
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 71 (2007) 4380–4403
The origin and evolution of chondrites recorded
in the elemental and isotopic compositions of their

macromolecular organic matter

C.M.O’D. Alexander a,*, M. Fogel b, H. Yabuta b, G.D. Cody b

a Department of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Road, NW, Washington, DC 20015, USA
b Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road, NW, Washington, DC 20015, USA

Received 20 July 2006; accepted in revised form 18 June 2007; available online 17 July 2007
Abstract

Extraterrestrial organic matter in meteorites potentially retains a unique record of synthesis and chemical/thermal modi-
fication by parent body, nebular and even presolar processes. In a survey of the elemental and isotopic compositions of insol-
uble organic matter (IOM) from 75 carbonaceous, ordinary and enstatite chondrites, we find dramatic variations within and
between chondrite classes. There is no evidence that these variations correlate with the time and/or location of chondrite for-
mation, or with any primary petrologic or bulk compositional features that are associated with nebular processes (e.g., chon-
drule and volatile trace element abundances). Nor is there evidence for the formation of the IOM by Fischer–Tropsch-Type
synthesis in the nebula or in the parent bodies. The elemental variations are consistent with thermal maturation and/or oxi-
dation of a common precursor. For reasons that are unclear, there are large variations in isotopic composition within and
between chondrite classes that do not correlate in a simple way with elemental composition or petrologic type. Nevertheless,
because of the pattern of elemental variations with petrologic type and the lack of any correlation with the primary features of
the chondrite classes, at present the most likely explanation is that all IOM compositional variations are the result of parent
body processing of a common precursor. If correct, the range of isotopic compositions within and between chondrite classes
implies that the IOM is composed of several isotopically distinct components whose relative stability varied with parent body
conditions. The most primitive IOM is found in the CR chondrites and Bells (CM2). Isotopically, the IOM from these mete-
orites resembles the IOM in interplanetary dust particles. Chemically, their IOM resembles the CHON particles of comet Hal-
ley. Despite the large isotopic anomalies in the IOM from these meteorites, it is uncertain whether the IOM formed in the
interstellar medium or the outer Solar System, although the former is preferred here.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Recently, there has been a renewal of interest in the or-
ganic matter in meteorites and interplanetary dust particles
(IDPs). This resurgence has been motivated by the develop-
ment of new analytical techniques, as well as by the poten-
tial information the organic matter can provide about
processes in the interstellar medium (ISM) and early Solar
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System. The organic matter is generally divided into solvent
soluble (1–25%) and insoluble (75–99%) fractions
(Gilmour, 2003). The insoluble organic matter (IOM) is
thought to be macromolecular, and composed of small aro-
matic moieties held together by short highly branched ali-
phatic chains and ether linkages (e.g., Hayatsu et al.,
1977; Cody et al., 2002; Remusat et al., 2005; Sephton
et al., 2005). The soluble organic matter is a complex mix-
ture that includes carboxylic acids, amino acids and nucleic
acids.

Based on significant D and 15N enrichments, it has been
suggested that the IOM is largely interstellar in origin
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(Robert and Epstein, 1982; Yang and Epstein, 1983, 1984),
or at least formed from interstellar precursors. A presolar
origin would be consistent with the presence of presolar cir-
cumstellar grains in meteorites and IDPs (e.g., Nittler,
2003; Zinner, 2003). More recently, similarities in their 3–
4 lm IR (Pendleton et al., 1994) and 200–250 nm UV spec-
tra (Bradley et al., 2005) have strengthened the case for a
direct link between the IOM and refractory organics in
the diffuse ISM. Alexander et al. (1998) also argued for a
presolar origin of the IOM based on the relatively constant
ratio between the IOM and presolar grains in all
chondrites.

The interstellar origin of the IOM and soluble organic
matter rests largely on their D and 15N enrichments, but re-
cent models predict that very large D enrichments will de-
velop in simple gas phases molecules (e.g., CH4, HCN,
NH3, H2CO and H2O) in protoplanetary disks at radial dis-
tances of P25 AU (Aikawa and Herbst, 2001; Aikawa
et al., 2002). The models have yet to be extended to smaller
radial distances. At these large radial distances, the amount
of organic C in the gas phase is relatively small. It is unclear
whether the enrichments in the gas phase material can be
transferred in significant quantities to the much more abun-
dant condensed organics trapped in ices, or in fact what
fraction of ISM organics survive formation of the Solar
System. Nevertheless, Remusat et al. (2006) have proposed
that the D enrichments in IOM are the result of exchange
with D-rich H3

þ in the outer Solar System. At the very
least, these models mean that assigning an interstellar origin
to organic matter based on isotopic compositions alone is
no longer justified.

Chondrites, IDPs (from outer main belt asteroids and/or
comets) and comets will all have accreted at different times
and places in the solar nebula. Astrophysical models sug-
gest that there could be extensive radial mixing of dust in
disks (Bockelèe-Morvan et al., 2002; Gail, 2004). Also,
the thermal structure of the solar nebula and the extent of
radial mixing will have changed with time. It is possible that
some dust cycled through the hot inner nebula destroying
the interstellar organics in the process, and that as it was
transported outward again new organic matter formed
(Nuth et al., 2000). It has also been suggested that the vol-
atile element fractionations in chondrites result from heat-
ing of dust in the nebula at temperatures of from
�400 �C to 700 �C or more (Huss et al., 2003). At these
temperatures IOM would be significantly modified or de-
stroyed. If, as these models suggest, the organics found in
meteorites, comets, etc. are variable mixtures of material
synthesized and/or thermally processed in the ISM and So-
lar System, this should be reflected in IOM abundances,
compositions and functional group chemistries.

Comets (Kissel and Krueger, 1987) and IDPs (Schramm
et al., 1989; Thomas et al., 1993) contain roughly 3–4 times
as much refractory organic matter than the matrix in even
the most primitive meteorites, such as the CIs (Robert
and Epstein, 1982; Yang and Epstein, 1983; Alexander
et al., 1998). Despite this, there is considerable similarity be-
tween the most primitive IOM from chondrites and that in
IDPs (Flynn et al., 2003; Keller et al., 2004; Busemann
et al., 2006). It is possible, that all chondrites accreted the
same primitive IOM component (Alexander et al., 1998;
Alexander, 2005b). In this case, all variations in the func-
tional group chemistry, and elemental and isotopic compo-
sitions must be consistent with evolution from a common
precursor that was presumably synthesized in the outer So-
lar System or in the ISM.

It is apparent that the IOM retains important information
about processes that occurred in the ISM and/or in the solar
nebula. Historically, studies of chondrites have tended to
ignore the IOM, but its origin is inextricably linked to the for-
mation of its host meteorite. Before the IOM can be used to
constraint nebular and chondrite formation processes, the ef-
fects of parent body processes (aqueous alteration and meta-
morphism) and terrestrial weathering must be understood.
Indeed, the IOM may provide new insights into the condi-
tions that prevailed during parent body processing. To try
to establish the origin(s) of chondritic IOM, as well as how
it was modified in the solar nebula, on meteorite parent
bodies and on Earth, we report the results of the most exten-
sive and complete survey of the elemental and isotopic com-
positions of IOM conducted to date. In total, we have
analyzed 75 chondrites taken from all major chondrite classes
and with a range of petrologic types. We find that parent
body processes can effect dramatic elemental and isotopic
changes in the IOM. There is no evidence that the IOM
formed or was modified in the inner solar nebula. At present,
it seems likely that all the IOM in chondrites formed from a
common precursor material that formed in the outer Solar
System and/or in the ISM.

2. SAMPLES AND METHODS

2.1. Sample selection and petrology

Parent body processing has affected all meteorites and
the IOM in them, and the conditions under which this pro-
cessing occurred varied from parent body to parent body.
Hence, the meteorites analyzed here were selected to cover
the range of chondrite classes and petrologic types within a
class (Table 1). In Tables 1 and 2, meteorites within a class
are listed in rough order of increasing aqueous alteration
(CMs and CRs) and thermal metamorphism (heated
CMs, OCs, CVs, and COs)—little is known of the relative
metamorphic grades of the ECs studied and the CIs are
completely altered. Several chondrite classes were not stud-
ied either because they have no large, unweathered low type
3 members (e.g., Rs and CKs), or because their IOM con-
tents are too low for this study given the sample sizes
available (e.g., CHs and CBs). More details of the petrology
of the selected meteorites are provided in the Electronic
Annex EA-1. Large samples (>1 g) were obtained whenever
possible to minimize the potential complications of sample
heterogeneity, sample loss during preparation and contam-
ination. Relatively large meteorites were always chosen so
that samples could be taken well away from the fusion crust
where heating during atmospheric entry might modify the
IOM. Except for the enstatite chondrites (ECs), meteorites
with petrologic types >3.6–3.7 were not analyzed because
IOM C contents in these meteorites are very low (Yang
and Epstein, 1983; Grady et al., 1989; Alexander et al.,



Table 1
The meteorites analyzed, along with their classification, shock and weathering stages, abundances of matrix and bulk meteorite insoluble C
contents determined in this study

Summary Fall/find Classification Shock Weath. Matrixc (vol%) C (wt%)

CI
Orgueil Fall CI1 100 2.00
Ivuna Fall CI1 100 2.25

CM
Bells Fall CM2 S1 81.7 0.96
Kivasvaara Find CM2 0.97
Murchison Fall CM2 S1-2, br 63.6 0.83d

Mighei Fall CM2 S1 60.7 0.94
Murray Fall CM2 S1 58.8 0.96
DOM03183 Find CM2 0.87
Cold Bokkeveld Fall CM2 S1 74.2 0.85
ALH83100 Find CM1/2 Be 0.76
MET01070 Find CM1 Be 0.98

CM heated
LEW85311 Find CM heated Be 0.91
Y793321 Find CM heated 1.31
PCA91008 Find CM heated B 0.74
Y86720 Find CM heated 0.51

CR
MET00426 Find CR2 B 0.46
QUE99177 Find CR2 Be 0.34
EET92042 Find CR2 B 28.9 0.46
GRA95229 Find CR2 A 0.68
Al Rais Fall CR2 S1 52.9 1.34
GRO95577 Find CR1 B 0.78
LEW85332 Find CR? B/C 0.20

CVox
Kaba Fall CV3 oxB S1 50.7 0.68
Mokoia Fall CV3 oxB S1, br 39.8 0.54
MET00430 Find CV3 oxA/B B 0.51
Bali Fall CV3 oxB S2 50.0 0.35
Allende Fall CV3 oxA S1 38.4 0.18
ALH84028 Find CV3 oxA S1 Ae 0.12

CVred
Leoville Find CV3 red S3 35.1 0.61
Vigarano Fall CV3 red S1-2, br 34.5 0.61
Eframovka Find CV3 red S4 35.7 0.49
MET01017 Find CV3 red 0.38

CO
ALH77307 Find CO3.0 S1 Ae 33.7 0.48
Colony Find CO3.0 S1 29.0 0.14
Y81020 Find CO3.0 S1 0.44
Kainsaz Fall CO3.1 S1 30.0 0.43
Y791717 Find CO3.3 S1 0.10
ALHA77003 Find CO3.5 S1, br Ae 0.16
ALH83108 Find CO3.5 S1 A 0.044
Isna Find CO3.7 S1 28.7 0.051

OC
Semarkona Fall LL3.0 S2 15.6 0.36
QUE97008 Find L3.05 S2 A 0.25
MET00526 Find L3.05 S2 0.21
MET00452 Find H3.5 B/Ce 0.27
Bishunpur Fall L/LL3.15 S2 13.9 0.25
LEW86018 Find L3.1 Be 0.25
GRO95502a Find L3.2 S2 B 0.19
GRO95504a Find L3.2 S2 A/B 0.24
GRO95505a Find L3.4 B 0.16
MET96503b Find L3.1 S2 B 9.9 0.15
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Table 1 (continued)

Summary Fall/find Classification Shock Weath. Matrixc (vol%) C (wt%)

MET96515b Find L3.1 S2 A/B 9.9 0.19
Krymka Fall LL3.2 S3 13.6 0.15
WSG95300 Find H3.3 A/B 0.25
ALH83010 Find L3.3 B 0.14
Chainpur Fall LL3.4 S1 16.1 0.10
MET00506 Find H3.4 B 0.21
Tieschitz Fall H/L3.6 S3 10.3 0.19
MET00489 Find L3.6 A/B 0.071
QUE93030 Find H3.6 B/C 0.002

EH
GRO95517 Find EH3 C 0.16
PCA91238 Find EH3 Be 0.24
ALH77295 Find EH3 B 0.19
EET87746 Find EH3 Ce 0.19
Indarch Fall EH4 S4 12.5 0.26

EL
PCA91020 Find EL3 Ce 0.27
MAC02837 Find EL3 C 0.26

Ungrouped
Tagish Lake Fall C2 80 2.00d

WIS91600 Find C2 A/Be 85 2.26
Adelaide Find C3 35 0.72
MAC87300 Find C3 B 0.72
Acfer 094 Find C3 42 0.37

CR weath
El Djouf Find CR2 0.049
Acfer 059 Find CR2 0.035
Acfer 186 Find CR2 0.069
Acfer 209 Find CR2 0.031

Within a chondrite class, the meteorites are listed roughly in order of increasing aqueous alteration or thermal metamorphism.
a GRO95502, GRO95504 and, possibly, GRO95505 are paired.
b MET96503 and MET96515 are paired.
c Sources: Birjukov and Ulyanov (1996), Brearley (1991, 2004a), Huss and Lewis (1995), Huss et al. (1981, 2003), McSween (1977a,b, 1979),

Rubin et al. (1985), Weisberg et al. (1993).
d IOM C abundance from for Tagish Lake Grady et al. (2002) and for Murchison from Yang and Epstein (1983).
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1998). When possible, observed falls were selected. Failing
that, the least weathered Antarctic meteorites were pre-
ferred. In rare cases, non-Antarctic finds were analyzed—
Kivesvaara (CM2) from Finland, Colony (CO3.0) from
Oklahoma (USA), Adelaide (ungrouped) from south Aus-
tralia and Acfer 094 (ungrouped) from Algeria. In these
meteorites, the effects of weathering are a concern.

To understand what weathering does to the IOM, we
analyzed 4 CR chondrite finds from Algeria—El Djouf
001, and the Acfer meteorites 059, 186, and 209. A previous
study of bulk samples of these meteorites suggested that the
organic matter in them had been severely affected by weath-
ering (Ash and Pillinger, 1995). CRs were chosen because
the large isotopic enrichments in their IOM make it easier
to detect isotopic changes associated with weathering, and
because the CRs exhibit a fairly uniform degree of parent
body alteration.

2.2. Residue preparation

All residues were prepared by demineralization of the
bulk meteorites using a CsF–HF (1.6–1.7 g/cc and pH
5–7) technique (Cody et al., 2002; Cody and Alexander,
2005), with all steps carried out at room temperature. The
bulk meteorites were crushed to a grain size of <106 lm,
treated with �2 N HCl to remove Fe, Ni-metal and most
sulfide, and then rinsed first with milliQ water and subse-
quently with dioxane. After this, the samples were treated
with two immiscible liquids—dioxane and an aqueous
CsF–HF solution (1.6–1.7 g/cc and pH 5–7). The IOM lib-
erated by this treatment collects at the interface between the
CsF–HF solution and the dioxane. After centrifugation, the
IOM is pipetted off and rinsed several times in �2 N HCl,
and then rinsed sequentially in 1 N HCl and 9 N HF,
�2 N HCl, milliQ water and dioxane before being dried
down in air at <30–50 �C. In many meteorites, microme-
ter-sized sulfides remain trapped in the residue. Some of
these sulfides gradually oxidized in air so that they can be
removed by repeated treatment, at intervals of at least sev-
eral days, with HCl followed by rinsing in milliQ water and
dioxane, and drying.

The 1–2 N HCl was prepared from concentrated HCl
produced by bubbling high purity HCl gas through milliQ
water. Doubly distilled concentrated HF was used in



Table 2
The C contents, elemental ratios (100·) and isotopic compositions of the meteorite residues

C (wt%) H/C (at.) N/C (at.) O/C (at.) S/C (at.) d13C (‰) d15N (‰) dD (‰) d18O (‰)

CI
Orgueil 67.0 ± 0.7 67.3 ± 1.4 3.49 ± 0.01 18.1 ± 0.2 2.8 ± 1.4 �17.05 ± 0.04 30.7 ± 0.2 972 ± 2 14.5 ± 0.6
Ivuna 65.8 72.3 3.52 15.4 �16.97 31.9 978 15.2

CM
Bells 62.8 ± 0.7 68.5 ± 0.8 3.37 ± 0.02 20.9 ± 0.3 5.0 ± 1.4 �34.20 ± 0.16 415.3 ± 1.6 3283 14.1 ± 0.2
Kivasvaara 52.2 ± 0.2 73.1 ± 0.3 3.42 ± 0.01 22.6 ± 0.9 �17.13 ± 0.05 2.7 ± 0.2 707 ± 7 7.9 ± 0.9
Murchison 66.5 ± 0.6 58.8 ± 1.6 3.27 ± 0.03 18.3 ± 0.3 1.8 ± 1.2 �18.91 ± 0.01 �1.0 ± 0.4 777 ± 27 13.2 ± 0.6
Mighei 62.5 67.7 ± 3.3 3.42 ± 0.01 17.2 ± 0.1 3.3 ± 1.0 �18.33 ± 0.23 0.5 ± 1.1 803 11.5 ± 0.4
Murray 61.6 ± 1.0 67.7 ± 1.1 3.69 ± 0.01 17.2 ± 1.2 6.0 ± 2.3 �18.05 ± 0.18 7.5 ± 0.1 893 11.5 ± 0.4
DOM03183 69.7 ± 0.4 63.8 ± 0.4 2.57 ± 0.08 10.8 ± 0.3 7.8 �17.45 ± 0.15 �1.9 ± 0.5 639 ± 5 10.4 ± 0.3
Cold Bokk 62.3 ± 0.2 57.6 ± 1.5 3.35 ± 0.01 18.9 ± 0.1 3.0 ± 1.0 �18.63 ± 0.10 �2.0 ± 0.1 734 ± 26 12.5 ± 0.6
ALH83100 61.2 ± 0.7 64.8 ± 1.3 3.22 ± 0.01 19.1 ± 1.0 3.0 ± 1.8 �17.86 ± 0.15 �6.7 ± 0.8 723 ± 11 10.1
MET01070 64.7 ± 0.7 68.0 ± 0.8 2.99 ± 0.03 15.7 ± 0.5 2.9 ± 1.5 �18.17 ± 0.01 �8.5 ± 0.3 693 9.4 ± 0.3

CM heated
LEW85311 58.1 ± 0.5 69.6 ± 0.7 4.64 ± 0.01 17.4 ± 1.5 �15.62 ± 0.17 �0.5 ± 0.1 1008 ± 2 10.4 ± 0.5
Y793321 67.2 ± 0.3 42.2 ± 0.7 3.00 ± 0.06 15.9 ± 0.3 3.2 �8.39 ± 0.07 35.1 ± 0.7 95 ± 7 9.2 ± 0.1
PCA91008 62.5 ± 0.4 34.7 ± 0.5 2.85 ± 0.02 20.0 ± 0.3 3.6 �11.38 ± 0.09 26.0 ± 0.2 244 ± 7 7.8 ± 0.1
Y86720 66.7 ± 0.2 14.8 ± 1.6 1.86 ± 0.01 15.1 ± 0.1 1.9 ± 0.8 �19.86 ± 0.25 29.5 ± 0.6 496 ± 36 10.5

CR
MET00426 69.0 78.3 3.39 14.4 n.m. �20.32 176.8 3054 12.6
QUE99177 67.8 80.3 3.65 14.6 n.m. �20.83 187.4 3139 13.0
EET92042 66.5 ± 0.6 75.7 ± 2.0 3.83 ± 0.02 16.6 ± 0.2 3.2 ± 1.1 �22.19 ± 0.1 184.1 ± 1.4 3002 ± 12 14.2 ± 0.3
GRA95229 63.0 68.9 4.39 ± 0.64 22.0 3.1 �21.61 ± 0.90 153.4 ± 6.7 2909 12.1
Al Rais 61.4 80.6 3.21 16.2 7.4 �24.20 161.8 2619 15.2
GRO95577 75.5 78.6 3.16 11.4 0.7 �26.58 233.2 2973 15.0
LEW85332 56.7 71.9 3.19 20.4 n.m. �23.70 309.0 3527 10.6

CVox
Kaba 65.1 31.3 1.29 30.3 �15.44 �26.2 209 17.8
Mokoia 68.9 ± 1.0 20.4 ± 0.3 0.88 ± 0.01 13.2 ± 0.2 �15.04 ± 0.17 �36.3 ± 1.2 341 8.4 ± 0.4
MET00430 49.1 ± 2.0 32.4 ± 2.4 0.65 ± 0.01 19.0 ± 1.4 �18.35 �65.6 ± 2.9 62 ± 10 6.9 ± 0.7

Bali 56.7 37.4 0.46 13.6 n.m. �18.00 �47.5 160 9.5
Allende 57.6 ± 1.2 17.4 ± 1.0 0.48 ± 0.03 12.5 ± 0.5 �17.03 ± 0.19 �51.2 ± 0.6 194 ± 13 5.1 ± 0.4
ALH84028 43.0 ± 0.2 18.2 ± 0.2 0.62 ± 0.01 30.4 ± 0.2 �15.89 ± 0.08 �41.4 ± 0.1 239 ± 10 4.9 ± 0.1

CVred
Leoville 73.6 ± 0.2 16.4 ± 0.2 1.15 ± 0.08 9.0 ± 0.1 �13.09 ± 0.28 �17.5 ± 2.4 1361 ± 52 11.5 ± 0.4
Vigarano 73.1 ± 0.1 17.6 0.82 ± 0.02 10.7 ± 0.2 �12.05 ± 0.17 �21.3 ± 0.5 839 9.3 ± 0.2
Eframovka 72.3 21.5 0.67 9.7 n.m. �13.11 �25.7 714 6.8
MET01017 89.5 ± 0.8 8.4 ± 0.4 0.10 ± 0.07 4.6 ± 1.5 �6.79 ± 0.07 �31.4 ± 4.1 �57 7.9 ± 0.9

CO
ALH77307 65.5 12.9 2.04 15.0 7.7 �8.29 3.0 314 8.2
Colony 54.0 32.7 2.01 29.0 �8.68 17.7 749 10.9
Y81020 64.0 41.6 1.06 18.3 2.3 �8.17 3.3 402 6.8
Kainsaz 68.9 16.3 0.60 11.9 �13.92 �16.4 435 7.1
Y791717 40.1 49.2 0.60 28.7 �7.13 �19.4 340 2.6

ALH77003 51.7 ± 0.1 23.8 ± 0.6 0.67 ± 0.01 26.4 ± 0.4 �7.72 ± 0.01 �27.1 ± 4.7 132 ± 9 6.5 ± 0.2
ALH83108 64.5 9.0 0.53 13.5 �4.47 �29.7 417 5.5
Isna 32.0 �8.50

OC
Semarkona 56.3 47.6 1.49 28.9 7.4 �23.67 26.9 2322 12.6
QUE97008 50.6 ± 1.4 37.9 ± 1.0 1.68 ± 0.01 24.4 ± 0.7 �20.35 ± 0.09 �0.7 ± 0.1 3199 8.4
MET00526 66.2 ± 1.8 25.3 ± 0.7 1.65 ± 0.01 18.3 ± 0.5 �15.94 ± 0.09 �4.2 ± 0.1 4526 8.7
MET00452 71.5 42.3 1.43 15.5 �16.05 �7.2 2678 7.9
Bishunpur 57.7 25.1 1.49 22.8 �16.65 12.1 2749 11.2
LEW86018 59.3 26.0 0.74 20.6 �15.88 36.3 2531 4.5
GRO95502a 61.2 25.3 0.71 18.5 �11.90 �3.7 3297 8.8
GRO95504a 59.7 22.4 0.89 18.4 �10.42 5.3 3174 10.7
GRO95505a 60.8 21.8 0.85 18.2 �15.81 �34.4 4009 7.7
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Table 2 (continued)

C (wt%) H/C (at.) N/C (at.) O/C (at.) S/C (at.) d13C (‰) d15N (‰) dD (‰) d18O (‰)

MET96503b 62.1 24.6 1.88 20.5 �13.60 �11.3 3984 10.8
MET96515b 70.2 22.6 1.50 14.6 �13.36 �8.7 3997 12.0
Krymka 70.7 34.8 0.97 14.8 ± 0.2 3.4 �17.38 �10.7 1917 12.2 ± 0.4
WSG95300 64.0 19.0 0.56 14.1 �12.00 �38.5 6181 6.1
ALH83010 46.1 17.4 0.30 34.3 �14.81 �46.9 346 7.7

Chainpur 44.8 29.6 1.70 31.5 �16.86 8.2 2708 13.1

MET00506 63.1 26.1 1.49 15.8 �13.13 �11.3 3908 9.3
Tieschitz 66.5 ± 1.8 16.0 ± 0.4 1.01 ± 0.01 13.6 ± 0.4 �12.31 ± 0.09 7.2 ± 0.1 5558 13.1
MET00489 28.3 �18.82

QUE93030 7.9 �16.04

EH
GRO95517 83.8 17.5 0.67 4.6 n.m. �7.75 27.4 �115 12.8
PCA91238 47.2 ± 0.1 14.8 ± 0.8 b.d. 5.1 n.m. �7.14 ± 0.04 b.d. �160 ± 1 12.0

ALH77295 73.5 23.4 0.38 4.5 n.m. �7.36 32.5 �23 9.7
EET87746 82.0 24.4 0.58 13.2 n.m. �7.16 6.9 299 9.1
Indarch 67.2 9.9 0.20 4.1 �8.73 �20.9 �82 11.9

EL
PCA91020 74.6 ± 1.1 12.4 ± 0.2 0.69 ± 0.01 7.6 n.m. �8.21 17.8 ± 1.6 �119 ± 3 20.0 ± 0.3
MAC02837 80.9 13.0 0.69 2.4 n.m. �7.06 14.4 �109 12.8

Ungrouped
Tagish Lake 67.2 ± 0.3 33.7 ± 1.0 4.28 ± 0.02 16.9 ± 1.4 �14.17 ± 0.13 73.0 ± 1.5 596 ± 4 12.5 ± 0.5
WIS91600 71.1 ± 1.9 41.5 ± 1.3 3.40 ± 0.08 12.1 ± 0.5 3.3 �11.19 ± 0.03 62.8 ± 0.1 349 ± 39 13.1 ± 0.5
Adelaide 77.5 38.4 1.54 13.8 �8.32 10.1 434 15.2
MAC87300 76.1 39.5 1.12 10.6 �7.95 0.8 437 8.5
Acfer 094 35.1 ± 0.1 95.3 6.45 ± 0.05 62.3 �18.47 ± 0.09 20.9 ± 0.1 39 11.1

CR weath.
El Djouf 39.7 44.9 6.39 51.2 n.m. �23.18 44.5 223 12.5

Acfer 059 34.6 ± 1.9 52.8 ± 2.9 5.29 57.4 ± 3.2 n.m. �23.55 33.6 120 9.7

Acfer 186 46.4 40.7 4.08 37.7 n.m. �20.36 90.9 428 15.0

Acfer 209 31.7 51.3 6.11 66.1 n.m. �25.00 16.7 171 12.8

Errors are based on the range of compositions obtained for two or more analyses. Meteorites in italics have C contents in their residues of
<50% and their compositions should be treated with more caution because of the potential for greater levels of contamination. b.d., below
detection; n.m., not measured.

a GRO95502, GRO95504 and, possibly, GRO95505 are paired.
b MET96503 and MET96515 are paired.
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making the CsF–HF and HF–HCl solutions. All solutions
were stored in sealed Teflon bottles and consumed within
days to weeks of preparation.

2.3. Elemental and isotopic analysis

To minimize the amount of absorbed water that the res-
idues may contain, prior to analysis the samples were
placed in tin or silver capsules of known weight and stored
in a dry N2 flushed oven at 50 �C for at least 12 h. The sam-
ples were weighed just prior to analysis. The results of the
analyses are summarized in Table 2.

2.3.1. C and N analysis

The bulk C and N elemental and isotopic compositions
were determined on the same samples (typically �0.2–
0.5 mg) loaded into tin capsules. The analyses were con-
ducted using a CE Instruments NA 2500 series elemental
analyzer (EA) linked to a Finnigan MAT DeltaplusXL mass
spectrometer by a molecular sieve gas chromatographic
(GC) column (Wooller et al., 2004; Wang et al., 2005). Sam-
ples were introduced directly from an autosampler (A2100)
into the EA where they were combusted with ultra pure O2

at 1020 �C in a quartz oxidation column containing chro-
mium(III) oxide and silvered cobalt(II, III) oxide. The
resulting gases (CO2 and N2), mixed with zero-grade He
as the carrier gas, were purified and separated in the GC
prior to entering a Finnigan Conflo III interface. Both N2

and CO2 samples were analyzed relative to internal working
gas standards. Acetanilide (C8H9NO) was analyzed at reg-
ular intervals to monitor the accuracy of the measured iso-
topic ratios and elemental compositions.

2.3.2. H and O analysis

The bulk H and O elemental and isotopic compositions
of IOM were determined on separate samples using a Ther-
mo Finnigan thermal conversion elemental analyzer (TC/
EA) also coupled to the Thermo Finnigan MAT Delta-
plusXL mass spectrometer via the GC interface. The H
and O in the IOM samples and standards (�0.2–0.5 mg in
silver capsules) were converted to H2 and CO in a pyrolysis
reactor (made of glassy C and graphite) held at 1450 �C.
Helium (UHP 5.5 grade) was used as a carrier gas to intro-
duce the H2 and CO into the GC. Reference gases with
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known dD values were injected via the dual inlet into the
IRMS before and after the samples for the computation
of the isotopic compositions of the samples. Standards of
known elemental and isotopic composition were analyzed
at regular intervals between samples. A H3

þ correction ap-
plied to the H measurements was determined periodically
throughout the day.

2.3.3. S contents and ash weights

The S contents in the residues were not determined
directly, but were estimated by difference after summa-
tion of the H, C, N, and ash weight fractions. The
ash weights were determined by heating aliquots of the
residue in Pt buckets at 600 �C in air for one hour. This
approach depends upon the absence of oxidizable phases
(e.g., sulfides that may form sulfates) and volatile mate-
rial that is free of H, C, N, and O. Totals of greater
than 100 wt% are common, except in the CI, CM, and
CR chondrites. This implies oxidizable phases are pres-
ent in many residues. However, those samples with
<100 wt% totals provide an estimate of the S contents
in the IOM.

3. RESULTS

3.1. Uncertainties and comparison with previous studies

There are three sources of uncertainty in the IOM
abundances and compositions listed in Tables 1 and 2:
those associated with the analytical techniques, heteroge-
neity in the meteorites, particularly breccias, and hetero-
geneity at the sub-milligram scale in the residues. As
discussed in more detail in the Electronic Annex EA-1,
the major sources of uncertainty in this study are associ-
ated with heterogeneity of the residues and the meteor-
ites. For instance, measurements of paired meteorites in
this study suggest an uncertainty in the IOM abundances
in Table 1 of 10–15%. This is similar to the range of
IOM abundances reported by different studies for the
same meteorites. On the other hand, the elemental and
isotopic compositions of IOM from paired meteorites in
this study are generally much more reproducible, as can
be seen from Table 2. The uncertainties in Table 2 are
based on replicate analyses of the residues and strictly re-
flect the precision of the measurements, weighing errors
and the heterogeneity of the residues. In general, the er-
rors should also reflect the accuracy of the measurements.
However, for the H isotopes uncertainties associated with
the H 3

þ correction and the possibility of a small memory
effect (not corrected for) mean that the H isotopic com-
positions are the least accurate, with 1r errors of
�10‰ for approximately terrestrial ratios and larger er-
rors for the most D-rich compositions.

The analytical techniques used here are different to
those used in many previous studies. A detailed compari-
son of our results with previous studies is provided in the
Electronic Annex EA-1. The abundances and isotopic
composition of IOM C is similar in all studies. The same
is true for H isotopic compositions, except for the OCs for
which we find much larger D enrichments. We believe that
this is largely due to the much higher purity of our resi-
dues—the presence of H- and O-bearing silicates, fluorides
and partially oxidized/hydrated sulfides would have a sig-
nificant influence on the measured compositions. For
example, partial oxidation/hydration in air of small sul-
fides in some residues compromised many of our early
measurements. Reduction of oxides could potentially com-
promise the O analysis, but in general for the purer resi-
dues there is no correlation between ash weight and O/C
ratio. To minimize the potential for compromised analyses
from contamination, reduction, etc., where possible we
will only consider the results for residues with C contents
of P50 wt%. Only C abundances and isotopic composi-
tions are reported for residues with <40 wt% C. For rea-
sons that are unclear, studies that use elemental analysis,
including this one, report systematically higher H and N
elemental abundances in IOM than stepped pyrolysis
and combustion studies.

3.2. Effects of weathering

Our analyses of the weathered Algerian CRs El Djouf
and Acfer 059, 186, and 209 (Table 2) are entirely consistent
with the previous study of these meteorites (Ash and Pillin-
ger, 1995). The IOM contents of these meteorites are an or-
der of magnitude lower than in less weathered meteorites
(Table 2). The elemental and isotopic compositions of the
remaining IOM are quite different from those of the less
weathered CRs. The D and 15N enrichments that are so
characteristic of IOM in the less weathered CRs
(dD = 2600–3000‰ and d15N = 153–233‰) are greatly re-
duced in the weathered meteorites (dD = 120–428‰ and
d15N = 17–91‰), although the C isotopic compositions ap-
pear to be largely unaltered (d13C = �20‰ to �25‰). For
the elemental ratios, the H/C ratios are lower (0.4–0.53 vs.
0.75–0.81), while the N/C (0.041–0.064 vs. 0.032–0.041) and
O/C (0.38–0.66 vs. 0.11–0.22) ratios are higher in the weath-
ered IOM compared to those from the unweathered CRs.

3.3. Intra- and inter-class variations

During diagenesis/metamorphism, the elemental com-
positions of terrestrial kerogens, such as coals, follow a
well-defined evolutionary path—initially a rapid decrease
in C/O, followed by a more gradual decline in H/C and la-
ter N/C (Van Krevelen, 1993; Jiang et al., 2002). The mete-
oritic IOM also exhibits some systematic variations. In
plots of H/C vs. N/C (Fig. 1a), the IOM from petrologic
type 1 and 2 meteorites form a group with higher ratios,
and the type 3s form another group with lower ratios.
The heated CMs form a trend beginning in the CM field
that is sub-parallel to the trend of the type 3s. The only
meteorite that does not belong to one or other group is
Tagish Lake, an anomalous C2. WIS91600, which may be
related to Tagish Lake, falls closer to the intermediately
heated CMs. In the plot of H/C vs. O/C (Fig. 1b), there
is a similar grouping, except that in this case Tagish Lake
falls within the type 3 field. Some type 3 meteorites have
higher O/C ratios than the main group of type 3s. These in-
clude Semarkona (LL3.0), Kaba (CV), and ALH77003
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Fig. 1. The atomic H/C vs. N/C and O/C ratios for the IOM
isolated from the various chondrites. The chondrites seem to fall
into two groups: (1) types 1 and 2, and (2) type 3s. The heated CMs
form trends that are either sub-parallel to (Fig. 1a) or the same as
(Fig. 1b) the trends/groupings in the other meteorites, suggesting
that the range in compositions reflects the differing thermal
histories of the chondrites. The apparent evolution of the IOM
does not parallel the evolution seen for terrestrial kerogens, such as
coals (dashed line: Van Krevelen, 1993; Jiang et al., 2002). The
difference in behavior in: (i) Fig. 1a suggests that much of the N
functionality in IOM is in a more labile form (e.g., amines) than in
coals (pyridinic), and (ii) Fig. 1b suggests that oxidation was an
important process during parent body processing.

M
at

ri
x-

no
rm

al
iz

ed
 C

 (
w

t%
)

0

1

2

3

0.0 0.2 0.4 0.6 0.8 1.0

H/C (at.)

CI

CM

CM (H)

CR

CV

CO

OC

TL+WIS

EC

Fig. 2. The atomic H/C ratios vs. the matrix-normalized abun-
dances of C in IOM. It seems that the initial matrix-normalized
IOM abundances may have been quite similar in all chondrites, and
that they decreased with increasing degree of thermal metamor-
phism. IOM is all but absent in petrologic types >3.6. The inferred
evolution of the IOM during metamorphism is indicated schemat-
ically by the line. The heated CMs also roughly follow the line. The
ECs tend to have higher IOM abundances than predicted,
suggesting that oxidation may have played an important role in
the destruction of the IOM during metamorphism in all but the
highly reduced ECs. See Table 2 and text for the matrix
abundances used.
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(CO3.5). The presence of ALH77003 in this group suggests
that the high O/C ratios are not simply characteristic of low
petrologic grade, but may also be a function of the purity of
the residues and/or weathering. The estimates of S/C ratios
appear to show no pattern, except a general decline with
decreasing H/C. The IOM in Acfer 094 is not considered
in detail because it appears to be badly weathered—low ma-
trix-normalized abundance and elemental composition like
the weather CRs—so only its C isotopic composition is
likely to resemble its preterrestrial composition.

Terrestrial kerogens evolve along a path that is quite dis-
tinct from the distribution of chondritic IOM compositions
(Fig. 1). Unlike terrestrial kerogens, the IOM H/C and N/C
ratios are correlated and the H/C ratio decreases before the
O/C ratio. To determine whether there is a significant loss
of C associated with the decrease in H/C (e.g., loss of
CH4, or CO2 and H2O), in Fig. 2 the H/C ratio is plotted
vs. the matrix-normalized abundance of IOM C in the bulk
meteorites. Alexander et al. (1998) and Alexander (2005b)
observed that, like presolar grains (Huss and Lewis,
1995), the matrix-normalized IOM abundances in the most
primitive chondrites are similar. Thus, the matrix-normali-
zation makes it possible to compare the different meteorite
classes and to look for trends that might be common to all.
The matrix abundances used are as given in Table 2, except
for the CMs which are all set 50 vol% (Huss et al., 2003;
Alexander, 2005b), and if not measured are set to typical
values for their class (CR = 30%, CV = 35%, CO = 30%,
OC = 13%, EC = 13%). There is considerable scatter in
the data, reflecting errors in the measured or estimated
primitive matrix abundances, variability in the IOM yields,
sample heterogeneity and, perhaps, terrestrial contamina-
tion. Nevertheless, there seems to be a general trend in
the data. The type 1–2 chondrites (except Tagish lake) have
high H/C ratios and roughly CI-like matrix-normalized
IOM C abundances. Amongst the type 3s, H/C ratios ini-
tially decrease significantly (0.5–0.3) with increasing type,
while IOM C abundances decrease only moderately. With
further decreases in H/C, the IOM C abundance starts to
decrease more rapidly. The change in N/C ratio parallels
that of the H/C ratio (Fig. 1a), while the O/C ratio remains
fairly constant until the H/C falls below �0.3.

Alexander et al. (1998) found that in the OCs the IOM
N content and N isotopic composition both tended to
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decrease with increasing petrologic grade. Fig. 3a shows the
N/C vs. d15N values of the IOM samples analyzed here.
There is a weak correlation between N/C and isotopic com-
position in most meteorites, despite the systematic differ-
ences in N content and isotopic composition in IOM
measured here and in previous studies (Electronic Annex
EA-1). However, the most striking features in Fig. 3a are
the large d15N enrichments in Bells and the CR chondrites.

Fig. 3b, compares the H/C and dD values for the IOMs
studied here. There is a suggestion of three separate trends
in this figure. One trend would extend from the CIs and
CMs (except Bells) through Tagish Lake to the CVs,
COs, the heated CMs, and ECs. The second trend would
extend from Bells and the CRs, through the most primitive
OCs to Indarch. The third only involves the OCs, with a
general increase in dD values with increasing petrologic
type and decreasing H/C.

There is a suggestion of a correlation between H/C and
the bulk carbon isotopic compositions of the IOM
(Fig. 3c)—the type 2 meteorites tend to have lighter C iso-
topic compositions than the type 3s. There is little difference
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Fig. 3. The elemental ratios vs. the isotopic compositions of C, N, H, and
elemental ratio and isotopic composition, except perhaps a rough inverse
between d15N and N/C in type 3 chondrites (Fig. 3a).
between the C isotopic composition of most CMs and the
heated CM, despite the very different H/C ratios. Bells
has a much lighter C isotopic composition than the other
CMs, or indeed any other chondrite we have measured.
Within the type 3s, there is a general correlation between
H/C and C isotopic composition trending towards Bells,
with Semarkona having the lightest isotopic composition.
There are no obvious correlations between O/C and d18O
(Fig. 3d).

Fig. 4a compares the C and H isotopic compositions of
the IOM. Except for the OCs, the different chondrite classes
tend to form discreet clusters. The oxidized and reduced
CVs seem to be separate from one another, although the
number of samples analyzed is small. MET01017, the most
metamorphosed reduced CV, has a C isotopic composition
that resembles those of the ECs and COs. Apart from Bells,
the CMs form a very tight cluster. The C and H isotopes of
the heated CMs are more variable - H isotopic composi-
tions decrease with increased heating, but the C isotopes
are uncorrelated. If the more metamorphosed OCs are ex-
cluded, there is an overall inverse correlation between H
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correlation between d13C and H/C (Fig. 3c), and a weak correlation
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Fig. 4. The C vs. H and N isotopic compositions. Except for the
OCs, the different chondrite classes tend to form fairly discreet
clusters, including the oxidized and reduced CVs. Bells sits apart
from the other tightly clustered CMs, and the heated CMs have
more varied C, N, and H isotopic compositions from the CM
cluster. There appears to be a general inverse correlation between C
and N isotopic compositions. The spread in compositions amongst
the CRs is in the same direction as the overall trend, but in the CVs
the variation is almost perpendicular to it.
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and C isotopes. However, the variations within the chon-
drite classes are not in the direction of this trend. This is
particularly true of the OCs, but is also the case for the
CVs and COs.

There is a similar clustering of meteorites from each
class in plots of d13C vs. d15N, as well as an overall inverse
correlation between C and N isotopic compositions
(Fig. 4b). The spread in compositions in the CRs is in the
same direction as the overall correlation, but the variation
in the CVs is almost perpendicular to the overall trend.
The OCs are not tightly clustered but, unlike in Fig. 4a,
the C isotopic compositions are the principal reasons for
the scatter.

There are no obvious correlations between the isotopic
compositions of O and the other elements. It is possible that
the IOM from the different meteorites acquired their O iso-
topic compositions during parent body processing (aqueous
alteration and metamorphism) under mildly oxidizing
conditions, in which case their compositions should be cor-
related with the O isotopic compositions of the bulk mete-
orites, their matrices, or products of the alteration such as
carbonates and sulfates. There is no simple correlation be-
tween the IOM O isotopic compositions and those of the
bulk meteorites (Fig. 5a). There are fewer O isotopic mea-
surements of matrix than of bulk meteorites, but those that
are available are compared with the IOM compositions in
Fig. 5b. The matrix and IOM O isotopic compositions
are very similar in the CMs and Tagish Lake, and a reason-
able correspondence for the CIs and the CR Al Rais. How-
ever, when the CR EET92042, the CVs and OCs are
included, the IOM O isotopic compositions are nearly inde-
pendent of the matrix compositions. The IOM O isotopic
compositions do not clearly correlate with those of the car-
bonates (except perhaps Semarkona) and sulfates that also
formed during aqueous alteration, although the sulfate
compositions more closely resemble the IOM than the
carbonate.
4. DISCUSSION

The range and complexity of IOM compositions within
and between chondrite classes is striking. The general
assumption in meteoritics is that each meteorite class comes
from a single parent body, and that each parent body
formed from a uniform nebular reservoir. If this is correct,
and there have been no errors in the classification of any
meteorites, the elemental and isotopic variations that are
present in the IOM, particularly in the CMs and OCs, indi-
cate that parent body processes can dramatically modify
the IOM. For instance, the elemental composition of Bells
IOM is very similar to those of the other CMs, but the
H, N, and C isotopic compositions of Bells IOM are dra-
matically different. The H isotopic compositions of the
IOM from the most primitive OCs are comparable to those
of IOM from the CRs and Bells. However, the H isotopic
compositions of IOM from OCs of higher petrologic grade
are more D-rich than any other meteorites analyzed. The C
isotopic compositions of the IOM from the OCs also exhi-
bit a range (�13‰) that is second only to the CMs. Meta-
morphism in the reduced CVs has produced an IOM
composition in MET01017 that resembles the IOM of the
ECs. The intra-class variations mean that IOM composi-
tions may be useful in helping establish relative petrologic
grades within a class, but cannot in general be used for
determining the affinities of ungrouped chondrites. Never-
theless, the similarity of Adelaide and MAC87300 to one
another and to the COs, for instance, would be consistent
with all of them being related.

While it is clear that parent body processes can affect
dramatic changes in the elemental and isotopic composition
of IOM, there are significant differences in IOM composi-
tion even between the most primitive members of the vari-
ous chondrite classes. Two alternative explanations for this
are explored in detail below. First, local nebular processes
and conditions where the chondrites formed—e.g., some
combination of local IOM synthesis, mixing of two or more
IOM components and thermal/chemical modification—
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Fig. 5. Comparison of the O isotopic composition of the IOM with that of: (a) the bulk meteorites, (b) the bulk matrix, (c) secondary sulfates,
and (d) secondary carbonates. The IOM compositions of most, but not all, of the meteorites roughly parallel those of the bulk meteorites.
There is a slightly closer correspondence between the compositions of the IOM and matrix, particularly for the CM chondrites and Tagish
Lake. There is very little correlation between the IOM and either the sulfate or carbonate compositions.

Table 3
The order of the IOM compositions, the degrees of alteration, the
volatile abundances and the formation ages and distances from the
Sun for the various chondrite classes analyzed

IOM
dD Bells > CR > OC > CVr > CI > CM > CO > CVo > EH
d13C Bells < CR � OC < CM < CI < CVr < CVo < CO � EH
H/C CR > Bells � CM � CI > OC > CVo � CVr � CO > EH

Chondrules
CI < CM = Bells < CVo = CVr � CO � CR < OC < EH

CAIs
CI < OC � EH < CR < CM � Bells < CO � CVo � CVr

Alteration
CI > CM � Bells > CR > CVo > OC > CVr > CO > EH

Volatiles
Zn/Cr CI > CM = Bells > CVo = CVr> CO > CR > OC
P1 CI � CM = Bells � OC > CVr = CVo � CR � CO
P3 CI � CM = Bells > OC > CO > CVr = CVo > CR

Formation
Age CR < CO � OC < Bells = CM < CVr = CVo

Dist. CI > CM = Bells > CR > CVr = CVo � CO > OC > EH

See text for more details.
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could mean that the chondrite classes accreted different
IOM materials. Alternatively, given the intra-class range
it is possible that the entire range of IOM compositions,
even in the most primitive chondrites, is the result of parent
body modification of a common IOM precursor under dif-
ferent conditions.

The simplest way to test these two explanations would
be to compare the IOM compositions at the time of accre-
tion. Unfortunately, it cannot be guaranteed that even the
IOM from the most primitive members of each class have
remained unmodified since the time of accretion. Neverthe-
less, for the purposes of the forthcoming discussion, it is
useful to rank the IOM compositions of the most primitive
meteorites from each class. This is done for several proper-
ties of the IOM in Table 3, where they are also compared to
the rankings of various properties of their host meteorites.

4.1. IOM in chondrites, IDPs and comets: A common origin?

Chondritic porous (CP)-IDPs are generally thought to
be the most primitive Solar System objects available to us
for study. Similarly, the IOM in CP-IDPs has long been
considered the most primitive IOM available based on large
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D and 15N excesses, particularly in so-called hotspots.
Recently, a study of aliquots of several of the primitive
meteorite IOM samples described here found D and 15N
hotspots in them with similar enrichments to those in IDPs
(Busemann et al., 2006). The highest observed abundances
of these hotspots are in the IOM of the CRs and Bells. Nev-
ertheless, the abundances of resolvable hotspots (�1%) are
not high enough to contribute significantly to the bulk com-
positions of the IOM. As in the IDPs, the D and 15N hot-
spots do not always correlate with one another. The bulk H
and N isotopic compositions of IOM from the CRs and
Bells are comparable to the average compositions of the
most primitive IDPs.

There seems to be a genetic link between the IOM in at
least some chondrites and IDPs. It has been argued that the
most primitive IDPs are from comets (Joswiak et al., 2000).
There is a striking resemblance between the bulk elemental
compositions of comet Halley CHON particles,
C100H80N4O20S2 (Kissel and Krueger, 1987), and the
meteoritic IOM with the most anomalous isotopic compo-
sitions (e.g., EET92042—C100H75N4O17S3, GRO95577—
C100H79N3O11S1, and Bells—C100H69N3O21S5). Comet
Halley is an Oort cloud comet, but it may have formed at
P30 AU (Mumma et al., 2002). If IDPs do come from
comets, they are most likely to have come from Kuiper Belt
comets (Flynn, 1989) that would have formed at distances
of >35 AU. Samples of comet 81P/Wild 2 returned by the
Stardust mission have higher N and O contents, as well
as more modest D and 15N enrichments, compared to
IOM in IDPs and primitive meteorites (Sandford et al.,
2006), but issues of modification (possibly even synthesis)
during capture and contamination have yet to be fully
explored.

The IOM in the CRs, Bells, IDPs and, probably, comets
could either be one component that was added in different
amounts to the IOM in the various chondrite classes, or it is
the common precursor from which all IOM evolved due to
nebular and/or parent body processes.
4.2. Local sources of IOM?

Formation of the IOM in the ISM has long been fa-
vored, but at present the evidence for and against ISM or
nebular origins is equivocal. Formation in the ISM or in
the outer solar nebula alone does not explain the range of
IOM compositions we observe since both sources would
be expected to deliver relatively uniform IOM to the inner
Solar System. On the basis of stepped combustion isotopic
studies, Alexander et al. (1998) and Sephton et al. (2003)
proposed that the IOM might be composed of at least
two components. They suggested that the less abundant
of the two is relatively labile and 15N-rich. Whether the
two components are in physically distinct materials that
formed independently, or are just different functional
groups within the IOM is not known.

It is interesting to note that TEM observations have
found two major physical forms of carbonaceous material
in IOM residues. The less abundant form (610%: Garvie
and Buseck, 2006) is composed of roughly spherical grains
(globules) that are often hollow (Garvie and Buseck, 2004;
Nakamura-Messenger et al., 2006), and in Tagish Lake
they seem to be 15N-rich (Ashley et al., 2005; Nakam-
ura-Messenger et al., 2006). At present, it is not clear
whether the globules formed in the ISM, in the nebula
or on the parent bodies (Garvie and Buseck, 2006), or if
these two physical forms are in any way linked to the
chemical components of Alexander et al. (1998) and Seph-
ton et al. (2003).

Whatever its physical form, loss of the labile 15N-rich
component alone cannot, for instance, explain the rough in-
verse correlation between bulk IOM N and C isotopic com-
positions (Fig. 4b) because in stepped combustion
experiments the 15N-rich component does not appear to
be associated with isotopically light C (<�35‰) (Alexander
et al., 1998; Sephton et al., 2003). The difference in N isoto-
pic compositions between Bells and the other CMs, and
what seem to be vestiges of a 15N-rich component in OCs
like Semarkona and Inman, and even in ECs (Alexander
et al., 1998), suggest that all chondrites accreted at least
some 15N-rich material.

Given the uncertainties in the source(s) of the IOM
and how it would have reacted to nebular and parent
body processes, below we explore whether the range of
IOM compositions we observe in chondrites can be
understood in terms of local nebula synthesis of some
or all the IOM in the formation regions of the various
chondrite groups.
4.2.1. IOM synthesis in the nebula—FTT synthesis?

If the IOM in chondrites formed in the nebula via a
common process, the evidence for this should be found in
all chondrites. Fischer–Tropsch (FTT) synthesis
(CO + H2 fi CH4, C2H6, etc. + H2O + CO2) on catalytic
mineral surfaces (e.g., magnetite, Fe–Ni-metal, silicate
smokes, etc.) has often been invoked as a plausible mecha-
nism for producing the IOM in the nebula (Hayatsu and
Anders, 1981; Christoffersen and Buseck, 1983; Bradley
et al., 1984; Brearley, 1990; Ferrante et al., 2000; Johnson
et al., 2007). FTT synthesis does not produce large H and
N isotopic anomalies, but it is, perhaps, conceivable that
either: (1) some simple, isotopically anomalous organic
molecules were mixed with FTT products forming in the re-
gion of the asteroid belt, or (2) FTT products exchanged
with highly fractionated material elsewhere in the nebula.
IOM is highly aromatic (Gardinier et al., 2000; Sephton
et al., 2000, 2004; Cody et al., 2002; Cody and Alexander,
2005) and does not resemble the typical low temperature
aliphatic hydrocarbon products of FTT synthesis. A sus-
tained reheating of low temperature FTT products (Studier
et al., 1972) or FTT synthesis at higher temperatures (John-
son et al., 2004) might produce a more aromatic material
that better resembles the IOM, but this has yet to
demonstrated.

Kinetic chemical models predict that FTT synthesis
would have been most efficient in the asteroid belt region
(Kress and Tielens, 2001), although recent experiments
(Sekine et al., 2006) show that Kress and Tielens (2001) sig-
nificantly overestimated the rate of FTT synthesis under
nebular conditions. In the models, FTT synthesis would
have occurred primarily on metal grains (Kress and Tielens,
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2001). In experiments conducted under nebula-like condi-
tions at 473 K, the percentage of CO converted to hydro-
carbons in 1000 h was relatively low (0.01–0.05%) and the
products were all volatile (Llorca and Casanova, 2000).
The experimental temperatures were close to the tempera-
ture (�500 K) at which reaction rates should peak under
nebular conditions (Kress and Tielens, 2001). The ineffi-
ciency of FTT synthesis in producing condensable organic
matter is problematic. Alexander (2005b) estimated the per-
centages of the total solar C in IOM in chondrites, IDPs
and comets to be 7–8%, �35%, and 30–100%, respectively.
Nebular timescales would have been much longer than the
experimental ones, but the surface area of metal available in
the nebula may have been much lower as the metal particle
sizes in the experiments were �10 nm across. These sizes are
much smaller than is typical for metal particles in chon-
drites, and most fine-grained metal in IDPs is in GEMS
rather than occurring as isolated grains with surfaces that
were readily accessible to the nebular gas.

A prediction of FTT synthesis is that the IOM should al-
ways be associated with mineral catalysts and, if the synthe-
sis happened in the nebula, one would expect the same
mineralogical associations to occur in all chondrites and
IDPs. However, to date no consistent, ubiquitous petro-
logic relationship between the IOM and Fe–Ni-metal, or
any other mineral, has been reported. Other minerals that
would be expected to be associated with FTT synthesis
are Fe–Ni-carbides. Fe–Ni-carbides are important products
of FTT synthesis on Fe–Ni-metal (Llorca and Casanova,
1998, 2000), and their development tends to poison the
metal catalyst.

In IDPs, fine grained (10s of nm) Fe–Ni-metal and car-
bide grains are found in the IOM, and some carbide grains
have thin (10s of Å) graphitic rims (Christoffersen and Bu-
seck, 1983; Bradley et al., 1984). The origin of the carbide
remains unresolved, but the bulk of the IOM is not associ-
ated with them or the metal grains. Similarly sized carbide
grains have been reported in the matrices of the relatively
unaltered CMs Murchison and Y791198 (Brearley, 2003,
2004b), in the CR2 EET92042 (Abreu and Brearley,
2005), and in the LL3 Semarkona (Keller, 1998). The grains
in the CMs and CRs (but not in Semarkona) are commonly
associated with carbonaceous material, typically as �5 nm
thick rims. In Semarkona and some other OCs where they
have been found, all carbide-bearing assemblages appear to
be the result of parent body processes (Hutchison et al.,
1987; Krot et al., 1997; Keller, 1998). Brearley (1990) de-
scribed carbon–metal aggregates in three OCs that may
have been produced by FTT synthesis. The fact that these
aggregates have only been found in three ordinary chon-
drites suggests that they are not the products of a wide-
spread nebular or parent body process.

Metal and carbides are susceptible to oxidation or even
sulfidization on parent bodies. No association of Fe-oxides
and carbonaceous material has been reported. Zolensky
et al. (2002) describe pentlandite grains in Tagish Lake that
are 10s of nm across and like the carbide grains some of
these have thin carbonaceous rims. In EET92042 (CR2),
pentlandite grains in an anhydrous chondrule rim are com-
monly associated with carbonaceous material, but sulfides
in the typical matrix and in dark inclusions are not (Abreu
and Brearley, 2005). In neither of these meteorites are the
rimmed sulfide concentrations high enough to explain the
observed IOM abundances (Table 1).

In conclusion, FTT synthesis (or any other mineral cat-
alyzed synthesis) cannot be the primary mechanism of IOM
formation.

4.2.2. IOM synthesis in the nebula—other mechanisms?

Were there as yet unrecognized mechanisms for mak-
ing the IOM in the nebula, particularly in the region of
the asteroid belt? Conditions in the solar nebula, espe-
cially the inner nebula (<5 AU), would have changed
with time and radial distance (e.g., Bell et al., 1997).
Thus, if most of the IOM formed in the inner nebula,
one might expect to see systematic variations in the
abundance and composition of the IOM with the forma-
tion ages and/or formation locations of the chondrite
parent bodies.

The accretion ages for chondrites are unknown, but each
chondrite class has a chemically, isotopically and physically
distinct chondrule population. Turbulent diffusion in the
nebula would have rapidly homogenized the chondrules
in the asteroid belt unless the chondrites accreted soon after
their chondrules formed (Alexander, 2005a). Thus, the
absolute or relative ages of the chondrules in each chondrite
group may provide a guide to their relative accretion ages.
In Table 3 the chondrule/chondrite ages are ordered based
on the absolute ages for the CV and CR chondrules ages
(4566.7 ± 1.0 and 4564.7 ± 0.6 My, respectively) (Amelin
et al., 2002, 2004) and the oldest 26Al relative ages, of CO
and OC chondrules (�1–1.5 My after CAIs) (Tachibana
et al., 2003; Kurahashi et al., 2004). The ages of CM chond-
rules are not known, but Mn–Cr ages for carbonates sug-
gest that alteration of the CMs occurred within �1 My of
CAI formation (Brearley et al., 2001). The CM chondrules
must have formed before this and, therefore, are probably
older than the CO and OC chondrules. In summary, the rel-
ative order (oldest to youngest) of chondrite formation
seems to be CV > CM > CO + OC > CR. If this is the cor-
rect order, there is no apparent correlation between accre-
tion time and IOM composition or matrix-normalized
IOM abundance (Table 3).

The radial formation distances of the chondrites from
the Sun are even more uncertain than the accretion ages.
However, based on the assumption of a radial thermal gra-
dient in the nebula and similarities in the reflectance spectra
between chondrites and the radially zoned asteroids, the
general assumption has been that the formation distances
for the chondrites are EC < OC < CC, and that the more
water-rich CCs (CIs, CMs, and CRs) formed further from
the Sun than the less altered CCs (CVs and COs).

If we use this crude ordering, there is no obvious corre-
lation between formation distance and either IOM compo-
sition or matrix-normalized IOM abundance (Table 3). Of
course, the above ordering assumes a static thermal gradi-
ent, which would not have been the case. Even allowing
for sunward migration of the thermal gradient with time,
the similar ages of the COs and OCs present a conundrum.
Contrary to what would be expected if the COs formed far-
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ther from the Sun than the OCs, the COs appear to have
been largely anhydrous, while the evidence for parent body
aqueous alteration in the OCs (Alexander et al., 1989b;
Grossman et al., 2000) shows that they accreted water, pre-
sumably as ice.

The presence and extent of aqueous activity in chon-
drites are crude indicators of at least the relative accretion
temperatures. Determining the extents of aqueous alter-
ation in the CVs and OCs is not easy because of the meta-
morphic overprint. The only two chondrite classes studied
that do not show evidence of significant aqueous activity
are the ECs and COs. Their IOMs have the heaviest C iso-
topic compositions of any of the chondrite classes. Any fur-
ther comparisons are difficult because of the strong
metamorphism all ECs have experienced, and the absence
of unweathered, primitive COs. Nevertheless, there is no
clear correlation between the extent of alteration and
IOM composition (Table 3), but the aqueous alteration it-
self may have modified the IOM, masking any correlation
that was originally present.

Clearly, there are significant uncertainties in both the
relative ages and formation locations of the chondrites,
but the lack of obvious correlations between estimates of
either of these quantities and the properties of the IOM re-
quires that we consider other possible explanations for the
variations in IOM compositions.
4.3. Modification of a common precursor

If local synthesis in the inner nebula is not the explana-
tion for the different compositions of IOM in the various
chondrite classes, the IOM must have come from the outer
nebula or ISM. Either source would be expected to deliver a
uniform precursor material to the inner Solar System that
could have been modified in the nebula and/or in chondrite
parent bodies.

4.3.1. Modification in the nebula?

That there could have been modification in the nebula is
suggested by the reported correlations between the abun-
dances of volatile presolar noble gas components and the
bulk volatile element fractionations in chondrites (Huss
et al., 2003). Huss et al. (2003) explained these correlations
as being the result of heating of primordial dust in a nebu-
lar-wide thermal gradient to at least 400 �C and probably in
excess of 700 �C. At these temperatures, the volatile noble
gas components and trace elements would have been par-
tially or wholly lost, and the IOM modified (partially
graphitized) or destroyed. To produce the variations in
abundances of the volatile materials between the meteorite
classes, either the peak temperatures to which material was
heated differed, or the relative fractions of dust heated to
particular temperatures varied. In either case, the different
thermal histories that would have been experienced by
material from different chondrite classes would produce dif-
ferences in the IOM.

Alexander (2005b) has questioned whether the correla-
tion between the noble gas component abundances and vol-
atile element fractionations exist (Table 3 and Fig. 6). For
instance, the CR chondrites consistently have the lowest
abundances of the noble gas components and amongst
the largest volatile element fractionations. Therefore, they
should contain the most thermally processed material.
Yet the IOM in the CRs is amongst the most isotopically
anomalous and shows little or no evidence of having been
heated (Cody and Alexander, 2005; Busemann et al.,
2006). Alexander (2005b) suggested that perhaps the loss
of the noble gas components is the result of parent body
processing.

Chondrule and CAI formation are two alternative heat
sources for modifying the IOM. Both formed in short, high
temperature (>1400 �C) events. Such high temperatures
would almost certainly destroy the IOM. However, on the
peripheries of these events, or if unheated material were
mixed into the formation regions as they cooled, IOM
may be modified but not destroyed. If chondrule or CAI
formation did affect the IOM, one would expect an inverse
correlation between chondrule or CAI abundance and IOM
matrix-normalized abundance or composition. In neither
case is there an obvious correlation with IOM properties
(Table 3).

4.3.2. Modification in parent bodies

There are a number of processes that might reasonably
have occurred on the meteorite parent bodies that could
change the bulk compositions of IOM. If present, some iso-
topic exchange and/or reaction with H2O, H2, NH3, etc., is
likely (Yabuta et al., 2007). Thermal metamorphism of the
IOM will lead to the loss of labile functional groups and
aromatization, and an associated reduction in H/C, N/C,
and O/C ratios. Differences in these ratios between the
heated and typical CMs are consistent with the composi-
tions of IOM in type 3 chondrites being produced by heat-
ing of an originally CI–CM–CR-like IOM (Figs. 1 and 2).
Except in the ECs and, perhaps, the reduced CVs, there is
little or no IOM in chondrites with petrologic types greater
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than �3.6–3.7 (Table 2). The disappearance of the IOM
with increasing petrologic type in CCs and OCs is probably
the result of oxidation during metamorphism (Alexander
et al., 1989a). The trend in Fig. 2, suggests that initially
material with high H/C ratios is driven off (CH4, H2O,
H2S, etc.), followed by a period in which destruction/mod-
ification of the IOM results in little change in H/C ratio.
The fact that, unlike with terrestrial kerogens, the O/C ratio
does not change greatly during much of this evolution
(Fig. 1b) is consistent with a continuous oxidation process.
Evidence for partial oxidation of IOM at the onset of aque-
ous alteration has also been found (Cody and Alexander,
2005), ultimately producing IOM like that found in Tagish
Lake. The fact that, unlike in coals, the N/C and H/C ratios
correlate in the IOM suggests that the N in the IOM is in
more labile functional groups (e.g., amines) than in coal
(pyridines).

The abundances and elemental compositions of IOM in
chondrites are broadly understandable in terms of parent
body processing of a common precursor material whose ele-
mental composition and matrix-normalized abundance
resembled the IOM in CI, CM, and CR chondrites. How-
ever, the isotopic compositions seem to belie such a simple
picture. For instance, the IOM dD values in the reduced
CVs fall with increasing metamorphic grade (from 1361‰
to �57‰), just as they do in the heated CMs (from
1008‰ to 493–95‰), and are uniformly low in the oxidized
CVs and COs (62–637‰). Vestiges of a D-rich IOM precur-
sor may even be preserved in the EH chondrite ET87746
(dD = 299‰). On the other hand, the behavior in the
OCs is quite different—the most primitive, Semarkona,
has a dD of 2322‰ while more processed meteorites like
Tieschitz and WSG95300 have compositions of 5558‰
and 6181‰, respectively. The C isotopic compositions are
only slightly more systematic. In the OCs, the C isotopic
composition of IOM in Semarkona resembles that in the
CRs and tends to become heavier with increasing petrologic
type. There seems to be a similar behavior in the reduced
CVs, but the C isotopes in the IOM of the oxidized CVs,
COs, and ECs are essentially independent of metamorphic
grade. The C isotopic compositions of the IOM in the
heated CMs are much more varied than the unheated ones
but do not seem to vary systematically with the degree of
heating.

Metamorphism of the IOM is associated with a reduc-
tion in H/C ratio as labile material is driven off and, if
this occurred in a kinetic regime, it would be associated
with increasingly heavy isotopic compositions in the resid-
ual IOM. The maximum possible kinetic isotopic fractio-
nations for C and H isotopes would occur via Rayleigh
fractionation of CH4 and atomic H, respectively—Ray-
leigh fractionation requires that the gas does not exchange
with the IOM after it is generated. There is a rough cor-
relation between H/C ratio and d13C in the IOM
(Fig. 2c), but there is no simple correlation between ma-
trix-normalized C content and d13C (Fig. 7). Most IOM
compositions in Fig. 7 could be explained by the Rayleigh
loss of material with masses between methane and ben-
zene, and an initial IOM abundance and composition like
that in the CR GRO95577. However, loss of methane
(H/C = 4) would rapidly deplete all H (�20% C loss) in
the IOM (initial H/C � 0.8), and could only be the expla-
nation if there was an additional source of H. Nor would
it explain the composition of Bells IOM, which at least
isotopically appears to be the most primitive. Also, the
D-rich compositions of the OCs cannot simply be ex-
plained by Rayleigh fractionation, even under the most
optimistic conditions. Fig. 8 plots the H isotopic compo-
sitions vs. the fraction of H lost. The fraction of H lost
was calculated assuming that all OCs started off with
IOM abundances and D/H ratios like Semarkona and ini-
tial H/C ratios like Bells, and that H was lost as atomic
H. As can be seen, almost all OCs plot above the Ray-
leigh line. There are, of course, three OC classes, but there
seems to be no systematic differences in IOM composi-
tions between them (Fig. 9), although classification of
highly unequilibrated OCs is difficult. Finally, except in
the heated CMs, the N isotopic compositions of IOM
from more metamorphosed samples are typically lighter,
opposite from what one would predict if kinetic isotope
fractionation were the principal cause of the range of
IOM compositions.

Similar complexity is apparent in the C1 and C2 meteor-
ites that experienced hydrothermal alteration. The overall
composition of Bells IOM makes it a good candidate for
the most primitive material. If it is close to the composition
of the IOM accreted by the CM parent body, then the other
CM IOM compositions, with their much lighter H and N
isotopic compositions (e.g., Fig. 2a and b), must have been
produced without significantly changing the IOM abun-
dance or the H/C or N/C ratios. It is possible that H and
N isotopes were exchanged during hydrothermal alteration,
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although if the formation temperatures of the carbonates
(�20 �C: Clayton and Mayeda, 1984; Benedix et al., 2003;
Guo and Eiler, 2006) reflect the peak alteration tempera-
tures, the similarity to the IOM isolation temperature
makes such extensive exchange seem unlikely. Alteration
in the CRs could not have occurred at much lower temper-
atures, yet their compositions are much closer to those of
Bells. Alteration in CIs is thought to have occurred at high-
er temperatures than the CMs (�50–150 �C: Clayton and
Mayeda, 1984; Leshin et al., 1997), but they have slightly
more anomalous H and N isotopic compositions than most
CMs. It is even more difficult to explain the �10‰ differ-
ence in C isotopic compositions between Bells and the other
CMs. Extensive C isotopic exchange in macromolecular
material, particularly if they are as aromatic as the IOM,
is very difficult to achieve.

If there was a common IOM precursor, the range of O/C
and O isotopic compositions requires that there has been
secondary modification. Cody and Alexander (2005) have
suggested that the variations in elemental compositions of
IOM in the CM, CI, CR, and Tagish Lake chondrites re-
flect variable oxidation on the parent bodies. The fact that,
unlike with terrestrial kerogens, in IOM from type 3 chon-
drites the O/C ratios remain fairly constant during meta-
morphism while H/C ratios and IOM abundances fall
(Figs. 1b and 2) is also suggestive of oxidation. In this case,
since the O producing the O functionality must be coming
from the altering fluids or minerals in the meteorites, there
should be some correlation between the O isotopic compo-
sitions of the IOM and the bulk meteorites or their compo-
nents. Much of the spread in d18O of the bulk meteorite
compositions probably reflects isotopic fractionations asso-
ciated with hydrothermal alteration and dehydration (Clay-
ton and Mayeda, 1999; Young et al., 1999), but there is not
much correspondence between bulk and IOM compositions
(Fig. 5a).

Given the intimate association of the IOM and matrix, a
comparison between IOM and matrix seems more appro-
priate. Unfortunately, the database of matrix O isotopic
compositions is relatively small. Nevertheless, for Tagish
Lake, the CMs and CIs that have been analyzed, matrix
and IOM d18O compositions are very similar (Fig. 5b).
The CIs fall slightly above the 1:1 line, perhaps because
of the inclusion of isotopically heavy carbonates (Fig. 5d)
in their bulk compositions. It may be significant that the
CM that falls furthest from the 1:1 line is Bells, which con-
tains the most isotopically anomalous IOM and experi-
enced rather different alteration conditions to other CMs
(Brearley, 1995). The CRs Al Rais and EET92042, like
Bells, fall to the right of the 1:1 line in Fig. 5b. Al Rais lies
closer to the 1:1 line and its IOM is slightly less anomalous
than that of EET92042. Al Rais is also thought to be more
altered than EET92042 (or its pair EET87770) (Clayton
and Mayeda, 1999). As with the bulk meteorites, the
IOM in the less aqueously altered CV and OC chondrites
have larger d18O values than their matrix compositions.
One possible explanation for this is that the distance from
the 1:1 line reflects the water/rock ratio during alteration,
but the apparently most aqueously altered of these meteor-
ites, Semarkona (LL3) and Kaba (CV3), do not fall closer
to the 1:1 line than the other members of their classes. In
fact, Kaba plots further away from the 1:1 line than any
other meteorite.

The similarity in the d18O values of the IOM and bulk
matrix in CIs, CMs, and Tagish Lake suggest that their O
functionality is a product of the aqueous alteration or at
least that it exchanged with their matrices during the alter-
ation. If correct, it is surprising that in these meteorites, un-
like Semarkona, there is no correlation between the O
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isotopic compositions of the IOM, or indeed the matrix,
and the carbonates and sulfates that formed during the
alteration (Fig. 5c and d). Whether kinetic and equilibrium
fractionations can explain the lack of correlation is beyond
the scope of this paper. Almost complete isotopic equilibra-
tion between IOM and matrix is also in conflict with the
suggestion that a large fraction of the O functionality is
present as unexchangeable phenolic ester linkages between
aromatic rings (Hayatsu et al., 1980). Lastly, the C isotopic
compositions of the carbonate and IOM are uncorrelated
(Fig. 10), suggesting that the CO2 from which the carbon-
ates formed was not directly derived from the IOM and that
the two did not exchange/react much with one another.

The range of intra-class IOM isotopic compositions
seem to require processes other than or in addition to ex-
change and kinetic isotopic fractionation associated with
loss of labile components. One possibility is that the IOM
contains a number of components or functional groups
with a range of isotopic compositions that are more or less
refractory depending on the conditions. Obvious candidates
for this are the H and N isotopic hotspots. They appear to
have similar elemental compositions to the bulk of the
IOM, and the fact that H and N isotopic compositions
are not always correlated allows for the different behaviors
of H and N within and between chondrite classes. However,
the spatially resolvable hotspots only make up at most a
few area percent of the IOM in Bells an the CRs (Busemann
et al., 2006). The bulk of the IOM has a relatively uniform
elemental and isotopic composition (dD � 2000–3000 ‰),
at least at the spatial resolution of the ion microprobe stud-
ies conducted to date (Busemann et al., 2006). Hotspot
abundances are lower in other CMs, CIs, and Tagish Lake
(Busemann et al., 2006), but mass balance using observed
hotspot abundances and compositions suggests that this
cannot explain their lower dD and d15N values.

In summary, all IOM elemental compositions seem to be
part of a continuum that can be explained qualitatively by
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not the major source of the C in the carbonate.
thermal metamorphism and oxidation of a common precur-
sor similar to that in CRs and CMs, but the isotopes paint a
more complex picture. The IOM is a chemically and isoto-
pically complex material (e.g., isotopic hotspots) and given
the range of parent body conditions that existed, it is per-
haps not surprising that it has reacted in diverse ways. Even
so, the different behaviors of the IOM in the OCs, COs, and
CVs during metamorphism is perplexing, particularly the
differences in IOM composition between Semarkona
(LL3.0) and ALH77307 (CO3.0). Nevertheless, it is clear
from the petrology of these meteorite classes, as well as
from the differing stability of circumstellar SiC, graphite
and nanodiamonds in them (Huss and Lewis, 1995), that
there were significant differences in the conditions during
metamorphism on their respective parent bodies. The
IOM in the very primitive Acfer 094 is weathered, but its
C isotopes should be relatively unmodified and they resem-
ble those in the CMs. If Acfer 094 is related to the COs, it
seems that the C isotopes in CO IOM were modified at a
very early stage (<ALH77307) of parent body processing.
The differences between Bells and the other CMs are also
difficult to explain, but Bells experienced a rather different
style of alteration. Thus, it cannot be ruled out that there
was some modification of the IOM in the nebula, but the
absence of any correlation with other potential indicators
of nebular conditions and the intra-class variations pro-
duced by parent body processing suggests that evolution
of all IOM from a common precursor is the most likely
explanation.
4.4. Site of the D-rich material

Understanding the cause(s) of the isotopic enrichments
is central to determining the origin of the IOM. While some
of the D and 15N enrichments are carried in hotspots, most
appears to be in the bulk IOM (Busemann et al., 2006). In
IDPs, Keller et al. (2004) inferred that the D-rich carrier is
primarily in an aliphatic component. Remusat et al. (2006)
have taken this one stage further. Based on compound spe-
cific isotopic analyses of the products of pyrolysis and
RuO4 degradation experiments conducted on Orgueil
IOM, they suggested that IOM is composed of three com-
ponents: two components are aliphatic, Type 1 (CH2

groups) with dD � 1250‰ and Type 2 (CH and CH3

groups) with dD � 550‰, and the third component, Type
3, is aromatic with dD � 150‰. Remusat et al. (2006) sug-
gest that the Type 1 isotopic composition was established
by exchange of the IOM with H3

þ formed at �100 K. Such
high temperatures are more consistent with environments in
the solar nebula rather than interstellar molecular clouds.

Given the importance of this conclusion, we examine the
model in the light of our results. The discussion assumes
that all chondrites accreted a common precursor. We can-
not rule out that each meteorite’s IOM composition reflects
exchange under different conditions in the nebula. How-
ever, previously we showed that there are no systematic
variations with estimates of the relative locations and/or
times of chondrite formation, and that parent body pro-
cesses can dramatically alter the composition of IOM. Here
and elsewhere (Cody et al., submitted for publication), we
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Fig. 11. The IOM H isotopic compositions vs. the fractions of
aromatic C (Cody and Alexander, 2005) and the H/C ratios. The
curves are mixing lines between aromatic C (dD = 150‰, H/
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these two components can roughly reproduce the compositions of
the IOM in Bells, the CRs, Tagish Lake and the possibly related
meteorite WIS91600, but not the IOM in the CIs and most CMs.
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have also argued that the variations in composition and
structure of IOM amongst chondrites are consistent with
evolution during parent body processing from a common
precursor like that found in Bells and the CRs.

The bulk compositions of the IOM from Bells and the
CR2s are much more D-rich than even the Type 1 compo-
nent proposed by Remusat et al. (2006). Wang et al. (2005)
measured the H isotopic compositions of individual com-
pounds during pyrolysis of EET92042 IOM. Most of the
compounds were aromatic and had isotopic compositions
of dD � 2500–4400‰, close to that of the bulk IOM, and
there was no simple correlation between dD value and de-
gree of substitution—e.g., naphthalene (unsubstituted aro-
matic) had a dD = 1257 ± 25‰ while substituted moieties
had lower dD values. These results apparently conflict with
the model of Remusat et al. (2006).

There is some question about whether molecular pyrol-
ysates are all fragments of the IOM, or whether some or all
formed and/or exchanged H isotope during the pyrolysis
experiments. If the aliphatic component carries the D, the
Wang et al. results require that either the aromatic com-
pounds form during the experiments from aliphatic mate-
rial or there must be exchange between pyrolysates. In
either case, this calls into question the conclusions of
Remusat et al. (2006) since they are based largely on the re-
sults of pyrolysis experiments. If the aromatic components
are indigenous but have exchanged with D-rich aliphatic
material, the composition of the aliphatic material must
be higher than the compositions measured by Wang et al.
(2005).

A highly simplified model of the IOM can be developed
based on NMR estimates of average H/C ratios of the aro-
matic (0.42) and aliphatic (1.4) moieties, with a constant
fraction of C bonded to O (0.11) (Cody and Alexander,
2005). Taking the Remusat et al. (2006) value for the aro-
matic component (dD � 150‰), to approximately repro-
duce the compositions of Bells and the CR2 IOM
requires that dD � 4000 ‰ for the aliphatic component
(Fig. 11). Using the temperature dependent isotopic frac-
tionation factor of Remusat et al. (2006), 4000‰ would re-
quire temperatures of �75 K.

Interestingly, Tagish Lake (and the possibly related
WIS91600) falls quite close to the aromatic-aliphatic mixing
curve in Fig. 11, consistent with the suggestion that it
formed from Bells-/CR-like IOM by the loss of a large frac-
tion of its aliphatic material (Cody and Alexander, 2005).
Presumably the lost aliphatic material would have to have
been side chains on aromatic moieties or a separate ali-
phatic component rather than the aliphatic linkages be-
tween aromatic moieties, otherwise much of the IOM in
Tagish Lake would have become soluble. The lower dD
enrichments in most CM and all CI chondrites, compared
to Bells and the CRs, might be the result of exchange with
water during aqueous alteration, in which case the final
composition would reflect the degree of exchange, the
water’s isotopic composition and the IOM/water ratio.

The 4000‰ estimated above is the average aliphatic H
isotopic composition. There is considerable CH and CH3

in the aliphatic material (Cody et al., 2002; Cody and Alex-
ander, 2005). NMR estimates of the fraction of aliphatic H
in CH2 range from �0–50%. If, like Remusat et al. (2006),
we assume that the CH2 groups carry most of the D, their
average dD value would have to be P8000‰, requiring
reaction temperatures of 665 K. Even this temperature is
an upper limit because it assumes complete exchange of all
CH2 groups with H3

þ, as well as no exchange during aque-
ous alteration and isolation of the IOM. At present, the con-
clusion that the IOM must have a solar origin based on the
model dependent temperature estimates is premature.

4.5. Solar or interstellar?

There is no compelling evidence for the formation or
modification of the IOM in the inner solar nebula. Variation
in IOM composition within meteorite classes shows that par-
ent body processes can sometimes dramatically modify IOM,
although the mechanisms for doing this are not understood.
At present, it seems likely that the IOM in all chondrites
evolved from a common precursor. This, and the fact that
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refractory organic matter resembling chondritic IOM ap-
pears to be more abundant in comets, suggests that either
the IOM formed in the outer Solar System or a higher frac-
tion of interstellar material survived there.

4.5.1. Solar?

If the IOM is solar, an efficient mechanism for making
PAHs is required, such as irradiation of condensed aliphatic
material (Strazzulla, 1997) or direct formation from the solar
gas at high temperature (Morgan et al., 1991). Irradiation of
D- and 15N-rich aliphatic material could explain the isotopic
compositions of the most primitive IOM, but whether this
would produce material that is structurally like the IOM is
not known. There is no independent evidence for an intense
irradiation of material in meteorite matrices or IDPs. Nor is
there any evidence for the preservation of the unirradiated
material, requiring a remarkably efficient process. On the
other hand, the so-called Q or P1 noble gases are trapped
within the IOM (e.g., Huss et al., 1996; Busemann et al.,
2000). The current abundance of noble gases is too low to
have significantly modified the IOM, but perhaps the noble
gases were implanted during an energetic particle irradiation
and subsequently most were lost. The combined fractiona-
tions associated with acceleration of the irradiating material
(proportional to first ionization potential) and the subse-
quent loss (proportional to the mass/volatility of the ele-
ments and isotopes) might explain the large elemental and
isotopic fractionations in Q relative to solar. However, if,
as seems likely, the noble gases were accompanied by H
(more abundant and low ionization potential), it is not clear
that the net result of the irradiation would be a material with
a lower H/C ratio and higher aromatic fraction.

Efficient synthesis of PAHs from simple linear hydrocar-
bons (e.g., CH4, C2H2) in a solar gas requires a restricted
range of temperatures (1100–900 K) and pressures (10�7–
10�6 bars), as well as times (�106 yrs) that are a significant
fraction of a disk’s lifetime (Morgan et al., 1991). Conse-
quently, this mechanism is an unlikely one for making
abundant PAHs in the nebula.

A more likely mechanism is derivation of PAHs by
pyrolysis or sputtering of refractory ISM organics. This
could happen over a much wider range of conditions and
on much shorter timescales. The shocks that appear to have
been responsible for the formation of crystalline silicates in
IDPs and comets (Alexander et al., 2007), and possibly for
making chondrules (e.g., Desch and Connolly, 2002), would
pyrolize the ISM organics.

Even if PAHs can be made in this or some other way,
somehow they must be converted to IOM. By analogy with
the ISM, this presumably requires cycling of dust through
denser colder regions and warmer less dense regions (with
sublimation/condensation of ices and volatile organics), as
well as UV and cosmic ray irradiation. This could be
achieved by vertical or radial transport of dust in the disk,
although vertical transport will be on shorter timescales—
turbulent diffusion timescales are similar in the horizontal
and vertical directions, but the vertical scale height of the
disk is much smaller than radial distances at least in the
outer nebula. At high latitudes in the disk, photochemistry
and ion molecule reactions may generate large isotopic
fractionations in molecules that could ultimately exchange
with (e.g., Remusat et al., 2006) or bond to the forming
IOM.

The vertical thermal structure of the disk will have var-
ied with radial distance and time. Thus, IOM that formed
at different radial distances and times is likely to have differ-
ent isotopic compositions. Consequently, unless radial mix-
ing was remarkably efficient, the elemental and isotopic
compositions IOM in meteorites and comets should be dif-
ferent, and the IOM compositions should vary between
meteorite classes that formed at different times and places.
The IOM in the most primitive meteorites and IDPs ap-
pears to be very similar, and there is no compelling evidence
that the IOM compositional variations we see between
meteorite classes either predate parent body processing or
correlate with estimates of the relative ages and/or forma-
tion locations of the chondrite classes.

There has been a concerted effort to understand the evo-
lution of water in the solar nebula because of its potential
role in transferring mass independent O isotopic anomalies
generated at the surface of the disk (Lyons and Young,
2005) or in the ISM (Yurimoto and Kuramoto, 2004) into
the inner Solar System. The fate of the IOM and the PAHs
from which it forms will be tied to the fate of the ice. The
amount of cycling a developing IOM grain will experience
will depend on the rate at which grains accrete and grow into
larger objects—the larger the object the lower its vertical dif-
fusion rate and the higher its inward radial drift. Current
models suggest that ice grains tend to aggregate rapidly into
meter-sized objects that either form planetesimals or rapidly
migrate into the inner Solar System (Ciesla and Cuzzi, 2006;
Ciesla et al., 2006). Given that the IOM, PAHs, etc. will be
intimately associated with the ice, it seems possible that
there will be insufficient time to produce the abundances
of IOM found in comets, IDPs and perhaps even chondrite
matrices. The alternative source of IOM is the ISM.

4.5.2. Interstellar?

Because conditions in the ISM and outer Solar System
would have been quite similar, it may be difficult to defini-
tively demonstrate whether the IOM is solar and/or inter-
stellar. With the isotopic enrichments in D and 15N no
longer diagnostic of formation in the ISM, at present the
evidence for or against an interstellar origin is largely
indirect.

Spectroscopically, the IOM resembles the refractory
organics in the ISM (Pendleton et al., 1994; Bradley
et al., 2005). The survival of circumstellar grains in meteor-
ites and IDPs demonstrates that some presolar material sur-
vived formation of the Solar System and processing of dust
in the nebula. The ratio of IOM to presolar nanodiamonds
in chondrites is roughly constant (Alexander et al., 1998;
Alexander, 2005b), which is consistent with a presolar ori-
gin for the IOM. The abundance of nanodiamonds in IDPs
is not known. Other types of circumstellar grain seem to be
more susceptible to destruction during parent body process-
ing (e.g., Huss and Lewis, 1995), but, like the IOM, the
abundance of presolar silicates in IDPs (Floss and Stader-
mann, 2004) is significantly higher than in meteorite matri-
ces (Marhas et al., 2006).
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Interstellar silicates are almost entirely amorphous
(P97.8%: Kemper et al., 2004, 2005). The detection of crys-
talline silicates in Oort cloud and Kuiper belt comets
(Swamy et al., 1988; Hanner et al., 1999; Harker et al.,
2005) clearly shows that significant fractions of cometary
material were processed at high temperatures (>1000 K).
Such high temperatures would have modified or, more
likely, destroyed any interstellar organic matter. Therefore,
if the IOM in comets, IDPs and meteorites is interstellar,
there should be an inverse correlation between the abun-
dance of crystalline silicates and IOM, and these abun-
dances should be consistent with the estimated initial
abundance in ISM dust.

Within the uncertainties, Alexander (2005b) has argued
that the IOM abundances are consistent with the partial
destruction during formation of crystalline silicates from
ISM dust. However, the uncertainties are large. In addition,
CP-IDP compositions are not solar suggesting that some-
thing is missing from our CP-IDP sample (Alexander and
Keller, 2006), and the Deep Impact experiment showed that
astronomical observations of comets can severely underes-
timate the crystallinity of their dust (Harker et al., 2005).
The least heated CP-IDPs during atmospheric entry are en-
riched in volatile elements by factors of �2–3 (Flynn et al.,
2006) and on average are depleted in refractory elements
(Schramm et al., 1989; Thomas et al., 1993) relative to
CI. Assuming solar (or CI) volatile element/Si abundances,
CP-IDPs appear to represent 630–50% of their parent body
material, the remainder being volatile-poor material that is
perhaps much denser and therefore burns up on atmo-
spheric entry. If this volatile-poor material is also free of
IOM, the bulk IOM abundance of the CP-IDP parent
body(s) would be much closer to the IOM content of CI
chondrites. Assuming that the under represented, volatile-
poor materials are high temperature solar products, the
IOM abundance in the CP-IDP parent body(s) would still
be consistent with an interstellar origin.

The origin of the IOM in IDPs is also intimately tied to the
origin of their amorphous silicates (Alexander et al., 2007)—
so-called GEMS or glass with embedded metal and sulfide
(Bradley, 1994). If GEMS are amorphous interstellar sili-
cates (Bradley, 1994; Bradley et al., 1999), the IOM is prob-
ably interstellar because a large fraction of interstellar
silicates remain and the abundance of IOM is roughly consis-
tent with the fraction of silicates that have been processed.
On the other hand, if GEMS are largely solar condensates
(Keller and Messenger, 2004; Keller et al., 2005), the IOM
must also be solar because almost all interstellar silicates
have been reprocessed at high temperatures in the nebula.

There is considerable uncertainty about the nature and
origin of the C-rich dust in the diffuse ISM (Mennella
et al., 2002; Pendleton and Allamandola, 2002; Dartois
et al., 2004). The IOM in chondrites is composed of 50–
60% of small PAHs (<C20) and 40–50% short, highly
branched aliphatic chains (e.g., Sephton et al., 2004; Cody
and Alexander, 2005). Of the models for the refractory
organics in the diffuse ISM, this most closely resembles that
of Pendleton and Allamandola (2002), although the PAHs
in their model are larger (C20–200) and more abundant
(�80%) than in the most primitive IOM.
Pendleton and Allamandola (2002) envisage most of the
PAHs having formed in C-star outflows. PAHs, amorphous
C and graphite are likely to begin to form in large amounts
when C > O + Si, i.e., when all O has been consumed as CO
and all Si as SiC. On average, the C at this stage will be iso-
topically much lighter than the heavier than solar isotopic
compositions of circumstellar SiC grains from C-stars. In-
deed, circumstellar graphite grains from AGB stars are on
average isotopically lighter than the solar C isotopic com-
position. This is potentially problematic for a C-star origin
of the PAHs since the bulk C isotopic composition of the
IOM is essentially solar, but large uncertainties remain
about the expected composition of PAHs in C-star winds.
In stark contrast to the IOM, the H and N isotopic compo-
sitions of PAHs from C-stars will be very light. If the PAHs
in the IOM are presolar, either they formed in the isotopi-
cally well-mixed ISM or they exchanged there.

5. SUMMARY AND CONCLUSIONS

We have found a wide range of IOM elemental and iso-
topic compositions within and between chondrite classes,
even amongst the most primitive meteorites of each class.
One possible explanation for these variations is that they
were established in the solar nebula prior to accretion.
However, the variations do not correlate with estimates of
formation times or locations of the chondrites, nor do they
correlate with volatile element fractionations in the bulk
chondrites. Numerous arguments almost certainly rule
out FTT synthesis of most of the IOM either in the nebula
or on parent bodies.

On the other hand, intra-class variations, particularly
amongst the CMs and OCs, show that parent body process-
ing can dramatically alter the elemental and isotopic com-
position of the IOM. The general elemental trends in
IOM from type 3 chondrites are consistent with a combina-
tion of pyrolysis and oxidation of a common precursor with
an elemental composition and matrix-normalized abun-
dance like that of IOM in CI–CM–CR chondrites.

There is little systematic variation in the elemental com-
positions of IOM amongst CMs, despite the range of types
analyzed, or between CMs, CIs and CRs even though the
extent of alteration in these meteorites are quite different.
However, there is evidence that they all experienced some
oxidation at the onset of alteration—the degree of oxida-
tion does not increase with increasing degree of alteration
of the bulk meteorite.

Such a simple picture of modification of a common IOM
material during parent body processing is belied by the
variations in isotopic compositions, within and between
classes. If there was a common precursor, this variation
in IOM behavior suggests that it is composed of several iso-
topically distinct components whose relative stabilities are
sensitive functions of the conditions during parent body
processing. The chemically most primitive and isotopically
most anomalous IOM seems to be preserved in the CR
chondrites and Bells (CM2). The IOM in these meteorites
closely resembles that found in CP-IDPs. By comparison,
the IOMs even from Semarkona (LL3.0), ALH77307
(CO3.0), Kaba (CV3.0), and Acfer 094 (C3.0) appear to
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have been modified by parent body processes and/or terres-
trial weathering.

Whether all chondrites accreted the same IOM material
cannot be established with certainty because of the overprint
of parent body processing and/or terrestrial weathering.
However, some members of each chondrite class studied re-
tain what appear to be vestiges of the D- and 15N-rich com-
positions that characterize IOM in Bells and the CRs.

If all chondrites did accrete the same IOM material,
whether the IOM primarily formed in the Solar System or
in the ISM remains uncertain. Conditions in the outer Solar
System and in the ISM may have been quite similar, and it is
likely that there was considerable radial mixing in the disk.
The presence of circumstellar grains in chondrites demon-
strates that some ISM material is preserved in meteorites,
and upper limits on the abundances of refractory interstellar
organics that survive, at least in comets and IDPs, are to first
order consistent with IOM abundances in them.

Taken together, the presence of large isotopic anomalies
in the IOM and the higher abundance of IOM-like material
in comets compared to chondrites require that if IOM is so-
lar it formed in the outer rather than the inner Solar System.
Two things are required if the IOM formed in the Solar Sys-
tem—formation of simple PAHs and linking of these PAHs
by short branched aliphatic chains. Linking of the PAHs
may require a similar process to that proposed for produc-
ing refractory organics in the ISM—repeated irradiation
of organic-rich dust in ice-bearing and ice-free environ-
ments, perhaps as a result of vertical and radial convection.

While a solar origin cannot be ruled out, most properties
of the IOM are consistent with an ISM origin—isotopic
composition, abundance relative to crystalline silicates
and nanodiamonds, IR and UV absorption characteristics.
Given that circumstellar material survives in meteorites, at
present an interstellar origin for the IOM is the most
straightforward.
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APPENDIX A. SUPPLEMENTARY DATA

This Electronic Annex provides: details of the petrology
of the meteorites analyzed, a comprehensive comparison
between the elemental and isotopic compositions measured
in this and previous studies, as well as discussion of the
reproducibility and accuracy of the results, and the poten-
tial for isotopic exchange during isolation of the insoluble
organic matter from the meteorites. Supplementary data
associated with this article can be found, in the online ver-
sion, at doi:10.1016/j.gca.2007.06.052.
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