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Plots such as £>4Cr vs. £°°Ti and £3*Cr vs. A'70 reveal a fundamental dichotomy among planetary mate-
rials. The “carbonaceous” chondrites, by virtue of high €°°Ti and high £%%Ni, as well as, especially for
any given A'70, high €>Cr, are separated by a wide margin from all other materials. The significance of
the bimodality is further manifested by several types of meteorites with petrological-geochemical charac-
teristics that suggest membership in the opposite category from the true pedigree as revealed by the sta-
ble isotopes. Ureilites, for example, despite having diversely low A'’0 and about the same average carbon
content as the most C-rich carbonaceous chondrite, have clear stable-isotopic signatures of noncarbonac-
eous pedigree. The striking bimodality on the £>*Cr vs. £°°Ti and £>*Cr vs. A70 diagrams suggests that the
highest taxonomic division in meteorite/planetary classification should be between carbonaceous and
noncarbonaceous materials. The bimodality may be an extreme manifestation of the effects of episodic ac-
cretion of early solids in the protoplanetary nebula. However, an alternative, admittedly speculative, ex-
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Ti isotopes planation is that the bimodality corresponds to a division between materials that originally accreted in
g; ;thzgzz the outer solar system (carbonaceous) and materials that accreted in the inner solar system (noncarbo-

naceous). In any event, both the Earth and Mars plot squarely within the noncarbonaceous composi-
tion-space. Applying the lever rule to putative mixing lines on the £°°Ti vs. £°*Cr and A'70 vs. €*Cr
diagrams, the carbonaceous/(carbonaceous + noncarbonaceous) mixing ratio C/(C+NC) is most likely
close to (very roughly) 24% for Earth and 9% for Mars. Estimated upper limits for C/(C+ NC) are 32%
for Earth and 18% for Mars. However, the uncertainties are such that isotopic data do not require or
even significantly suggest that Earth has higher C/(C+ NC) than Mars. Among known chondrite groups,
EH yields a relatively close fit to the stable-isotopic composition of Earth.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In modeling compositional relationships among meteorites and the
terrestrial planets (Righter et al., 2006), an important issue is the role of
carbonaceous chondrites. Many models of the bulk Earth and Mars
compositions draw analogies with carbonaceous chondrites. For the
Earth, Allégre et al. (2001) and Palme and O'Neill (2004) (cf.
McDonough and Sun, 1995) have argued that the Earth's volatile deple-
tion trend is matched more closely by carbonaceous chondrites than by
any known type of noncarbonaceous chondrite. Palme and O'Neill
(2004) also suggested that Earth's Mg/Si ratio is best matched, with a
plausible proportion of Si sequestration into the core, by carbonaceous
chondrites. For Mars, the most widely cited model (Dreibus and
Wanke, 1985; Wanke and Dreibus, 1994) postulates a 35 wt.% contribu-
tion of CI carbonaceous chondrite-like matter; the other 65 wt.% being a
reduced material akin to enstatite chondrites.
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The term carbonaceous, as it is entrenched in the cosmochemical
literature, is “somewhat of a misnomer” (Krot et al.,, 2004). Many
“carbonaceous” chondrites are far from carbon-rich (Jarosewich,
1990; Pearson et al., 2006). However, the carbonaceous chondrites
are distinctive, and similar amongst themselves, in various ways
(including some to be adduced in this paper). As enumerated by
Krot et al. (2004) ; (cf. Weisberg et al., 2006), “carbonaceous” char-
acteristics include: '®0-rich oxygen isotopic composition (except in
the case of CI); Cl-or-higher mean ratio of refractory elements to the
major lithophile element Si; relatively high abundance of refractory
inclusions (except in CI); and high matrix/chondrule abundance
ratio. Henceforward in this paper, the word carbonaceous will be
used in that strict, meteoritics-customary sense.

For the Ti, Cr and Ni isotopic ratio anomalies exploited here, the
variations observed are far too great to be the result of mass frac-
tionation, so they probably reflect incomplete, and/or impermanent,
mixing of stellar-nucleosynthetic ejecta (e.g., Dauphas et al., 2010;
Leya et al., 2008; Qin et al.,, 2011). As reviewed by Dauphas et al.
(2010) and Qin et al. (2011), neutron-rich isotopes with masses
near that of iron are produced in Type la and II supernovae, but
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the detailed origin of these variations among, and within, meteor-
ites is far from clear. The notion of impermanent mixing stems
from Trinquier et al. (2009), who found, by normalizing to the
49Ti/47Ti ratio, a correlation between “®Ti and °°Ti, which have dif-
ferent nucleosynthetic origins. These authors suggest that the protoso-
lar molecular cloud may have once been well mixed, and invoke
subsequent thermal processing to cause selective destruction of thermally
unstable, isotopically anomalous presolar components. Dauphas et al.
(2010) and Qin et al. (2011) have shown that enrichments in >*Cr are
linked, in the CI1 Orgueil (and probably also the CM2 Murchison), with
presolar Cr-oxide grains, most likely spinels, of order 10-100 nm in size.
Trinquier et al. (2009) also found remarkable heterogeneity in &°°Ti,
mainly between chondrules and CAI ( calcium-aluminum-rich inclusions),
within the CV3 Allende.

The origin of the A'’0 diversity remains especially controversial
(A770=6"70 - 0.52 5'®0; where 0.52 is the slope of kinetic mass
fractionation, including the Terrestrial Fractionation Line, TFL). Models
range from episodic in-mixing of different reservoirs of stellar-
nucleosynthetic origin (with perhaps a temporal trend toward higher
A'0: Wasson, 2000), to “self shielded” ultraviolet photodissociation
of CO, either in the parent molecular cloud (Yurimoto and Kuramoto,
2004) or within the solar nebula (e.g., Lyons and Young, 2005; cf.
Clayton, 2008). Presolar grains are trace components and rarely feature
160 enrichment (Nittler, 2003), so origin of the A'70 diversity was
clearly not tied to presolar nanoparticles of the type found by Zinner
et al. (2005) (cf. Dauphas et al, 2010). The role of presolar,
supernova-derived grains as original carriers of the correlated (see
below) Ti, Cr and Ni isotopic anomalies warrants intense future study.
One plausible model (Qin et al., 2011) postulates that grains from a
Type II supernova were injected into the mature solar nebula, too late
to become fully homogenized within the nebula. If the abundance of
such grains varied in a systematic way, e.g., heliocentrically, they
might track with and reflect a heliocentric compositional gradient
(such as in A'70) even if they were not the cause of it. In any case,
like A'70, the £°°Ti, £>4Cr, and £%2Ni anomalies clearly are not primarily
due to kinetic-molecular mass fractionation, and thus potentially
provide important insight regarding planetary-material pedigree.

Existing meteorite classification schemes (Krot et al., 2004;
Weisberg et al., 2006) regard the carbonaceous chondrites as one
of several top-level subdivisions of chondritic (primitive, undiffer-
entiated) planetary material. At the same taxonomic level are four
other subdivisions of chondrites, comprising the large ordinary
(0C) and enstatite (EC) clans, as well as the rarer R (Rumuruti-
like) and K (Kakangari-like) chondrite groups. Most of the
ungrouped chondrites, as listed by Krot et al. (2004; their Table 1),
are of carbonaceous affinity. This paper will show that a variety of
recent high precision stable-isotopic measurements, when viewed
in aggregate, suggest that a more apt classification has a top-level
division between carbonaceous chondrites and all other chondrites.
The stable-isotopic data also place rigorous limits on the propor-
tions of carbonaceous chondritic matter in the Earth and Mars. Real-
istically, the planets formed as mixtures of various precursor
materials, and even individually those precursors were not likely a
close match with any known chondrite. Nonetheless, clear evidence
now exists regarding which general type of material dominated the mix.

2. Data sources

This work exploits a wealth of recent high-precision analyses from
several excellent teams of analysts. Titanium isotopic data are from
just three sources: Leya et al. (2008), Trinquier et al. (2009), and, for
lunar samples only, Zhang et al. (2011). Many of the data of Trinquier
et al. (2009) were obtained as replicates at two separate labs, with
good agreement between the two sets of results. Chromium isotopic
data are taken from Bogdanovski and Lugmair (2004), Yamashita et
al. (2005), Shukolyukov and Lugmair (2006a,b), Ueda et al. (2006),

Trinquier et al. (2007, 2008), Yin et al. (2009), de Leuw et al.
(2010), Qin et al. (2010a,b), Shukolyukov et al. (2011), and especially,
as the main source of bulk-ureilite measurements, Yamakawa et al.
(2010). Nickel isotopic data are taken from Regelous et al. (2008),
Dauphas et al. (2008) and Quitte et al. (2010). The Ni isotopic data
of Bizzarro et al. (2007) are problematical (Dauphas et al, 2008)
and were not utilized in this work. Oxygen isotopic data are taken
mainly from an extensive compilation of data from the Clayton-
Mayeda team (e.g., Clayton et al., 1976; 1991; Clayton and Mayeda,
1988, 1996). Clayton's data are augmented by a few more recent an-
alyses, including seven carbonaceous chondrite analyses by Yin et al.
(2009), plus seven analyses of Northwest Africa (NWA) ureilites
listed in the Meteoritical Bulletin but otherwise unpublished. The
graphs in this paper show averages for each meteorite type, except
where significant stable-isotopic heterogeneity is manifest within
the meteorite type; i.e., except for carbonaceous chondrites and urei-
lites. For those types, the plotted data instead consist of data pairs
(whole-rock analyses) available from individual meteorites.

3. Ureilites: An exceptionally revealing class of achondrite

Among differentiated meteorites, the ureilites require special
attention because they have diverse oxygen isotopic compositions
(Clayton and Mayeda, 1988) that correlate with their silicate
mg (= MgO/(MgO + FeO)) ratios (Downes et al., 2008; Mittlefehldt
et al,, 1998). There is a general consensus that most, if not all, ureilites
formed as anatectic (partial melting) mantle restites (e.g., Goodrich et
al,, 2007; Kita et al,, 2004; Takeda, 1987; Warren and Huber, 2006).
Ureilites have remarkably high bulk carbon contents: average 3 wt.%.
Only CI chondrites are more C-rich. It has long been customary to as-
sume that ureilite traits such as high bulk carbon contents and diverse,
160-rich oxygen isotopic compositions imply a link with the carbona-
ceous chondrites (e.g., Berkley et al., 1980; Goodrich et al., 2007; Kita
et al, 2004; Singletary and Grove, 2006; Takeda, 1987; Vdovykin,
1970; Wasson et al., 1976). But as this paper will review, a variety
of stable-isotopic constraints (Trinquier et al., 2009; Yamakawa et
al., 2010, have been especially revealing) tell a very different story.

In using isotopes of Ti, Cr and Ni, ideally we would like to know the
accretionary component(s) that dominantly contributed each of these el-
ements. The mineralogy of ureilites, based on many separate samples,
has been reviewed by, e.g., Downes et al. (2008); Mittlefehldt et al.
(1998). Apart from their carbon-dominated interstitial areas (so-called
“veins”), and their distinctive late reduction rims, ureilites are essentially
pure olivine + pyroxene. Ureilite chromium is hosted overwhelmingly in
the major minerals olivine and pyroxene. The situation is less clear for ti-
tanium, but its main host is probably pyroxene. Ti-rich phases such as il-
menite, ulvospinel or armalcolite are unknown from non-polymict
ureilites. In contrast, nickel in ureilites is hosted mainly in interstitial
(“vein”) material. Ureilite bulk-rock Ni averages ~1250 Lig/g and ranges
from 230 to 2800 pg/g (Warren and Huber, 2006). According to Gabriel
(2009) (cf. Gabriel and Pack, 2008) ureilite olivines contain only 16-
83 pg/g Ni, and ureilite pyroxenes less than 26 pg/g, while the metals of
the interstitial areas generally contain 40,000-50,000 pg/g. Thus, the cur-
rent ureilite host setting for Ni (metals) is very different from the host
setting for Cr (silicates; probably also true of Ti); so the full set of ob-
served ureilite isotopic peculiarities (versus, e.g., carbonaceous chon-
drites) cannot be linked to any single minor component.

4. A fundamental dichotomy of planetary materials
4.1. Chromium and titanium isotopes

On a plot of €°°Ti vs. £>4Cr (Fig. 1; cf. Trinquier et al., 2009), the carbo-
naceous chondrites plot in a distinct field, well separated from all other

plotted material types, including ordinary (LL, L and H) chondrites, EH
enstatite chondrites, and a wide range of differentiated materials that
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Fig. 1. Stable isotopes in planetary materials: £34Cr vs. £>°Ti. For carbonaceous chondrites
and ureilites, the plotted data consist of data pairs (whole-rock analyses) available from in-
dividual meteorites, except in the case of the CB carbonaceous chondrite group. Since no CB
has been analyzed for both £>*Cr and £°°Ti, the plotted “CB*” point is based on £>Cr for a
different CB (Shukolyukov and Lugmair, 2006a) from the two CBs that (averaged) provide
the £°°Ti datum (Trinquier et al., 2009). The two ureilites that have been analyzed for both
£°°Ti and £>*Cr are ALH 77257 and NWA 2376 (Leya et al., 2008; Trinquier et al., 2009; Ueda
et al,, 2006; Yamakawa et al., 2010).

includes the Earth, its Moon and Mars. In addition to the wide gap sepa-
rating the carbonaceous chondrites from the other materials, note that
the carbonaceous chondrites show a significant trend, r=0.87 (or 0.82
including the relatively uncertain “CB*” point), and the slope of this
trend is approximately orthogonal to the rough trend of the “other”
field. The carbonaceous trend is also approximately orthogonal to a vec-
tor that would extend from the carbonaceous chondrite field toward the
other field. Thus, no realistic extension of the carbonaceous chondrite
isotope-compositional distribution can be expected to incorporate the
other materials.

4.2. Chromium and oxygen

Fig. 2 shows £>*Cr plotted vs. A'70 (cf. Fig. 3 of Qin et al., 2010b).
Again, the carbonaceous chondrites plot in a distinct field, well sepa-
rated from the field within which cluster almost all other plotted ma-
terial types, including ordinary (LL, L and H) chondrites, enstatite
chondrites (both EL and EH), R chondrites, and a wide range of differ-
entiated materials that includes the Earth, its Moon and Mars. The
carbonaceous chondrites show a clearly significant correlation,
r=0.92 (or 0.91 including the relatively uncertain “CB*” point). In
this case, the configuration of the “other” field suggests a trend that
roughly parallels the carbonaceous correlation. Admittedly, without
the single R chondrite point, and/or without the ureilites, this trend
would disappear. Still, a vector between the center of the carbona-
ceous chondrite field and the center of the other field would again
be approximately orthogonal to the carbonaceous trend; and thus
no realistic extension of the carbonaceous chondrite distribution can
be expected to incorporate the other materials.

4.3. Chromium and nickel
Like oxygen, titanium and chromium, nickel shows considerable

isotopic diversity among planetary materials. The overall pattern on
a plot of €%2Ni vs. £>Cr is a positive correlation (Fig. 3; cf. analogous
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Fig. 2. Stable isotopes in planetary materials: £>*Cr vs. A'70. Symbols as for Fig. 1, except
among ureilite data, smaller symbols represent diverse clasts from the Almahata Sitta poly-
mict ureilite (Qin et al., 2010b). The three bulk ureilites that have been analyzed for both
£>Cr and A'70 are ALH 77257, MET 78008, and Y-791538. For carbonaceous chondrites
and ureilites, the plotted data consist of data pairs (whole-rock analyses) available from in-
dividual meteorites, except in the case of the CB group. Since no CB has been analyzed for
both £>*Cr and A'70, the plotted “CB*” point is based on £Cr for a different CB (Shukolyukov
and Lugmair, 2006b) from the two CBs that (averaged) provide the A'’0 datum. “G95” is the
unusual chondrite GRO 95551 (see text).

diagrams, based on smaller data sets, in Bizzarro et al., 2007; Regelous
et al., 2008; however, as mentioned previously, the £¢®?Ni data of
Bizzarro et al. are not used in this work). All five of the different
analyzed carbonaceous chondrite groups are at the neutron-rich (in
terms of €%2Ni and £34Cr) end of the trend. The noncarbonaceous
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Fig. 3. Stable isotopes in planetary materials: €%2Ni vs. £3*Cr. For carbonaceous chondrites
and ureilites, the plotted data consist of data pairs (whole-rock analyses) available from in-
dividual meteorites, except in the case of the CR group. Since no CR has been analyzed for
both €%2Ni and £%Cr, the plotted “CR*” point is based on £5°Ni for a different CR (Regelous
et al., 2008) from the three CRs that (averaged) provide the £>*Cr datum (Qin et al., 2010a;
Trinquier et al,, 2007; Yin et al., 2009). Although only one ureilite, ALH 77257, has been an-
alyzed for both £52Ni and €>*Cr, three others (Quitte et al., 2010) have £52Ni of —0.60 to
0.07 (+£0.48).
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chondrite groups are clustered toward the opposite end. Differentiated
planetary materials, shown by crosses, tend to plot in the same low
£%2Ni, low £°*Cr region. The one ureilite (ALH 77257) that has been an-
alyzed for both £%2Ni and £>*Cr (Quitte et al., 2010; Ueda et al., 2006)
plots at the extreme low €52Ni, low &£>Cr end of the trend. That is,
the opposite end from the carbonaceous chondrites.

5. Discussion

The distribution of the planetary materials on Figs. 1 and 2 is strongly
bimodal, with two obviously distinct clusters for the carbonaceous versus
noncarbonaceous materials. As more analyses are acquired in the future,
it will be interesting to see how well this isotope-compositional bimodal-
ity withstands growth in the compositional-petrological diversity of the
analyzed materials. But already the bimodality appears undoubtedly sig-
nificant, with profound implications. The high degree of bimodality sug-
gests that the highest taxonomic division in meteorite/planetary
classification should be between carbonaceous and noncarbonaceous ma-
terials (Fig. 4). Admittedly, the terms carbonaceous and noncarbonaceous
are awkward and misleading (cf. Krot et al., 2004). As the bimodality be-
comes better understood, the community should seek to agree upon
more apt terms for the two material varieties, or at least for
“noncarbonaceous”.

The positions of Earth and Mars on Figs. 1 and 2 obviously suggest
that both planets consist primarily of noncarbonaceous material, with
a carbonaceous-chondritic component of less than 50%. Before devel-
oping a more quantitative treatment of this issue, some related topics
also warrant discussion.

5.1. Exceptional samples do not conflate the isotopic clusters

The significance of the bimodality becomes slightly clearer through
consideration of meteorites that are in some ways aberrant in their
stable-isotopic characteristics. In Fig. 2, the Eagle Station pallasites
(actually only “ES” itself has thus far been analyzed: Shukolyukov
and Lugmair, 2006b) plot far from all other metal-rich differentiated
materials, yet not at a random position; they plot within the narrow car-
bonaceous field. Humayun and Weiss (2011) found that siderophile

A) Krot et al.

constraints also favor a carbonaceous-chondritic derivation for the ES
pallasites. The metal-rich chondrite GRO 95551 (plotted in Fig. 2 as
“G95") superficially resembles CB (Bencubbin group) carbonaceous
chondrites (Mason, 1997). However, Weisberg et al. (2001) concluded
on the basis of oxygen and nitrogen isotopes as well as mineral compo-
sition data that GRO 95551 represents “a different nebular reservoir”
from the CB group. The Cr data of Qin et al. (2010a) show that
GRO 95551 plots far from all carbonaceous materials, but again, not
randomly; it plots within the field of the noncarbonaceous materials.
The basaltic achondrite NWA 011 has far higher £>*Cr (Bogdanovski
and Lugmair, 2004) and £°°Ti (Trinquier et al, 2009, analyzed the
NWA 2976 pair) than most other basaltic planetary materials. Yet in
Figs. 1 and 2 (A'70 from Floss et al., 2005, Yamaguchi et al., 2002),
NWA 011 falls squarely within the range of the carbonaceous materials.
In each of these cases, the isotopic results, despite being unusual, hold
true to form in the sense that the aberrant compositions avoid the gap
between the carbonaceous and noncarbonaceous material types; i.e.,
instead of reducing the gap, Eagle Station and NWA 011 plot squarely
in the carbonaceous region, and GRO 95551 plots squarely in the
noncarbonaceous region.

Ureilites arguably constitute the most revealing “exception”.
Previously, based on their high bulk carbon contents and diverse,
low-A'70 oxygen isotopic compositions, the ureilites were seen
as related to carbonaceous chondrites (e.g., Berkley et al., 1980;
Goodrich et al., 2007; Kita et al., 2004; Singletary and Grove,
2006; Takeda, 1987; Vdovykin, 1970; Wasson et al., 1976). Urei-
lites, and as yet no other known type of achondrite, display an ap-
proximately + 1 slope on the classic (Clayton et al., 1973) oxygen
isotopes diagram: 6'80 vs. §!70. However, roughly +1 slope on
the 6'%0 vs. 8'70 diagram is not exclusively linked with the
anhydrous-carbonaceous (CO-CK-CV) groups of chondrites. Clayton et
al. (1991) noted that the ordinary chondrites (OC; i.e., LL, L and H),
viewed as a related set, also form a trend with slope ~+1. Among carbo-
naceous chondrites, the groups that exhibit + 1 slopes (CO-CK-CV) only
contain from 0.03 to 0.54 wt.% carbon (Jarosewich, 1990). Among the
chondrites, whether noncarbonaceous (Jarosewich, 1990; Warren,
2008) or carbonaceous (Jarosewich, 1990; Pearson et al., 2006), carbon
content exhibits an anticorrelation with metamorphic-petrologic type.

METEORITES
Chondrites Nonchondrites
Carbonaceous  Ordinary Enstatite K Primitive Differentiated
B) Weisberg et al. et al. METEORITES
Chondrites Primitive A ites  Differenti A ites
Carbonaceous ~ Ordinary Enstatite R K
C) NEW, stable isotope based METEORITES
Carbonaceous Noncarbonaceous
Chondrites Achondrites Chondrites Achondrites
Cl, CM, CV, et. | |
Primitive  Differentiated ~ Ordinary Enstatite R K Primitive  Differentiated

Fig. 4. Classification schemes for planetary materials, based on (A) Krot et al. (2004), (B) Weisberg et al. (2006), and (C) the stable-isotopic evidence discussed in this work. The new
classification is adapted from older ones by addition of the carbonaceous vs. noncarbonaceous dichotomy.
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As igneous restites, the ureilites are, in essence, petrologic type ~8 or 9.
Extrapolated to type 8, the anticorrelation trend implies a C content of
order 0.01 wt.%, i.e., too low by a factor of 100. That the carbonaceous
chondrites, and not the noncarbonaceous, happen to include low meta-
morphic, C-rich types (all known noncarbonaceous chondrites are of
petrologic type at least 3; most are types 5-6) is a weak argument for
linkage with ureilites. In a warming planetesimal, carbon is prone to ox-
idation and loss as COx gas (McSween and Labotka, 1993). Obviously
this did not occur in the ureilites, presumably because the original
ureilite parent body achieved a large size, and thus a sufficiently high
internal pressure regime to stabilize solid C against oxidation, before it
got very hot (Warren, 2008). The accretion, and retention, of carbon
does not imply that the ureilite precursor matter was “carbonaceous”
in the sense that has long been customary in meteorite classification.
It is now apparent that ureilites, despite their high carbon and diversely
low A'70, are actually not of carbonaceous pedigree. Again, it is impres-
sive that the “exceptional” ureilite isotopic compositions not only plot
in the general direction of the noncarbonaceous materials, in Figs. 1
and 3 the ureilites appear more “noncarbonaceous” than any other
material.

Ureilites add considerably to the isotopic-compositional range of
the noncarbonaceous class of materials, which includes the Earth. The
identity, within uncertainty, of A'70, £>*Cr and €°°Ti between Earth
and the Moon (e.g., Zhang et al., 2011) thus grows even more remark-
able, and difficult to reconcile with the popular Giant Impact hypothe-
sis of lunar origin, except by invoking an initial homogenization of the
Earth's mantle + Moon system by turbulent mixing (Pahlevan et al.,
2011).

5.2. Volatile depletion trends of the Earth and Mars

Allégre et al. (2001) and Palme and O'Neill (2004) have argued
that the Earth's volatile depletion trend is matched more closely by
carbonaceous chondrites than by any type of noncarbonaceous chon-
drite. The Dreibus and Wanke (1985) (cf. Wanke and Dreibus, 1994)
model for Mars postulates a 35 wt.% contribution of Cl-like material;
the other 65 wt.% being a reduced material akin to enstatite (E) chon-
drites. The stable-isotopic evidence (Figs. 1 and 2) renders the
volatile-depletion resemblances to carbonaceous chondrites more
enigmatic. However, in both the Allégre et al. (2001) and the
Palme and O'Neill (2004) papers, although the authors note
evidence suggesting that Earth's building blocks underwent a
similar variety of volatile-depletion processing as the carbona-
ceous chondrites, they emphasize the similarity of processing,
and never claim that the building blocks were dominantly carbo-
naceous chondrites, per se.

Probably no single specific chondrite variety (group), much less
any single variety known from the limited sampling provided by me-
teorites, was preponderant in the accretion of the Earth, or of Mars.
However, it is worth noting that among noncarbonaceous chondrites,
the enstatite chondrites, especially EH, feature relatively mild volatile
depletions, not drastically unlike the carbonaceous chondrites (e.g.,
Fig. 3 in Allégre et al., 2001). Citing (inter alia) Earth's high Fe-metal
content, Javoy (1995) and Javoy et al. (2010) (cf. the early conjecture
of Herndon, 1980) have argued that the bulk Earth accreted mainly
from matter similar to EH-group chondrites. This model carries an
implication that the final FeO content was raised, either through ac-
cretion of a lesser but important component of vastly more oxidized
material (cf. Schénbdchler et al, 2010), and/or by high-pressure
redox; i.e., several percent of Fe-metal being oxidized to FeO while a
commensurate proportion of SiO, gets reduced to (core) Si-metal.
The latter process would also help to account for the Earth's
MgO/SiO, ratio, which (at least, as represented by the upper
mantle) is high relative to any chondritic Mg/Si (e.g., Allégre et
al., 2001; Palme and O'Neill, 2004), but especially relative to
the enstatite chondrites (Jarosewich, 1990). In terms of

molybdenum isotopes, Earth, CI chondrites (Dauphas et al.,
2002) and IAB/IIICD iron meteorites, all are similar, but various
other differentiated meteorites and non-CI chondrites show pos-
itive anomalies (Burkhardt et al., 2010). For enstatite chondrites,
no Mo data are yet available.

5.3. Constraints on the proportion of carbonaceous matter in the Earth
and Mars

The positions of Earth and Mars on Figs. 1 and 2 show that both
planets consist primarily of “noncarbonaceous” material, with a
carbonaceous-chondritic component of less than 50%. To quantify
these implied proportions, the lever rule can be applied with the planet
modeled as a mixture of two end-members (Figs. 5 and 6). The aim is to
constrain C/(C+ NC), where C is the planet's carbonaceous component
and NC is its noncarbonaceous component. A two-component mixing
curve on a ratio-ratio diagram may be far from linear (Langmuir et al.,
1978), but in this particular circumstance, because the concentrations
of the elements involved (Cr, O and Ti) do not vary greatly among the
materials in question (primitive chondritic materials and whole
planets), the mixing curves must be close to linear.

For deriving a kind of upper limit on C/(C+ NC), the planet can be
modeled as a blend of the carbonaceous-chondrite composition nearest
to the planet Cesr With the composition NCeythes: that is farthest away
from Cpear among the known noncarbonaceous materials. To make the
limiting calculation more realistic, the noncarbonaceous end-member
NG, may be determined by excluding the two classes of material
that have A'70 outside the range (roughly 0 to +1) that, mixed with
carbonaceous matter, can yield the planet's observed A'”0 value (0%.
for Earth; practically the same, 0.2%., for Mars); i.e., by excluding urei-
lites and R chondrites.

Another approach, aimed simply at a best rough estimate of the car-
bonaceous:noncarbonaceous mixing ratio without bias toward conser-
vatism, is to estimate the most likely compositions of the two end
members, Cest and NCes. This approach involves enormous uncertainty,

E carbonaceous
chondrites

‘MG pallasites
NCiarthest = ureilite NWA 2376
T

12 -08 -04 00 04 08 12 16
e>cr

Fig. 5. Mass-balance (lever rule) models for the bulk compositions of Earth and Mars using
£34Cr vs. €°°Ti. The fields and choices for Cest, NCest, Crear NCrar and NCiarines: (defined in text)
are based on Fig. 1. For the mixing models, a slight extrapolation from the planet composi-
tion to the putative mixing line is necessary to finally arrive at a position for application of
the lever rule. To minimize clutter in the diagram, these final short extrapolations are indi-
cated only by small dots that show final extrapolated planet-assessment positions along the
two mixing lines that pass farthest from the planet compositions (i.e., in this case, along the
NCearthest t0 Chear Mixing line).
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Fig. 6. Mass-balance (lever rule) models for the bulk compositions of Earth and Mars
using £°#Cr vs. A'70. The fields and choices for Ceg;, NCest, Cnear and NCi,, are based on
Fig. 2. For the mixing models, a slight extrapolation from the planet composition to
the putative mixing line is necessary to finally arrive at a position for application of
the lever rule. To minimize clutter in the diagram, these final short extrapolations are
indicated only by small dots that show final extrapolated planet-assessment positions
along the two mixing lines that pass farthest from the planet compositions (i.e., in this
case, along the NC,; to Chear mixing line).

but a very rough C/(C+ NC) estimate (treated with due circumspec-
tion) may be preferable to no estimate. For a case of the noncarbonac-
eous data trend being far from parallel to the carbonaceous trend
(Fig. 5), I estimate Cest and NCes; by simple averaging of the relevant
data sets; which are taken to be, for Ce.g, the carbonaceous chondrite
groups excluding those with €°°Ti>3.5 (i.e., excluding the anhydrous
groups: CK, CO and CV); and for NCeg, all the separate noncarbonac-
eous material types, excluding the planets, the Moon, and also (as
above) ureilites and R chondrites. For a case of the noncarbonaceous
data and the carbonaceous data being distributed in subparallel trends
(Fig. 6), I estimate Ces by finding the closest point to the planet's com-
position along the regression fit to the carbonaceous data set, and then
extrapolate the line connecting those points to the NCesc composition,
assumed to be half-way across the noncarbonaceous field.

The plot of £52Ni vs. £>4Cr (Fig. 3) is not as useful for constraining the
carbonaceous:noncarbonaceous mixing ratio. For many planetary ma-
terial types (including Mars) combinations of reliable €%2Ni and &>4Cr
data are not yet available, and the data that are available show a less or-
ganized distribution, with the Earth much farther from the CI chondrites
than from all other carbonaceous materials. However, the €2Ni vs.
£>Cr plot (Fig. 3) still suggests that Earth's NC/(C+ NC), is probably at
least 50%; with compositional affinity to EH chondrites in particular.

Table 1
Mass-balance (lever rule) modeling for the bulk compositions of Earth and Mars.

System used Type of modeling Results: carbonaceous/

(carbonaceous+
noncarbonaceous)
Earth Mars
£%4Cr vs. £°°Ti Rough estimate 0.30 0.15
Upper limit 0.43 0.30
Extreme upper limit 0.49 0.36
£%4Cr vs. AT70 Rough estimate 0.18 0.026
Upper limit 0.32 0.18

Results from the modeling based on Figs. 5 and 6 are shown in
Table 1. The rough, “estimated” constraints on the mixing ratio
C/(C+ NC) average 24% for Earth and 9% for Mars. The Cpear + NCar
models yield upper limits for C/(C+ NC) of 43% for Earth and 30%
for Mars based on Fig. 5; and most importantly, upper limits of 32%
for Earth and 18% for Mars based on Fig. 6. These “limits” are not ab-
solute. The data are still sparse enough to leave some potential for
slightly higher C/(C+ NC). But it seems clear that C/(C+NC) is
much less than 50% for Earth, and less than 30% for Mars. Of course,
purely from the perspective of the stable-isotopic evidence (Figs. 1-3),
there is no requirement that C/(C+ NC) be greater than zero in either
planet, nor that Mars has a smaller C/(C+NC) than Earth. Over-
specific models for planets as mixtures of the known chondrites should
be regarded with caution, but if EH-like material dominated the Earth's
noncarbonaceous component, as suggested by Javoy (1995; also Javoy
et al., 2010), the proximity between Earth and EH in Figs. 1-3 is such
that C/(C+ NC) could, in principle, be very close to zero. A model for
Mars as a mix of 85% ordinary chondrite plus 15% carbonaceous chon-
drite matter, i.e., C/(C+ NC) = 15%, as suggested by Lodders and Fegley
(1997), appears consistent with Figs. 1 and 2; except that, by favoring as
the ordinary chondrite end member the relatively high-¢>*Cr H chon-
drites (cf. Hutchins et al., 2010), the Lodders and Fegley (1997) model
implies (in terms of Figs. 1 and 2) a slightly smaller C/(C+ NC) of
about 8-13%.

5.4. Possible implications for the spatial provenance of planetary materials?

There are relatively few differentiated meteorites of carbona-
ceous pedigree. Known examples are limited to the Eagle Station pal-
lasites and the NWA 011 basaltic achondrite. High petrologic type
(i.e., thermally metamorphosed) chondrites are also relatively rare
among the carbonaceous groups. It seems that carbonaceous plane-
tesimals were in general less likely than noncarbonaceous planetes-
imals to undergo major heating. Such a pattern would be consistent
with the common assumption (e.g., Wood, 2005) that the carbona-
ceous planetesimals tended to accrete at greater radial distance
from the Sun.

Another common assumption (e.g., Bizzarro et al., 2007; Qin et al.,
2010a) is that all the primitive planetary materials (chondrites)
formed in the inner solar system. The source of most chondrites in
terms of the mature solar system is surely the asteroid belt, at 2-
4 AU, between Mars and Jupiter. Compositional diversity among the
chondrites probably developed largely as an effect of temporally epi-
sodic accretion of the solar nebula (de Leuw et al., 2010; Wasson,
2000). However, the pattern of compositional bimodality in Figs. 1
and 2 is so pronounced, it suggests a model of binary-divergent ori-
gins. In the context of the early solar system, one obvious and funda-
mental potential divergence between two modes of origin is spatial,
between the inner solar system (sunward relative to Jupiter) and the
outer solar system. The location of the “snow line” in a mature proto-
planetary nebula is believed to be well inside of Jupiter (Garaud and
Lin, 2007; Kennedy and Kenyon, 2008; Lacar et al., 2006), and many
of the carbonaceous chondrites (CK, CO and CV) are nearly anhydrous.
However, the snow line may not have been as simple as commonly
portrayed in nebular models. In the judgment of Wood (2005; his
Fig. 2), all of the carbonaceous chondrites (or specifically, the groups
CI, CM, CR, CO and CV) formed beyond the snow line; and even the or-
dinary chondrites formed partially beyond it. The only known orbit for
a carbonaceous chondrite, the CI Orgueil, is most closely matched by
the orbits of Jupiter-family comets (Gounelle et al., 2006). From the
perspective of Figs. 1 and 2, it is hard to believe that the Cl and CM car-
bonaceous chondrites could be products of the outer solar system, as
suggested by Gounelle et al. (2008) (cf. Weissman et al., 2002), and
yet the other kinds of carbonaceous chondrite come from the inner
solar system, with the noncarbonaceous chondrites and nearly all of
the differentiated materials. Going beyond Gounelle et al. (2008), I
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speculate that if any of the carbonaceous chondrites originally accret-
ed in the outer solar system, then most likely all carbonaceous chon-
drites originally accreted in the outer solar system. Walsh et al.
(2011) (cf. Levison et al., 2009) have inferred that as a consequence
of radial migration and mass growth of the giant planets, the belt re-
gion (today's meteorite source region) underwent a complex evolu-
tion that culminated in a significant inward migration of
planetesimals from the outer solar system into the belt (mainly the
outer belt) region.

6. Conclusions

1. The striking bimodality exhibited by planetary materials on the
£°°Ti vs. €>*Cr and A'70 vs. £>*Cr diagrams suggests that the high-
est taxonomic division in meteorite/planetary classification should
be between carbonaceous and noncarbonaceous materials.

2. As the origin of the bimodality becomes better understood, the
community should seek to eventually agree upon more apt terms
for the two material varieties. The terms carbonaceous and noncar-
bonaceous are over-simplistic and even misleading (cf. Krot et al.,
2004). The bimodality may represent an extreme manifestation of
heterogeneous accretion within the protoplanetary disk, but if my
speculation is correct, apt terms might be (or connote) inner solar
system, to replace noncarbonaceous, and outer solar system, to re-
place carbonaceous.

3. Applying the lever rule to extrapolate from the €°°Ti vs. g>*Cr
and A'70 vs. €>*Cr diagrams, the carbonaceous/(carbonaceous
+ noncarbonaceous) mixing ratio C/(C+NC) is most likely
(very roughly) 24% for Earth and 9% for Mars. Estimated
upper limits for C/(C+ NC) are 32% for Earth and 18% for Mars.

4, 1f the Earth is modeled as the equivalent of a single noncarbonac-
eous component (admittedly a great oversimplification), EH chon-
drites yield the closest fit to the stable-isotopic data. Dominance of
EH-like material would also help to account for the relatively mild
volatile depletions that would otherwise suggest a carbonaceous
pedigree.
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