzie phyllosilicates concur with 
this trend and we conclude that the enhancement 
of K in phyllosilicates is the result of aqueous ion 
exchange. 

Probably the main objection to irk si~u alteration is 
the occurrence of altered and unaltered materials in 

proximity to each other. Actually, nearly all com- 
ponents in CM matrices, clasts, chondrules and aggre- 
gates. show various degrees of alteration. If the view- 
point is taken that CM meteorites are regolith brec- 
cias that have formed in a manner analogous to lunar 

surface breccias but to a lesser degree of maturation, 
then this objection loses its plausibility. The constant 
flux of new material, together with impact excavation 
and mixing of older deposits could leave a hetero- 
geneous mixture of altered and unaltered material if 
the time period of hydrothermal activity was short- 
lived. 

Phyllosilicates in Cl and CM meteorites are well 
known. but what do we know about C3 phyllosili- 

cates? VAN SCHMUS and HAYES (1974) summarized 
chemical and petrographic correlations among 
carbonaceous chondrites. They note that two C3(V) 
meteorites are known to contain phyllosilicates: Al 
Rais and Renazzo with Hi100 Si (total rock) ratios of 

I86 and 11 I, respectively. Other known C3(V) 
meteorites have olivine matrices with Hi100 Si ratios 
ranging from 84 for Grosnaja to 0.01 for Allende. To 

date, we have been able to study three C;(V) meteor- 

ites. Vigarano, Mokoia and Isna, in addition to 

Allende. Vigarano is described as having an olivine 
matrix and a Hi100 Si ratio of 58 (VAK SCHMUS and 

HAYES. 1974). Although olivine is the dominate matrix 
phase, our ultrathin section observations confirm the 

presence of a large amount of phyllosilicates and 
amorphous to poorly crystalline material resulting 

most probably from alteration of precursive olivine, 
metal and sulfides. This is also true for Mokoia which 

contains less phyllosilicate in comparison with Vigar- 
ano. Isna does not appear to contain any phyllosili- 

cate. 
Phyllosilicdtes in Vigarano are distinctively differ- 

ent from those in CI and CM in terms of petrographic 
characteristics and composition. Vigarano phyllosili- 
cates contain greater amounts of alkalis, Cr. Ca and 
Al (Table 5) compared with CI and CM varieties 
(Table I). The ‘FeO’/MgO ratios are similar, although 
total ‘FeO’ and MgO contents are greater. We find 
that there are definite correlations between phyllosili- 
cate compositions and host bulk compositions or pre- 

cursive phases, for example, Vigarano bulk compo- 
sition is enhanced in Ca, Al. Cr and alkalis compared 

with CM meteorites (MASON, 1963). 

Vigarano (C3V) phyllosilicates are also Na depleted 
but to a lesser degree. Electron microprobe analyses 
of the dominate phyllosilicate (Table 5) show a 

Na,O/K,O ratio of 1.54 compared with 21 bulk ratio 
of 7.2 (MASON, 1963). The smaller depletion of Na is 
probably the result of poor ion-exchange efficiency 
stemming from limited ion transport (low water con- 
tent). 

Because the H; 100 Si ratio of Vigarano is typical of 
the 10 C3(V) meteorites listed by VAN SCHMU and 

HAYES (1974). we assume that they must also contain 
phyllosilicates and that they were subjected to alter- 
ation during the residence time in the parent body. 

The only sources of H in these meteorites are in 
indigenous organic matter. hydrated salts (e.g. epso- 
mite) and adsorbed terrestrial water. We note that the 
H/C ratios calculated from VAK ~HMUS and HAYES 

(I 974) for these seven C3(V) meteorites range from 3.4 
(Vigarano) to 13.4 (Coolidge). If we adopt the conser- 
vative view that the maximum H!C ratio of meteoritic 
organic matter is 3 (KAPLAN, 1971) then substantial 
amounts of H remain to be taken into account. 
Among the C3(V) meteorites. Mokoia (H.C = 3.8) is 
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the only one for which an estimate has been made of 

the contribution of terrestrial water (released by heat- 

ing in vacuum to 18O’C) to the total water content 
(released from 180 to 800°C). BOATO (19.54) concluded 

that 3X”,, of the water released from Mokoia could 
have been terrestrial contamination. Although there 
are insufficient data to quantitatively assess the rela- 
tive contributions of terrestrial and meteoritic H in 

the U(V) meteorites. the clear presence of phyllosili- 

cates in Vigarano, Mokoia, Al Rais and Renazzo 
coupled with respective H;‘C ratios of 3.4, 3.8. 4.5 and 
5.2. lend strength to our contention that other C3(V) 

meteorites with comparable or higher H/C ratios also 
contain phyllosilicates. We suggest that most carbon- 

aceous chondrites underwent some alteration on their 
parent body. Moreover. because it is unlikely that all 

carbonaceous chondrites originated from the same 
parent body, it appears reasonable to assume that 

low-temperature hydrothermal alteration was com- 

mon among many parent bodies. In this context we 
point out that hydrothermal alternation is not limited 

to carbonaceous chondrites. BUNCH and REID (1975) 
and ASHWORTH and HUT~HISON (1975) interpreted 

aqueous alteration in the nahklite meteorites to be 

preterrestrinl in origin; and the latter authors also 
reported evidence of similar alteration in the Weston 

chondrite. 

Bencubbin and Weatherford, and possibly material 

from the unusual chondrite Kakangari. noncarbona- 

ceous meteorites cannot be related to CM matrices by 
mass fractionation (CLAYTON rt al.. 1976; CLAUOS 

and MAYEI>A, 1978; CLAYTON. 1978). With the poss- 
ible exception of the most iron-rich olivines in C3 
meteorites, which lie with CM matrices on a common 

fractionation line (see the floor discussion that follows 
CLAYTON, 197X), the bulk oxygen reservoirs measured 
in CI and CM hydrous matrices are isotopically dis- 

tinct and cannot be related to each other or to anhy- 

drous phases in CM and other carbonaceous meteor- 
ites by fractionation processes alone. A referee has 

suggested that all CM parental materials were ir~iti~ll/~~ 
endowed with the same proportions of anomalous 

160-rich oxygen (from percursive anhydrous phases) 
and normal oxygen (from water). the various compo- 
sitions corresponding to different temperatures for 

formation. Whether it is reasonable that the same 
proportions of these isotopic reservoirs could have 

occurred among different CM parent bodies or 
nebula source regions is unclear. If all CM meteorites 

originated from the same parent body or nebula 

source region. then local variations in temperature 
and chemistry would be required. 

The oxygen isotopic compositions of carbonate in 
CI and phyllosilicates in Cl and CM matrices have 

been interpreted in terms of narrow ranges of forma- 
tion temperatures for these phases (ONUNA er al., 
1972): 360 + 15 K for Orgueil (CT), 380 ) I5 K for 

Murray (CM) and Cold Bokkeveld (CM). ONUNA ef 
trl. (1974) pointed out. however. that the discovery of 

nonchemical isotope effects in carbonaceous meteor- 
itcs signified large uncertainties in their previous esti- 

mate of the oxygen isotopic composition of nebula 
gas on which formation temperatures of putative 
nebula-derived products were based. Despite the ap- 
propriatcness of a low-temperature origin for carbo- 
nates and phyllosilicates in hydrous matrices, ignor- 

ance of isotopic composition(s) of the gaseous oxygen 
resevoir(s) from which these minerals were derived or 

with which they may have exchanged, either in the 
solar nebula or on parent bodies, precludes assign- 

ment of specific formation temperatures on the basis 
of available isotopic data. 

In the discussion following the CL.AYTON (19X) 

paper, Clayton acknowledged the possibility that low- 

temperature oxygen exchange between an 
160-depleted gas and chondritic material could 
account for the heavy isotope enrichment of Cl and 
CM hydrous matrices, provided that the exchange 

was sufficiently extensive and involved a sulticientlq 
large reservoir as to obliterate the original compo- 
sition. These requirements are weakened. however. if 

highly 160-depleted isotopic compositions are 

allowed for the low-temperature oxygen reservoir(s). 
Thus, oxygen isotope data do not preclude the com- 
bining of isotopically distinct precursive anhydrous 

phases from one (or more) high-temperature source 

regions with isotopically distinct water from one (or 
more) low-temperature source regions to form hyd- 
rated reaction products. Formation of hydrous 

matrices could have occurred either in the low-tem- 
perature regions of the solar nebula or on a partially 
formed accreting parent body. Oxygen isotope data 

alone cannot yet distinguish between the two p.ossibi- 
lities. Our mineralogical and petrological observa- 
tions, however. argue strongly in favor of parent body 
alteration environments. 

On a three-isotope plot, oxygen compositions for Both CI and CM hydrous matrices are depleted in 
CI and CM hydrous matrices lie above and below the “0 relative to anhydrous phases of carbonaceous 
terrestrial fractionation line, respectively, and each meteorites (CLAYTON and MAYEDA, 1977: CLA~.TOY r~ 
appears to define lines with slope -0.5, suggestive of uI., 1977). Moreover CI matrices, whose mineralogy 
mass fractionation trends (CLAYTON and MAYEDA, and petrology exhibit most prominently the effects of 
1977: CLAYTOU. 1978). It has been pointed out (CLAY- aqueous hydrothermal alteration, arc more strong14 
TON. 1978) that the oxygen in CI matrices could have depleted in I60 than CM matrices. The difference m 
been derived from the same reservoir as the oxygen in depletion may reflect isotopically different sources of 
H-chondritcs. as these two types of meteorites can be water, or different amounts of isotopically similar 
related by a common fractionation line. Except for water in the matrices, or isotopically different precur- 
the achondritic portions of the brecciated meteorites, sive anhydrous phases, or combinations of these 
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factors. McSw~tu and RI~HARI~SO~ (1977) have COII- 

eluded. however, that the hydrous matrices in carbon- 

aceous meteorites could not have been produced by 

hydration of C3 olivine because oxygen isotopic dif- 

ferences between CI, CM and C.1 matrices argue 
against a common progenitor. Since the isotopic com- 
position(s) of water in the solar nebula or on parent 
bodies are unknown and since precursive anhydrous 

phases could have undergone extensive low-tempera- 

turc alteration and oxygen exchange with water rcscr- 
voirs, there are few constraints that can be rigorously 
imposed on the isotopic compositions of precursive 
phases. For these reasons. M&vF:E~ and RIC.HAKI)- 

sou’s ( f977) conclusion appears to be premature. 
Large variations in the isotopic composition of 

nitrogen also exist between classes of meteorites and 
within individual meteorites (INJEKD and KAPLAN. 

1974; Kurt; and CLAYTON, 1978). The nitrogen in C-1 

and CM meteorites is strongly enriched in “N by 

factors of 20-l I@‘~,,, relative to that in C3 and enstatite 
chondrites, but only weakly enriched relative to ordi- 

nary chondrites. ‘These variations may be interpreted 
as manifestations of isotopic inhomogeneity in the 
source regions, although ‘specially contrived fraction- 

ation processes cannot be ruled out‘ (KC’NG and 

CLAYTON. 197X). lnterestingl~. kinetic isotope effects 
associated with a Fischer-Tropsch type (FTT) and 

Miller Urey syntheses of nitrogenous organic matter 
cannot account for the N-isotopic variations (KL‘NG 
and CI.AYTON. 1978). 

In chondritic meteorites where the mineral assem- 
blages show no exposure to a hydrous environment, 

carbon occurs predominantly in a complex. macro- 

molecular, reduced form. most of which is insoluble in 
acids (HAYES. 1967; BELSKY and KAPLAU. 1970; SMITH 

and KAPLAN. 1970: CHANG rt ctl., 1978). In CI and 
CM meteorites. which contain both anhydrous phases 
and minerals that reflect exposure to or synthesis in 
an aqueous environment, carbon. though appearing 
largely in macromolecular assemblages. also takes the 
form of carbonate and organic compounds extract- 
able by water and solvents. Available measurements 

on chondritic meteorites indicate that the carbon iso- 
topic composition of acid-insoluble carbonaceous 
matter is relatively enriched in 12C’, with iii3C values 

(relative to Pee Dee belemnite throughout this paper) 

ranging from -- I 1 to -3o’:,,, (HAYES, t 967: BELSKY 

and KAPLAN. 1970; KROUSE and MODZL:LESKI, 1970; 

KWSVOLIEN IT II/.. 1970; SMITH and KAPLAW, 1970; 

GANG et ui.. 1978; this work. Table 4). In contrast, 
carbonate carbon is relatively enriched in 13C with 
6I”C values ranging from +25 to +7V(,,, (CLAYTON. 

I963 : KROUSE and MODZELESKI. 1970; KVENVOLDFN 

~‘t al.. 1970: SMITH and KAPLAN, 1970; CHANC rt IL, 
197X: this work. Table 4) [except for a single value of 
+4”_, reported by KRWSE and MODZELESKI (1970) 

for the CT IvunaJ. Thus, large differences. of the order 
of 40 to I oo”,,,,. exist between the isotopic compo- 
sitions of macromolecular acid-insoluble carbon- 
aceous matter and carbonate. 

The large isotopic differences previously had been 

interpreted as the result of kinetic isotope effects as- 

sociated with a nebular FTT synthesis of CO2 and 

organic matter from CO and Hz (LANCET and 
ANDERS, 1970: ANDERS et nl.. 1973). The carbon iso- 
topic composition of compounds extractable with or- 
ganic solvents from Cl and CM meteontes ranges in 

6’ jC v&es from ‘ -28 t0 if+‘,,,, (HAYES. 1967: 
KROUSE: and MODZELESKI, 1970; KVFINLOLDEN t’t u/.. 

1970; SMITH and KAPLAN, 1970). These measurements 

may have been influenced to various degrees by ter- 
restrial contaminants (SMITH and KAPLAN, 1970). But 

if the range of isotopic compositions is real. then the 

data are consistent with a Fn synthesis for these 
compounds. Recent analyses by CHANG ctt ai. (1978). 

however, revealed that water-soluble organic matter 
in Murchison (CM) was strongly enriched in ‘“C. 

with fi’-‘C values ranging from + I3 to + U’,,,,, similar 

to that of coexisting carbonate ( ++Vc,,,) but contrary 
to expected isotopic c~)mpositi(~ns based on the FTT 

model. Conceivably. these organic compounds were 

made from isotopically heavy CO2 produced as a by- 
product of FTT reactions in the nebula (E. ANI)IIRS. 

personal communication 1978). By analogy with the 
Fischer-Tropsch reaction (ANIXRSON. 1961). however. 
.~~~ff~~~.sj,s ,fiorn c’02 if! f/re ~?~b~~~~~ cc&d ~~~~2~~ l~~~)~~~,(~l~~ 

OU!Y crftrr (l/l CO iru& hrefz (,~)~~,sI~~~?~~~/ or converted to 
other species;. The plausibility of such a scenario for 
nebular evolution and organic synthesis remains to be 
assessed. and the isotopic fractionation associated 
with FTT synthesis of organic matter from CO, 
awaits elucidation. Possibly, the polar, water-soluble. 

organic compounds were produced by processes dis- 
tinct from those which produced the rest of the or- 

ganic matter. Apparently, however. recent data indi- 

cate a need to re-examine the FTT synthesis model 
and its implicutions for the chemistry and isotopic 

composition of C and N in carbonaceous meteorites. 
An alternative explanation for the large isotopic 

fractionations was offered by C~~vrr~l: (1963) who 
suggested that the carbon isotopic heterogeneity 

among carbonaceous components may have resulted 
from their origins from sources with different nucleo- 
synthetic histories. This interpretation becomes more 

plausible now that explanation of oxygen and nitro- 

gen isotopic patterns in meteorites appears to require 
nebular isotopic heterogeneity and nuclear effects in 
addition to mass-dependent fractionation. In this con- 
text wc point out that the strongest reported enrich- 

ments of the heavy isotopes of 0. N and C occur in 
just those meteorites that show ample evidence of 
having been exposed to hydrous, low-temperature en- 
vironments. We suggest that associated with these en- 
vironments were reservoirs of 0, N and C that were 
isotopically distinct from the reservoirs that contri- 
buted these elements to anhydrous phases. In terms of 
the two c~~rnpollent model for c~lrboIl~~c~ous mcteor- 
ites (Wtxn>, 1963: AWERS, f964; ANIXRS pt d.. 1976) 
this view implies a sub-division of the tow-tempera- 

ture component into two fractions. one characterized 
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bq :mh!drous origins and one derived from hydrous 

origins. the latter providing the water for hydro- 

thermal alteration of anhydrous phases, CO2 for car- 

bonate formation, water-soluble organic compounds, 

and possibly other volatile species. 

Presumably, the water in the hydrous matrices of 
(‘I and CM meteorites had a primary origin in the 
gaseous solar nebula. Whether the effects of the water 

on mcteoritc components were achieved in the nebula 

or on ;I parent body depends on the interpretation of 
mincralogic. petrologic. chemical and isotopic obser- 

vations. KI KKIIU and BUSCH (1979) summarized the 

cvidencc indicating that CI and CM meteorites were 
formed m the rcgoliths of their parent bodies and that 

their hydrous mineralization marked one of the 

earliest dated events in the solar system. Although 
thcsc authors judged asteroids to be the probable par- 

cnt bodies for CI and CM meteorites, they also con- 
sider-cd protocomctary bodies and extinct (inactive) 

cometary cores. They also attributed the w’ater and 
other \olatilcs to local sources within the parent 
Hodges. Thus. observations pointing to iu situ hydro- 
thermal alteration on parent bodies imply that the 

Mater II;IX acquired from the nebula initially in con- 
densed or chemically bound forms during accretion of 

the parent bodies. The internal source concept was 
derived from the earlier suggestion of DuF~r:ss~ and 

AVNKS (1962) that hydrothermal alterations of anhy- 
drous silicates in near-surface regions of a parent 

hod! could habe been carried out by water and other 
Lolatile\ that were transported from depth where they 
wcrc released from pre-existing phases by internal 
heating. presumably as ;I result of radionuclide decay 
(possibly of the short-lived radionuclidc ‘“Al [LF~ (1~ 
ill.. 1977 1). 

In the absence of data requiring a nebula origin for 
ph>llosilicatcs. however, it is worthwhile to consider 

ice rather than an earlier generation of phyllosilicates 
(as suggested by D(~F~tsur: and ANIERS. 1962 and 
LARIMHK and ALDERS. 1967). as an internal source of 
water. In this context we regard the parent bodies as 

heterogeneous agglomerates that accreted planetesi- 
mals containing different amounts of both anhydrous 

and hydrous but phyllosilicate-free-volatile-rich 
material. Although the presence or absence of phyllo- 
silicates in comets remains to be established. current 
conceptions of comets and. presumably. of protoco- 
metary bodies with low dust-to-gas ratios (0.552; 
DFL.S~M.LII.. 19771 do correspond to what we envision 

to habe been planetcsimals dominated by hydrous 
volatile-rich components. Thus. proto-asteroidal and 
proto-cometar! bodies are viewed as components of ;I 
distribution of planetesimals that when formed at 
increasing heliocentric distances accreted increasing 
proportions of ice and other volatile-rich phases. 
D~namicnl processes can be envisioned (see WEIIICN- 
s(‘IIII,I.I\(;, I Y77. for example) that would foster accre- 

tion into parent bodies of anhydrous and hydrous 

components originally formed in wide11 separated 

source regions that could have differed widely in tem- 

perature. pressure and chemical and isotopic compo- 
sition. The record of extensive mixing of meteorites of 

one (or more) type(s) within a meteorite of another 
type summarized by WILKE\IUG (1977) ih noteworth) 

in this context. 
In addition to an internal source, water and other 

volatiles could have been supplied at or just below rhe 
surfaces of Cl and CM parent bodies. Formation of 

transient atmospheres and release of volatilcc in near- 

surface reservoirs were likely to have accompamed 
the accretionary growth of parent bodies as ;I result of 
low-velocity impacts heating both projectiles and 
targets. The longevity of an atmosphere formed dur- 

ing accretionarq growth of a parent body has not 
been investigated. But it is reasonable to expect that it 
would permeate a regolith and persist as long as rhc 

production rate of atmospheric species exceeded the 
escape rate. and this may have been possible during ;I 
period of rapid accretionary growth as cnvisioned for 

the production of bodies up to 590 km in diameter 
from I-km-sired planctesimals (HARTUUZ. 197X: 

GRE~NBCRG et al., 197X). Clearly. trapping of \olatiles 
within thick global cjecta blankets during regolith dc- 
velopment on parent bodies (Horn.\ c’t trl.. IY 79) 

would have provided a reasonable mechanism !or 
water retention and hydrothermal alteration. In addi- 
tion it is possible that if internal hating M;IS sutfi- 

ciently intense to yield a differentiated parent body. 
volatiles would have been expelled to form ;I transient 

atmosphere. In this connection is is notexorthy that 
the IOIX-km-diameter asteroid. Ceres. exhibits spec- 
tral reflectance properties which resemble those of the 
CM Murchison (MATSOU C’I (I/., 197X). 

Implicit in the prccedmg discussion of ice as the 

internal water source is the requiremcnt that the 
nebula temperature fell from about 300 K to beloa 

the freezing point of water without equilibration 
between dust and gas and consequent nebular altcr- 
ation of anhydrous phases (KEKRIIIGI. and Br N( H. 

1979). In contrast. the equilibrium condcnsatic,n 

model predicts appearance of magnetite at 305 K and 
phyllosilicates below 350 K as nebular alteration 
products (GROSSMAh and LARIMER. 1973). Furtht:r- 

more. the internal water concept (regardless of 
whether the source consisted of ice or ph>llosilicatcs. 
or both) places volatile-rich phases in the interiors 01 
parent bodies as well as at the surfaces. This distribu- 
tion also represents ;I departure from ;I slmplc hctcro- 
geneous accretion of the products from the ecluilih- 

rium condensation model. which predicts the concen- 

tration of volatiles OII the exterior and 01‘ anhydrous 

phases in the interiors of carbonaceous chondrlte par- 
ent bodies. The latter distribution IS based on the 

assumption that as the nebula temperature dropped. 
mineral condensates continued to take up more 
volatiles by equilibration with the nebula gas v,hile 

concomitantly accreting onto parent bodies. The tem- 
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perature at which equilibration ceased was taken to 

be the accretion temperature. 
Arguments favoring continued nebula equilibration 

below 400 K are founded on interpretations of 
meztsurements derived from meteorite analyses and 
from model studies (see Table 6. GROSSMAN and LAR- 
IMPK. 1~74): (I) oxygen isotope ratios for CI and CM 
matrix componentsPtaken to represent accretion 

temperatures under the assumptions that isotopic 

exch~~gc occurred in the nebula and that the nebula 
oxygen isotopic composition could be adequately esti- 
mated (O~vua rt al., 1972; 1974); (2) the difference in 
i “C ‘I ‘c‘ ratio between carbonate and organic 
Cm attributed to kinetically controlled FTT synthesis 
m the nebula (LANC.I;T and ANI)ERS. 1970): (3) the 

prescncc of magnetite and phyllosilicates presumed 
to reflect formation due to equilibration of water in 
the nebuki with suspended anhydrous mineral grains 
(LARIMI R and ASDFRS. 1967; GROSSMAN and LARIMER, 

lY74); (4) the abundance of Ar in magnetite synthe- 
sized under simulated nebula conditionsPhypothe- 

sized to account for 3h Ar in meteoritic magnetite on 

the basis of equilibrium solubility (LANCET and 

ANIJ~RS. 1973): (5) the Tl abundance in CI meteori- 
tes presumed to indicate its low-temperature equi- 

librium condensation from the nebula gas (LARIMER 
and .4r\lXRS. 1967). 

We h;tve pointed out above that there are grounds 
for uncertainty about the bases on which the interpre- 
tations for items (I) and (2) were made. Item (3) can 
hardly be used as unambiguous support for nebula 
equilibration no\+ that our own petrographic observa- 

tions and those of KERRIDCZ et trl. (1979) point to a 
parent body origin for phyllosilicate and magnetite. 
Item (4) carries little weight insofar as magnetite can 

also be interpreted :IS a product of parent body pro- 
cesses. In addition. the requisite elemental fraction- 
ation of the heavy gases found in host phases of the 
planetary noble gas component in carbonaceous 
meteorites (see LEWIS rr (II.. 1975; REYNOLIX et al., 
197X: FRIW c’t rr/.. 1979) does not occur in the syn- 
thesis of magnetite (LA~~I:T and ANDERS. 1973). Item 
(5) remains, but its applicability depends on the 
assumption that the pressure in the nebula where Tl 
condensed MX less than IO-‘atm (LARIM~:R and 
Ar\m RS. I Y67: GROSSMAN and LARIMER, 1974). 

On the whole. the available evidence for dust-gas 

equilibration below 400 K in the nebula appears not 

to be compelling. Indeed. parent body origins are 
quite reasonable for some of the processes previously 

assumed to have occurred in the nebula. Thus, the 
possibility remains that in the nebular regions where 
components of carbonaceous meteorites were formed 
prior to their assembly into parent bodies. the tran- 
sition from 400 K to below the freezing point of water 
occurred without hydrous alteration of anhydrous 
phases. Although knowledge of the composition of 
comets is limited, it does suggest that their chemistry 
is difficult to accommodate without imposing exotic 
constraints on the equilibrium condensation model 

(D~LSEMML: and RUD, 1977). If comets and CL CM 

and some C3 parent bodies were members of a popu- 

lation that acquired different initial contents of ice 
and volatiles by similar processes. then a common 

difficulty in formulating a nebula equilibrium origin 
for their low-temperature hydrous phases and vokt- 

tiles is expected. In any case, evidence for a nebula 

equilibrium origin for the hydrous matrices of 

carbonaceous meteorites appears to be weaker than 
previously thought, and reexamination of these ob- 

jects from the perspective of parent body alteration 
processes may yield fresh insights into their origin 

and evolution. 

As a consequence of the internal heating model. 
organic synthesis could have occurred within the 
parent body as hot gases or hot solutions or both. 
containing the elements H. C, N. 0 (and S) in reactive 

forms were transported from the interior to near- 

surface regions. provided that the thermally labile 
products could be deposited and stored at relatively 

cool (< 350 K) sites. Synthesis could also have taken 

place in ejecta blankets as they cooled and in tran- 
sient atmospheres. Syntheses in the interior and in 
ejecta blankets might have occurred with grain sur- 
faces acting as catalysts, analogous to the FTT reac- 

tions (which involve CO. H, and NH3) advocated by 
ANIXZRS et u/. (1973) for organic synthesis in the 
nebula, but with Hz0 as the dominant constituent 

rather than Hz. Relevant to this context are reports 
that organic compounds arc synthesized when hot gas 

mixtures of HzO, CO and NH, (POWI~I.I:T ct rrl.. 

1975) and HzO. CO?, NH, (HARVI! ct trl.. 1971) were 
passed over mineral inorganic substrates. Syntheses 

in a transient atmosphere could have proceeded by 
MillerUrey reactions and by shock mechanisms 
associated with infalling material (BAR-NUU rt rrl.. 

t 970). 
If the planetesimals that made up CM and CI 

parent bodies contained material similar in chemical 
composition to models of cometary and protocome- 
tary nuclei (abundant votatiles and organic matter, 
low gas-to-dust ratio) then organic matter may have 
been present prior to the onset of internal heating and 
hydrothermal alteration processes. In the presence of 
water, hydrolytic reactions of pre-existing organic 

compounds may have been important (for instance 
the hydrolysis of nitriles. amides. or esters to carboxy- 

lit acids). Although recently DrILstMh~t. and Ruu 
(1977) contrived 21 quenched-equilibrium model to 
explain their presence in cometary (and presumably 
protocometary) bodies. the nature and origin of 

cometary organic compounds remains poorly under- 
stood. 

Contributions from some or all of the sources men 
tioned above, plus others not readily apparent. may 
be represented in the organic matter that occurs in 
hydrous carbonaceous meteorites but is absent anhy- 
drous meteorites. Further detailed consideration of 
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the origin(s) of the organic matter lies outside the 

scope of this paper (see ANIERS et ul., 1973, and 
MILLER ct a/.. 1976, however, for earlier discussions). 

The amount and molecular composition of abioti- 

tally synthesized organic matter and the degree of 
hydrothermal alteration may be related and may pro- 
vide insight into the temperature, timing and duration 
of the two processes. Amino acids are known to be 

thermally labile in meteorite matrices; heating of 
Murchison under vacuum for I week at 458 K 
reduced the abundances of individual amino acids by 

factors of 2 to I7 (CROWN and MwR~:, 1974). If 
hydrothermal synthesis of phyllosilicates occurred at 

temperatures loser than 350 K over periods of 
months or years, then heat-sensitive organic com- 
pounds could have been formed prior to or concur- 
rently with the alteration process and some of them 
Would have survived. In this case we might expect 

that the abundances of these compounds in meteor- 
ites would correlate inversely with the degree of alter- 
ation. In this context. the sixfold depletion of amino 

acids in Nogoya relative to their abundances in Mur- 

ray and Murchison (CRONIN and MOORE. 1976) is 

consistent with the subst;mtially higher degree of 
4teration in Nogoya. If phyllosilicate formation 

occurred at temperatures substantially higher than 

3.50 K. then the presence of amino acids and other 
heat-scnsitivc compounds. if synthesized previously or 

concurrently. implies alteration over periods of weeks 
to months. Longer periods of alteration at elevated 
temperatures arc not precluded if heat-sensitive com- 
pounds Lvere made elscwherc and then transported to 

their final sites after the alteration environment 
cooled. 

It is noteworthy that LAWLESS et al. (1974) ident- 
ified malonic acid [H2C(C0,H),] in hot water 
extracts of Murchison. Since thermal decomposition 
of this dicarboxylic acid is expected to occur very 

rapidI? on ;I geological time scale at 300K (S. L. 
Mn.Lt:K, private communication, 1979), its presence 
indicates an upper limit for the temperature of the 
parent body environment in which it was either syn- 
thesized or preserved. Quantitative measurements of 
the abundances of diagnostic heat-sensitive organic 

compounds in carbonaceous meteorites are scarce; 
additional data would be useful in establishing con- 

straints on their low-temperature thermal histories, 

Although the physical--chemical characteristics of 
the alteration environment remain to be clearly 
defined. it is instructive to consider a hypothetical 

alteriition scenario and the experimental observations 
that bear on its credibility. For purposes of illus- 
tration \+e assume that unaltered material resembles 
anhydrous chondritic meteorites and use Allende as a 

model only to focus the discussion, rather than to 
assign it a specific precursive role. 

Carbon in Allende appears to be associated pre- 
dominantly with olivine grains and is concentrated on 

their surfaces in the form of carbonaceous micro- 

mounds. It is uncertain whether the C-rich micro- 

mounds were vapor-deposited directly on olivinc sur- 
faces while the grains were suspended in a gas phase 

(in the nebula or on 21 parent body. or both) or 

whether they were produced separately then mixed 
with olivine grains in 21 parent body regolith. or both. 
Acid insoluble carbonaceous matter has been impli- 

cated as the carrier phase of at least tuo noble gas 
components in Allende (LEWIS er al., 1975; Lt u’ts cc 

(I/., 1977: REYNOLDS et d.. 1978: FRI(.R and CIJANC;. 
1978: OTT et rrl., 1974). No definitive evidence links 

the micromounds directly to the acid insoluble 
carbonaceous residues: however. the former comprise 
the only directly observed C-rich substances in 
Allende. Although the natural mechanisms of host 
phase synthesis and gas trapping are unknown. FRICK 

et d. (1979) and KOTHARI YT (I/. (1979) have shown 
that laboratory syntheses of cxbonxeous host 

materials result in high concentrations and strong 
elemental fractionation of the trapped noble gases 

characteristic of the planetary component m meteor- 

ites. Thus, the available data are compatible with the 
idea that noble gas incorporation accompanied for- 

mation of the carbonaceous micromounds. 
After its accretion into the parent body rcgolith. 

alteration of precursive anhydrous material required 

the presence of at least HZ0 and CO?. Methane. CO, 

N, and other gases may also have been present. The 
CO, is required to supply the carbonate found III 

hydrous matrices. In the presence of H,O and CO?. 
olivines and other anhydrous silicates were altered to 

phyllosilicates and sulfides lvere converted to more 
oxidized forms of S (see below). The consequent dij- 

ruption of olivinc structure caused colloidal scpar- 
ation of the associated carbonaceous micromounds. 

which tended to aggregate and associutc with alter- 
ation products derived from sulfide and metal to bicld 

various forms of PCP. Thus, the origmal association 
of S and C with olivine is replaced bq the association 

of PCP with phyllosilicates. (In this connection, It is 
noteworthy that M(.KEE and MOOKF (1979) and 

MACKINNON and BLX:(T (I 979) ha\c ohscrbed 
ubiquitous coatings of amorphous material on phyllo- 
silicate particles obtained from CM matrices and 5~1g!- 

gested that they might be carbonaceous.) According 
to this view. the noble-gas-rich acid insoluble carbon- 
aceous residues from hydrous meteorites are derlvcd 

predominantly from PCP and include micromound 
material. Although noble gases in large part must he 
retained in host phases during alteration, some pas 

loss cannot be excluded nor can incorporation of xl- 

ditional noble gases into phases t~r~c,/~,fortttet/ during 
the process. In any case, evidence pointing to carbor.- 
xeous carriers for several trapped noble girs com- 
ponents in CM ~md CI meteorites (SRIkt\,.4sP%\ t’f cl/.. 
1977; REYNOLDS et tr/.. 1978: EHFRHARI)T c’! ‘I/.. 1979: 
ALAERTS et al.. 1979) suggests that material in their 
parent bodies sampled 21 multiplicit\. of cn~ironmcnts 
characterized by different noble gas compositions. 
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Abiotic organic synthesis in hydrous regions of the 

parent body (see above) could have supplied some of 

the organic compounds that occur in CM and CI 
meteorites but arc absent in anhydrous meteorites. 

The presence of organic matter in association with 
precursive anhydrous phases or in the water reservoir 

(or both) may have facilimted the hydrothermal alter- 

:rtion process if the suggestion by SIFFEKT (1979) that 
organic matter lowers the activation energy for clay 

synthesis 111 terrestrial systems proves correct and is 
applicable by analogy to the meteorite parent body 

milieus. 
In nebula condensation models (GROSSMAN and 

LARM R. 1974: LE~X 1972). troilite is the only sulfur 
species predicted to form at temperatures higher than 

the condensation point of NH,SH (<250 K); its for- 
mation temperature range is 680.-600 K. ANIIERS rt trl. 
( 1976) suggested the possible formation of sulfides of 

the trace elements Tl, Cd. Bi and Pb at lower tem- 
peratures (I 400 K). but their abundances are 
expected to be much lower than that of troilite: little 

direct e\,idcnce exists for their presence in meteorites. 
For the present discussion. we take the view that the 

chemical evolution of sulfur in carbonaceous meteor- 
ites mvolves essentially one reservoir of sulfur, that 
contained in unaltered (by H,O) anhydrous chondri- 

tic m:tteri:tl and represented by troilite. (We note, 
however. that in Allende the sulfides occur as pentlan- 

dite and troilite (CLARKII et ((I.. 1970). 

The concept of 21 common source of S for meteor- 
ites w:ts articulated by KAPLAN and HULSTOIV (1966) 

:md w;ts based on the uniformity of isotopic compo- 
sitrons for total S in 70 iron and stony meteorites: 
6’“s. (1) values encompassed a range of less than 

& I”,,,,. Because the bulk and weighted average iso- 
topic composition of S in the meteorites they studied 
were essentially constant, despite variations among 

different S phases. these workers suggested that in situ 

fractiomrtion by chemical processes occurred in a sys- 

tem th:tt w21s closed to significant losses of component 
sulfur phases. 

If all the sulfur in anhydrous precursive materials 

existed initially in the sulfide form, then progressive 
:tlteration oxidatron reactions analogous to those first 

proposed by Ltwrs (1967) naturally yield as products 
the elemental sulfur and sulfate observed in hydrous 

meteorites (see also STI-GER and DESIARDINS. 1978). In 
this context WC regard PCP as heterogeneous matrix 
components contnining much of the oxidized and par- 
tially oxidized intermediates and products of sulfide 

alteration mixed with other poorly crystalline ma- 
teri&. The redox propertics of sulfide permit f;jcile 
oxid:ttion under circumstances where oxidation of 
reduced c:trbonaceous material is slow. DUFR~~SNE 
and A~XIXRS (1962) have pointed out that magnetite, 
sulhtte. reduced organic matter. carbonate and troilite 
can coexist at or near equilibrium with water. Thus, if 
Hz0 were added to an anhydrous cnrbonaceous 
chondritic mineral assemblage containing troilite, 
partial conversion of the troilite to sulfate would have 

been thermodynamically spontaneous and. therefore. 

would not have required additional oxidants. The 

presence of elemental sulfur probably reflects kinetic 

barriers to its conversion to the thermodynamically 

stable sulfate. ;IS first suggested by D~,FR~:sxI and 
ANIXRS (1962). Terrestrial geochemical cycles involv- 
ing sulfur. sulfide. sulfite, and sulfilte species :tre very 
poorly understood (ML.YER (II t/l.. IY79). 

Variations in isotopic composition (A.ii’%) between 

sulfide and elemental S and sulfitte within individual 
carbonaceous meteorites ranged from 0.2 to 5.6’,,,,. 

vvith enrichment of “S in sulfate :md elemental S 
relative to sulfide (KAPI.A~ ;rnd HI,IS-TON. IYh6: 

MONSTI:R CT trl.. 1965). From their isotopic study ol 
troilite oxidation, Lt.w~s and KRWSI~ (1969) con- 

cluded that kinetic isotope effects associated with a 

low-temperature (~373 K) alteration oxidation pro- 
cess could ;tccount for the common occurrence of iso- 

topically light sulfate and isotopically heavy sultide. 

Sulfate may be derived from the most rapidly ElItered 
sulfide. whereas the intact sulfide muy rcprcscnt the 
slowest to alter. Our failure to detect H,S above the 

IOO-ppm level during acid treatment of Murchison 
and Nogoya is consistent with the prcfcrcntial :t)ter- 

ation of hydrolyzable sulfide and preserv:rtron of hyd- 
rolysis-resistant sulfide. Hydrolyzable sultide occurred 

21s ;r low proportion of the total S III the Cl and C‘M 
carbonaceous chondrites exitmined by K ~PI.A\ ;md 
H~:LSTO~ ( 1966). 

The isotopic fractionation scheme proposed by 

MONSTER e’t rtl. (1965) to explain the sulfur isotope 
distribution among phases involved the hydrolysis~ 

disproportionation of pre-existing element:tl S accord- 

ing to the following general equation: 

4S + 3Hz0$2H,S + SO; t 7H+ 

Liquid water is required, and the H2S and S20im 

were postulated to be precursors for the sulfides and 
sulfates in carbonaceous meteorites. The experimental 

bitsis for the scheme has been criticized by LEWIS and 
KR~UX (1969). Moreover. elemental S is not prc- 

dieted to appear in meteorites by any condensation 
theories: it has not been found in any anhydrous 
meteorites. and its presence in C3 meteorites 
(DUFRESN~ and ANIXRS, 1962) coincides with the 

occurrence of sulfate. carbonate and phyllosilicate. 
themselves the products of alteration processes. We 
believe that the available evidence. though not pre- 
cluding the scheme of MOI\STER er u/. (1965). is most 
compatible with the view that sulfate and elemental S 
in CM and C3 meteorites result from altcration-oxi- 

dation of pre-existing sulfide. The latter alternative 
provides a model for the chemical evolution of sulfur- 
bearing phases that is consistent \vith that of other 
constituents of the hydrous matrices. It is possible 
that in meteorites that have undergone complete or 
nearly complete alteration- -for example. Nagoya and 
OrgueilLsecond-generation sulfide and sulfiltc ma> 

have been formed from elemental sulfur that was 
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already an alteration product derived originally from 

sulfide. 
Gtx~~~uc, (1978) concluded from a thermodynamic 

study of probable gas-solid weathering reactions of 

precursive Martian surface rocks, that alteration 
products. derived from reactions in the 240-298 K 
temperature range. consist essentially of carbonates. 
iron oxides, clays (kaolinite) and FeSO, or 
FeSO,’ HzO. Thus, the theoretical alteration assem- 
blage on the Martian surface is very similar to the 
alteration products in CM meteorites. exclusive of or- 

ganic compounds. Moreover. both are similar to ter- 
restrial cvaporite deposits formed in conjunction with 
volcanic or mafic rock detritus. Another interesting 

parallel may be made from preliminary near-infrared 

observations of lo‘s surface (POLLACK c’t al.. 197X. and 
POLLAC~: and B~I~c‘H, unpublished data). Significant 
amounts of ferrous salts (possibly iron sulfates) 

appear to be present, which suggests an evaporite 
model for the development of lo’s surface. 

These somewhat loosely formed analogies seem to 
suggest a common development of iron sulfates on 
the surface of different planetary bodies, either 
through gas-solid or liquid&olid alteration reactions. 

CONCLUSIONS 

From evidence we have presented, coupled with 
existing data on CM meteorites, we believe the fol- 

lowing conclusions are firmly based: 

(I ) CM matrix phases. primarily phyllosilicates, 
PCP, carbonate and some magnetite, were produced 
by aqueous alteration in a parent body at tempera- 

tures <400 K. Precursive matrix minerals were likely 
to have been Fe-rich ferromagnesian minerals (mostly 
olivine), metal, and Ni-bearing sulfides. 

(2) Carbonaceous matter is predominantly associ- 
ated with PCP in altered matrices. In mostly un- 

altered carbonaceous meteorites (C3’s) and probably 
in precursive parents of CM’s, carbonaceous matter is 

concentrated on olivine in the matrix as well as in 

dark haloes that surround some chondrules and 
aggregates. with higher abundances of C occurring in 
the halo olivines. 

(3) Synthesis of the extractable organic compounds 

in carbonaceous meteorites may have occurred prior 
to or in the same environment as did aqueous alter- 
ation of anhydrous minerals. Whole or partial preser- 
vation of this organic matter may reflect the degree of 
overlap in episodes of synthesis and alteration. The 
occurrence of thermally labile organic compounds 
indicates that their synthesis did not take place prior 
to or simultaneously with hydrothermal alteration, if 

alteration occurred over months at temperatures 
much above 350 K. After their synthesis the environ- 
mental temperatures never exceeded the stability of 
the organic compounds. 

(4) Parent body alteration processes are not incom- 
patible with the known isotopic compositions of C. N. 
S and 0 in CM meteorites. 

(5) CM meteorites were part of a parent body rego- 

lith in which the alteration process possibly took 

place in a partial open system: addition of at least 

HzO, COz, and extractable organic compounds and 
partial removal of leached Cl and possibly Na. 
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