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Abstract

The abundant, diverse ureilite meteorites are peridotitic asteroidal mantle restites that have remarkably high bulk carbon
contents (average 3 wt%) and have long been linked to the so-called carbonaceous chondrites (although this term is potentially
misleading, because the high petrologic type “carbonaceous” chondrites are, if anything, C-poor compared to ordinary chon-
drites). Ureilite oxygen isotopic compositions, i.c., diversely negative (CCAM-like) A'70, viewed in isolation, have long been
viewed as confirming the carbonaceous-chondritic derivation hypothesis. However, a very different picture emerges through
analysis of a compilation of recently published high-precision isotopic data for chromium, titanium and nickel for ureilites
and various other planetary materials. Ureilites have lower €%°Ni and far lower £°°Ti and £>*Cr than any known variety of
carbonaceous chondrite. On a plot of £°Ti vs. €*Cr, and similarly A'7O vs. £>*Cr, ureilite compositions cluster far from
and in a direction approximately orthogonal to a trend internal to the carbonaceous chondrites, and the carbonaceous chon-
drites are separated by a wide margin from all other planetary materials. I conclude that notwithstanding the impressive
resemblance to carbonaceous chondrites in terms of diversely negative A'’O, the ureilite precursors accreted from preponder-
antly noncarbonaceous (sensu stricto) materials. Despite total depletion of basaltic matter, the ureilites retain moderate
pyroxene/olivine ratios; which is an expected outcome from simple partial melting of moderate-SiO,/(FeO + MgO) noncar-
bonaceous chondritic material, but would imply an additional process of major reduction of FeO if the precursor material
were carbonaceous-chondritic. The striking bimodality of planetary materials on the €*°Ti vs. £>*Cr and A'70 vs. €*Cr dia-
grams may be an extreme manifestation of the effects of episodic accretion of early solids in the protoplanetary nebula. How-
ever, an alternative, admittedly speculative, explanation is that the bimodality corresponds to a division between materials
that originally accreted in the outer solar system (carbonaceous) and materials that accreted in the inner solar system (non-
carbonaceous, including the ureilites).
© 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION as extensively metamorphosed and recrystallized chondrites

(Ringwood, 1960; Wlotzka, 1972). Then, for some years,

An exemplary case of exploiting stable isotopes to con-
strain the diverse derivations of planetary materials was
Clayton and Mayeda’s (1988) pioneering study of the urei-
lite meteorites. Ureilites are extremely depleted asteroidal
peridotites (when reviewed by Goodrich et al. (2004), the
number of ureilites had reached ~100; it has roughly
doubled since; among achondrites, only HEDs are more
common). Early petrologic models envisaged the ureilites
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models for ureilite genesis as cumulates from intrusive mag-
mas (e.g., Berkley et al., 1980; Goodrich et al., 1987) com-
peted with the view (e.g., Boynton et al., 1976; Takeda,
1987) that ureilites formed as anatectic (partial melting)
mantle restites. The restite model, by virtue of its consis-
tency with limited stirring of the materials within the parent
asteroid, was essentially confirmed by Clayton and Maye-
da’s (1988) discovery that great oxygen-isotopic diversity
is preserved among the ureilites. There is now a general
consensus that at least most of the ureilites formed as
restites (e.g., Warren and Kallemeyn, 1992; Scott et al.,
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1993; Singletary and Grove, 2003; Goodrich et al., 2004;
Kita et al., 2004; Warren and Huber, 2006).

Ureilites are still the only differentiated meteorite type
known to encompass a large range of oxygen-isotopic
composition. Ureilites also show considerable diversity
in terms of their modal proportions of olivine and pyrox-
enes (pigeonite, orthopyroxene and augite), and in the
compositions of these silicates (e.g., olivine ranges from
Fo;s to Foge). Yet they are remarkably consistent in sev-
eral important respects. Almost every ureilite contains an
important proportion (average 3 wt%: Warren and Hu-
ber, 2006) of interstitial carbon (including crystalline
graphite, diamond and lonsdaleite: Mittlefehldt et al.,
1998). The rims of ureilite olivines show distinctive indi-
cations of late FeO reduction: tiny inclusions of Fe-metal
scattered amidst olivine that is reversely zoned toward
pure Mg-olivine. In contrast, the mafic-silicate cores in
any individual monomict ureilite are remarkably uniform
in composition. Nearly all ureilites exhibit a remarkably
step-wise cooling history: slow at first, but very rapid la-
ter (Miyamoto et al., 1985; Takeda et al., 1989; Herrin
et al., 2010).

Many authors have assumed that ureilite traits such as
high bulk carbon contents and diverse, '®O-rich oxygen iso-
topic compositions imply a link with the carbonaceous
chondrites (e.g., Mueller, 1969; Vdovykin, 1970; Higuchi
et al., 1976; Wasson et al., 1976; Berkley et al., 1980; Tak-
eda, 1987; Rubin, 1988; Ikeda and Prinz, 1993; Goodrich
et al., 2002, 2007; Kita et al., 2004). However, as this paper
will review, a variety of recent high precision stable-isotopic
measurements, when assessed in aggregate, call the carbo-
naceous chondrite derivation hypothesis into question.
The ureilite parent body probably formed as a mixture of
various precursor materials (as became clear with the dis-
covery of the ureilites’ great O-isotopic diversity: Clayton
and Mayeda, 1988), and none of those precursors,
let alone their aggregate, was likely a close match with
any known chondrite. Nonetheless, it is worthwhile to look
for evidence as to which general type of material dominated
the mix.

A few words about nomenclature: It is self-evident
that as relatively carbon-rich meteorites ureilites may be
said to be carbonaceous, in a layman’s sense of that
word. However, it has long been customary in meteorite
classification to describe as “carbonaceous” a distinctive
set of chondrites that are similar in various ways but
not necessarily carbon-rich. The term is “somewhat of a
misnomer” (Krot et al., 2004). Other, less elastic “carbo-
naceous” characteristics have seldom been enumerated
(the words of Justice Potter Stewart, “I know it when I
see it,” come to mind), but according to Krot et al.
(2004; cf. Weisberg et al., 2006) they include: '°O-rich
oxygen isotopic composition (except in the case of CI);
ClI-or-higher mean ratio of refractory lithophile elements
to the major lithophile element Si; relatively high abun-
dance of refractory inclusions (except in CI); and high
matrix/chondrule abundance ratio. Henceforward in this
paper, the word carbonaceous will be used in that re-
stricted, meteoritics-customary sense.

2. DATA SOURCES

Oxygen isotopic data are taken almost exclusively from
an extensive compilation of data from the Clayton—-Mayeda
team (e.g., Clayton and Mayeda, 1988, 1996; Clayton et al.,
1976, 1991). For ureilites, Clayton’s data are augmented by
a precise but not well documented data set from Franchi
et al. (1998; data are shown with no indication of which
ureilites they represent), by seven analyses of NWA ureilites
listed in the Meteoritical Bulletin, and by one analysis (Sa-
hara 99201) by Smith et al. (2001). Ureilite olivine-core Fo
and modal data are mainly from the compilation of Mit-
tlefehldt et al. (1998) along with newer data from the Mete-
oritical Bulletin.

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, (Yama-
kawa et al., 2010). The ordinary chondrite data of de Leuw
et al. (2010) seem aberrant and were excluded. The effect of
including them would be to cause the H, L and LL £**Cr
means to be lower by relatively insignificant extents, from
—0.34, —0.40 and —0.40, to —0.55, —0.67 and —0.81,
respectively.

Nickel isotopic data are taken from Regelous et al.
(2008), Dauphas et al. (2008) and Quitté et al. (2010). The
data of Bizzarro et al. (2007) are problematical (Dauphas
et al., 2008) and were not utilized in this work (for the re-
cord, the great €%°Ni diversity they found would, if real,
only tend to strengthen this paper’s main conclusions).
With that qualification, meteorites that have been analyzed
for €**Ni include four ureilites, all by Quitté et al. (2010).
However, ureilites are not Ni-rich materials, and the indi-
vidual ureilite €*?Ni uncertainties (average: 0.56) are com-
parable to the total e%’Ni range among all bulk meteorites.

Titanium isotopic data are from just two sources: Leya
et al. (2008) and Trinquier et al. (2009). Many of the data of
Trinquier et al. (2009) were obtained as replicates at two sepa-
rate labs, with good agreement between the two sets of results.
The suite of meteorites analyzed by Leya et al. included three
ureilites, and Trinquier et al. analyzed (twice) NWA 2376.

For chondrite and ureilite bulk-oxide compositions, I
rely primarily (exceptions will be noted) on the excellent
data compilation of Jarosewich (1990; with minor updates
by Jarosewich, 2006). Most other bulk-meteorite analyses
are incomplete inasmuch as they do not distinguish between
the various oxidation states of iron. Additional wet-chemi-
cal analyses are scattered in the literature, but Jarosewich’s
data are known to be of consistently high quality, they are
sufficient for most purposes, and this approach has the
advantage of minimizing interlaboratory bias.

The distribution of the £°Ti, £*Cr and £°Ni data
sources by meteorite type is shown in Table EA-1 of this
paper’s Electronic Annex. For plotting purposes, I have
first averaged data for individual meteorites, and then aver-
aged those results to arrive at averages for each meteorite
variety (except for ureilites, plotted individually).
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3. COSMOCHEMICAL DESCENT OF THE
UREILITES

3.1. Oxygen isotopes, considered in isolation

Fig. EA-1 in the Electronic Annex to this paper shows a
compilation of data on the classic diagram for application of
stable isotopes to the issue of meteorite pedigree (Clayton
et al., 1973), a plot of 8'%0 vs. 3'70. Ureilites, and as yet
no other known type of achondrite, display a trend with
approximately +1 slope on Fig. EA-1 and a wide variation
in A0 (= 8'70-0.52 3'®0; where 0.52 is the slope of ki-
netic mass fractionation, including the Terrestrial Fraction-
ation Line, TFL). This trend is approximately a higher-A'’0O
extension of the trend defined by the CV and CO analyses,
the CCAM (carbonaceous chondrite anhydrous minerals)
line. This aspect of resemblance to the carbonaceous chon-
drites is often cited (e.g., Rubin, 1988; Goodrich, 1992) as
suggestive of a genetic link between ureilites and carbona-
ceous chondrites. However, the anhydrous carbonaceous
groups (CO, CK and CV) are not the only chondrites that
exhibit a roughly +1 slope on the three-O-isotope diagram
(Fig. EA-1). As shown by Clayton et al. (1991), the ordinary
chondrites (OC), when viewed as a related set, also form a
trend with slope ~ +1.07. Adherence to this relationship is
closest among the more equilibrated petrologic types of
OC, and Clayton et al. called this trend the “Equilibrated
Chondrite Line” or ECL. A more up-to-date compilation
for observed falls (compiled by J.T. Wasson; still exclusively
Clayton-lab data) modifies the ECL slope to 0.90. Among
the OC, the group with the most oxidized, FeO-rich silicates,
LL, plots at the high A'’O end of the ECL; the group with
the most FeO-poor silicates, H, forms the low A0 end.
As noted by Goodrich and Delaney (2000), this situation
is analogous with the ureilites: those with the most FeO-rich
silicates plot toward the high A0 end of a diffuse yet
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Fig. 1. Ureilite olivine-core Fo vs. A'’0O. Despite a distinctive
“Hughes cluster” (Downes et al., 2008) near Fog; and A'’0 ~ —1.0,
the data show a strong overall anticorrelation. Regarding data
sources for this and other figures involving A'70, see text.

significant anticorrelation between A!’O and olivine-core
Fo (Fig. 1). Among the carbonaceous chondrites, the groups
with the highest carbon contents (data of Jarosewich, 1990)
do not belong to the subset that exhibit +1 slopes on the
three-O-isotope diagram (Fig. EA-1). The CI (average
2.8 wt% C) and CM (1.7 wt%) groups exhibit slopes that
are poorly defined but closer to +0.52 (the TFL) than to
+1. The CR (2.0 wt%) group exhibits an intermediate slope
of ~+0.75 (Choi et al., 2009). The groups that exhibit +1
slopes, CO-CK-CV, only contain from 0.03 to 0.54 wt%
carbon. (The issue of the relationship between oxygen iso-
topes and initial bulk carbon content will be revisited in Sec-
tion 4.)

The fact that among ureilites A'”O is consistently nega-
tive, and ranges from —0.29,, to —2.45%,, is arguably more
impressive evidence for the hypothesis of carbonaceous-
chondritic derivation. However, the ureilite compositional
distribution is skewed toward the ferroan (low-Fo) end
(Goodrich et al., 2004; Downes et al., 2008), so that the
average olivine-core composition of ~Fo81.5 corresponds,
via Fig. 1, to a comparatively moderate A'’O of —1.0%,.
The noncarbonaceous chondrites, which only comprise
three main classes (OC, EC and R chondrites), have class-
mean A'7O ranging from 0%, to ~2.7%,. The Kakangari
grouplet, whose place in meteorite classification is unclear
although the grouplet is generally regarded as noncarbona-
ceous (Weisberg et al., 2006), arguably extends this range to
—1.759%, (Clayton et al., 1976; Weisberg et al., 1996). Even
ignoring the Kakangari grouplet, postulating that a 4th
class, the ureilite precursor materials, once extended the
noncarbonaceous range by factor of ~1.4 is not, ipso facto,
implausible.

The origin of the planetary-meteoritical A'’O diversity
remains controversial. For most of the isotopic systems
about to be discussed, the variations are generally assumed
to reflect incomplete (and/or impermanent: Trinquier et al.,
2009) mixing of stellar-nucleosynthetic ejecta. However, for
oxygen, models range from episodic in-mixing of different
reservoirs of stellar-nucleosynthetic origin (with perhaps a
temporal trend toward higher A'7O: 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; Clay-
ton, 2008).

3.2. Chromium and nickel isotopes

Fig. 2 shows £%*Ni plotted vs. £*Cr (cf. analogous dia-
grams, based on smaller data sets, in Regelous et al.
(2008) and Bizzarro et al. (2007); however, as mentioned
previously, the €°Ni data of Bizzarro et al. are not used
in this work). The variations observed here are too great
to be the result of mass fractionation. There is no doubt
(e.g., Bizzarro et al., 2007; Dauphas et al., 2010; Qin
et al., 2011) that these variations reflect an admixture of dif-
ferent nucleosynthetic components. In any case, these £>*Cr
and £%°Nj isotopic variations, albeit discovered much later,
are no less valid than the A'”O variations as indicators of
planetary-material pedigree.
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Fig. 2. Stable isotopic constraints: £**Ni vs. £**Cr. Data sources
for £%°Ni: Dauphas et al. (2008), Regelous et al. (2008) and Quitté
et al. (2010); for more details, and for the numerous ¢>*Cr data
sources, see Table EA-1. Only one ureilite, ALH 77257, has been
analyzed for both €’Ni and €>*Cr. Three others (Quitté et al.,
2010) have £%’Ni of —0.60 to 0.07 (+0.48).

The overall pattern on a plot of €**Ni vs. £**Cr (Fig. 2) is
a positive correlation. All five of the different analyzed car-
bonaceous chondrite groups are at the neutron-rich (in
terms of €%*Ni and €>*Cr) end of the trend. The noncarbo-
naceous chondrite groups (EC and OC) are clustered to-
ward the opposite end. Differentiated planetary materials,
shown by crosses, tend to plot in the same low £%*Ni, low
£>*Cr region. The one ureilite (ALH 77257) that has been
analyzed for both ¢%?Ni and £>*Cr (Ueda et al., 2006; Quitté
et al., 2010) plots at the extreme neutron-poor (low &**Ni,
low €3*Cr) end of the trend. That is, the opposite end from
the carbonaceous chondrites. Regelous et al. (2008) found
among four analyzed IVB irons a remarkably wide range
in €%Ni, from —0.005 to 0.174 (£0.056). Unfortunately,
no &**Cr (or £°Ti) data are available for IVB irons.

In terms of £>*Cr alone (Fig. 3), among 13 analyzed urei-
lites the highest £**Cr result is —0.73 (MET78008; Ueda
et al., 2006), and the average is —0.91 + 0.20 (20). Among
22 analyzed carbonaceous chondrites the lowest £**Cr
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Fig. 3. Histogram of ureilite €*Cr data for carbonaceous chon-
drites (open symbols; letters indicate carbonaceous group; T
indicates the Cl-like but anomalous Tagish Lake) and ureilites
(filled symbols). Regarding the numerous £>*Cr data sources, see
Table EA-1. Three early ureilite analyses from Ueda et al. (2006),
which have especially high uncertainty, are denoted by lighter
symbols.

result is +0.33 (CKS5 EET92002: Qin et al., 2010a), and
the average is +1.03 & (20) 0.61. When these data are run
through the Kolmogorov—Smirnov test for data set com-
parison (Till, 1974), the results suggest that the probability
for even the ureilite with the highest £**Cr (MET78008) to
be of common derivation with carbonaceous-chondritic
material is much less than 0.1%. Also, Qin et al. (2010b)
measured £*Cr in a set of nine fragments of the Almahata
Sitta polymict ureilite, and found a range of —0.85 to
—0.67. Based on these data alone, Qin et al. (2010b) in-
ferred that the ureilites “seem unlikely to be derived from
any carbonaceous chondrite parent body”.

3.3. Add titanium

Like oxygen, chromium and nickel, titanium shows
great isotopic diversity among planetary materials. Leya
et al. (2008) assumed the £°Ti diversity had a nucleosyn-
thetic origin. However, Trinquier et al. (2009) found, by
normalizing to the **Ti/*’Ti ratio, a correlation between
6Tj and >°Ti, which have different nucleosynthetic origins.
These authors suggest that the protosolar molecular cloud
may have once been well mixed, and invoke subsequent
thermal processing to cause selective destruction of ther-
mally unstable, isotopically anomalous presolar compo-
nents. When Trinquier et al. (2009) analyzed acid-leach
fractions from the Orgueil CI, they found a conspicuous
lack of the e**Ti—¢°°Ti correlation that would be expected
if mineralogically linked isotopic diversity had been engen-
dered by kinetic-molecular mass fractionation. In any case,
the £°°Ti diversity clearly is not primarily due to mass frac-
tionation, and can provide important insight regarding
planetary-material genetic relationships.
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Fig. 4. Stable isotopic constraints: £>°Ti vs. €>*Cr. Symbols have
same meanings as shown in Fig. 2. TL indicates the Cl-like but
anomalous Tagish Lake. Data sources for £°Ti: Leya et al. (2008)
and Trinquier et al. (2009); for more details, and for the numerous
&>*Cr data sources, see Table EA-1. The two ureilites that have
been analyzed for both £>°Ti and £3*Cr are ALH 77257 and NWA
2376.
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A plot of £°Ti vs. e>*Cr (Fig. 4; f. Trinquier et al.,
2009) roughly resembles Fig. 2: an overall positive correla-
tion, with carbonaceous chondrites at the neutron-rich
(high €°°Ti, high £>*Cr) end and ureilites at the opposite ex-
treme. But Fig. 4 is even more inconsistent with a carbona-
ceous chondritic derivation for the ureilites. Among the
carbonaceous chondrites, £°°Ti vs. £>*Cr manifests a signif-
icant, r = 0.81, anticorrelation; and the slope of this trend is
approximately orthogonal to the overall trend that includes
the ureilites and (other) “noncarbonaceous” materials.
Thus, no realistic extension of the carbonaceous chondrite
isotope-compositional distribution can be expected to
incorporate the ureilites. Again, the other differentiated
planetary materials plot in the same general region as the
ureilites, but ureilites constitute the extreme “anti-carbona-
ceous” end of the differentiated range.

3.4. Oxygen, revisited

Additional insights are obtained by combining these iso-
topic systems with oxygen. Fig. 5 plots A'7O vs. €>*Cr (cf.
Fig. 2 of Trinquier et al., 2007; Fig. 3 of Qin et al.,
2010b). Here, the distinction between the carbonaceous
and noncarbonaceous chondrites is particularly clear be-
cause, among the carbonaceous chondrites, there is again
a strong correlation, and the slope of this carbonaceous
chondritic trend is approximately orthogonal to the direc-
tion toward the central portion of the range of noncarbona-
ceous chondrites. Except for the Eagle Station pallasites
(actually only Eagle Station itself has thus far been ana-
lyzed: Shukolyukov and Lugmair, 2006b), the differentiated
planetary materials again plot with the noncarbonaceous
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Fig. 5. Stable isotopic constraints: A0 vs. £**Cr. Among the
ureilite data, smaller diamonds represent diverse clasts from the
Almahata Sitta polymict ureilite analyzed by Qin et al. (2010b);
light-colored symbols represent instances where, in order to include
some additional whole-rock ureilite £**Cr analyses, A0 has been
extrapolated from olivine-core Fo data based on the regression
shown in Fig. 1. The only three ureilites that have been analyzed
for both A'70 and £**Cr are ALH 77257, MET 78008, and Y-
791538. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

chondrites. Together, the “noncarbonaceous” chondrites
and differentiated materials (excluding Eagle Station) form
a positive correlation that nearly parallels the trend of the
carbonaceous chondrites. Admittedly, without the single
R chondrite point, and/or without the ureilites, this trend
would disappear. Still, by the simplest interpretation of
Fig. 5 the ureilites represent the '°O-rich end of a “noncar-
bonaceous” trend that may be analogous to the carbona-
ceous chondritic trend, including the similarity that in
both cases the materials towards the low-£>*Cr, '°O-rich
end of the trend are the ones that exhibit most clearly a
slope of approximately +1 on Fig. EA-1.

GRO95551 is a metal-rich chondrite that superficially
resembles the CB group (Mason, 1997). Weisberg et al.
(2001) concluded on the basis of oxygen and nitrogen iso-
topes as well as mineral composition data that GR0O95551
represents “a different nebular reservoir” from the CB group.
The Cr data of Qin et al. (2010a) confirm this conclusion.

A plot of A0 vs. £%?Ni (Fig. EA-2) is qualitatively sim-
ilar to Fig. 5. However, the carbonaceous-chondritic trend
is relatively flat and the hiatus between the two fundamen-
tal material types is hardly noticeable. Even so, the few ana-
lyzed ureilites plot far from the carbonaceous-chondritic
field. A plot of A0 vs. €%°Ti (Fig. EA-3) is also not partic-
ularly revealing, except in one respect. The NWA 011 basal-
tic achondrite (Yamaguchi et al., 2002; analyzed for ¢*°Ti
by Trinquier et al. (2009), as the NWA 2976 pair) shows
clear evidence of a carbonaceous-chondritic pedigree.

3.5. The isotopic evidence as a whole

To summarize, viewed in isolation, the ureilites’ low
A0 and roughly +1 slope on the three-O-isotope diagram
(i.e., their nearness to the CCAM line; but the +1 slope is a
trait shared with OC) might suggest a linkage with carbona-
ceous chondrites. Several far less ambiguous lines of evi-
dence point toward the opposite inference of a pedigree
closer to noncarbonaceous chondrites. Particularly telling
are plots of A0 vs. ¢*Cr (Fig. 5) and &°Ti vs. £*Cr
(Fig. 4), where the ureilites plot not only far from, but also
in an orthogonal direction from, the carbonaceous-chon-
dritic trend. In these respects, ureilites are the extreme
exemplars of a pattern of isotopic characteristics common
to the majority of differentiated materials; the only known
exceptions being the Eagle Station pallasites and the
NWA 011 basaltic achondrite.

Carbon isotopes are unfortunately not very useful for
constraining kinship among planetary materials. With only
two stable, light isotopes, it is impossible to determine the
source of observed fractionations, and there is great overlap
in C isotopic composition among carbonaceous chondrites,
ordinary chondrites, and differentiated materials including
ureilites (Grady and Wright, 2003).

Rankenburg et al. (2007) interpreted osmium isotopic
data to support a linkage between ureilites and carbona-
ceous chondrites. This Os evidence is noteworthy but far
from conclusive. It is true that the ureilites’ mean
'870s/'%80s is closer to the mean for carbonaceous chon-
drites than to the means for enstatite and ordinary chon-
drites. A complication is that '8’0Os forms as a decay
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product of rhenium (187Re). Rankenburg et al. (2007)
opined that the “narrow range” of ureilite '*70s/'®0s
shows that little Re/Os fractionation occurred during the
early igneous processing, but the relative Re/Os ratios (non-
carbonaceous chondrites higher than the ureilite mean) are
such that minor Re/Os depletion cannot be ruled out.
Moreover, for constraining the pedigree of ureilites, the
18705/1880s data (summarized in Fig. 2 of Rankenburg
et al.) are not highly systematic. Of 22 ureilite analyses,
two have '¥70s/!%80s lower than any of 13 ordinary chon-
drites, but two others have '%’0s/!®0s higher than any of
14 carbonaceous chondrites. In short, the ranges show great
overlap, in contrast with the unequivocal evidence from
£°Ti vs. £*Cr (Fig. 4) and A'70 vs. £>*Cr (Fig. 5).

4. DISCUSSION
4.1. The host phases for Ti, Cr and Ni within ureilites

In using isotopes of Ti, Cr and Ni to constrain ureilite
derivation, ideally we would like to infer the accretionary
component(s) that dominantly contributed each of these
elements. The original, accretionary carrier phases may
have been very different from the final host phases. Still,
it is worthwhile to consider the evidence concerning the
present hosting phases. The mineralogy of ureilites, based
on many separate samples, has been reviewed by, e.g., Mit-
tlefehldt et al. (1998). Additional mineral analyses have
been published by Singletary and Grove (2003) and Dow-
nes et al. (2008). Apart from their complex, carbon-domi-
nated interstitial areas (the so-called “veins”), and their
distinctive late reduction rims, ureilites are essentially pure
olivine + pyroxene.

The host phase issue is least clear for titanium, but its
main host is probably pyroxene. Ureilite pigeonite has an
average TiO, content of 0.08 wt%. The extreme low is
reportedly 0.02 wt%, in ALH 81101 (Downes et al., 2008).
Ureilite high-Ca pyroxenes generally have 0.2-0.3 wt%
TiO; (Goodrich et al., 2001). Ti-rich phases such as ilmen-
ite, ulvospinel or armalcolite are unknown from non-
polymict ureilites.

Ureilite chromium is hosted preponderantly in the major
minerals olivine and pyroxene. Bulk, non-polymict ureilites
consistently have <1.1 wt% “Cr,0O5” (some of this Cr may
actually be divalent). Ureilite olivines typically have 0.6—
0.7 wt%. The main ureilite pyroxene, pigeonite, has average
Cr,03 content of 1.1 wt%. The extreme low is 0.58 wt%, in
EET 87517 (Singletary and Grove, 2003). The high-Ca
pyroxenes found in a minority of ureilites have even higher
Cr,03. A few ureilites contain traces of Cr-rich sulfide, but
in all cases the total Cr in sulfide is much less than the total
in mafic silicates.

In contrast, nickel in ureilites is hosted mainly in intersti-
tial (so-called “vein”) material. Ureilite bulk-rock Ni aver-
ages ~1250 pg/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 pug/g Ni, and ureilite pyroxenes less than 26 ug/g,
while the metals of the interstitial areas generally contain
40,000-50,000 pg/g.

Thus, the current host setting for Ni (minor interstitial
matter) is very different from the host setting for Cr (the
major mafic silicates; probably also true of Ti). The degree
to which an analogous difference existed during the accre-
tionary stage of ureilite evolution is not known, but at least
at present the full set of observed isotopic peculiarities (ver-
sus, e.g., carbonaceous chondrites) cannot be linked to any
single minor component.

Ueda et al. (2006) briefly speculated that the ureilites’
low €>*Cr may have developed from a CI- or CM-like pre-
cursor by selective melting of some **Cr-rich phase(s) dur-
ing anatexis. However, during anatexis (and pre-anatectic
annealing), as the medium-sized and equant grains of the
typical ureilite texture grew, Cr evidently partitioned effi-
ciently into the major minerals olivine and pyroxene, be-
cause bulk ureilites are in general not Cr-depleted; they
are mildly Cr-enriched, by an average factor of ~2 relative
to CI (e.g., Warren and Kallemeyn, 1992; the enrichment
factor for Ti is similar, ~1.3). Thus, all but a tiny propor-
tion of the total original Cr remains; and much of that
may have equilibrated before its removal, with the fast-dif-
fusing olivine that now, in a typical ureilite, holds about
half of the Cr.

4.2. Relationship between initial chondritic carbon content
and carbonaceous affinity

It has often been assumed that the ureilites’ remarkably
high bulk carbon contents link them with the carbonaceous
chondrites (Mueller, 1969; Vdovykin, 1970). The average
ureilite bulk C content, 3.2 wt%, is exceeded by only one
of the major chondrite groups, CI (~4.1 wt%: Wiik, 1969;
Jarosewich, 2006; Pearson et al., 2006). The ureilites were
at one stage slightly more C-rich than the final ureilites.
There is clear mineralogical evidence for slight carbon loss
from all ureilites during an episode of “smelting” (FeO
reduction accompanied by oxidation of solid carbon into
CO, gas; this episode was associated with the termination
of ureilite anatexis; see, e.g., Warren and Rubin, 2010; the
amount of C consumed was probably seldom greater than
0.5 wt%; however, some authors argue for additional major
smelting during anatexis; e.g., Goodrich et al., 2007).

Despite the name, “carbonaceous” chondrites are far
from uniformly C-rich, and their C content is strongly anti-
correlated with petrologic type (Fig. 6). For types above 3,
petrologic type essentially represents peak temperature of
thermal metamorphism, with type 6 representing ~900 °C
(e.g., McSween and Labotka, 1993). Arguably the C-poor
CV and the even more C-poor CK chondrites are differently
metamorphosed samples of the same original material
(Greenwood et al., 2010). As igneous restites, the ureilites
are, in essence, petrologic type ~8 or 9. Extrapolated to
type 8, the clear anticorrelation trend of the carbonaceous
chondrites implies a C content of order 0.01 wt%, i.e., too
low by a factor of 100.

Although noncarbonaceous chondrites do not include
any samples of petrologic type less than 3 (the vast majority
are petrologic types 5-6), in Fig. 6 the ordinary chondrites
plot along the same anticorrelation trend as the carbona-
ceous chondrites. That the carbonaceous chondrites, and
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Fig. 6. Carbon concentrations in carbonaceous and ordinary
chondrites, plotted versus petrologic type. “Belgica” refers to
Belgica 7904. For some of the carbonaceous chondrites (Tagish
Lake, Coolidge, CI1 and CK4), in addition to Jarosewich (1990,
2006), data are from Wiik (1969) and Pearson et al. (2006).

not the noncarbonaceous, happen to include low metamor-
phic, C-rich types is a weak argument for linkage with urei-
lites. No known chondrite, and probably none that survives
anywhere in the solar system, combines high carbon con-
tent with high petrologic type. In a warming planetesimal,
carbon is prone to oxidation and loss as CO, gas (McSween
and Labotka, 1993). Obviously this did not occur in the
case of the ureilites, presumably because the original ureilite
parent body, in contrast with the carbon-depleted chon-
drites, achieved a large size, and thus a sufficiently high
internal pressure regime to stabilize solid C against oxida-
tion; and, crucially, achieved this large size before it got
very hot (Warren, 2008). The abundant water that occurs
in the low petrologic type carbonaceous chondrites would
be a disadvantage, in this respect, as dissociated water
probably tended to oxidize carbon even at low temperature
(McSween and Labotka, 1993). The carbon retention
requirement does not imply or even strongly suggest that
the ureilite precursor matter was carbonaceous in the sense
that has long been customary in meteorite classification.

4.3. Implications for and from ureilite petrology

Many models of ureilite petrogenesis start with an as-
sumed carbonaceous-chondritic precursor material (e.g.,
Rubin, 1988; Ikeda and Prinz, 1993; Kita et al., 2004; Good-
rich et al., 2007). In terms of igneous petrology, the salient
characteristic of carbonaceous chondrites is that their iron
is preponderantly in oxidized form. As a result, the ratio
of SiO, to the combination of other major oxides is lower
than it is in most noncarbonaceous chondrites (Fig. 7; the
plotted data have been normalized to have the sum of all
oxides, excluding the ultra-volatile H>O, sum to 100 wt%;
i.e., the metal, sulfide and H,O components are discounted).
Carbonaceous chondrites also have systematically higher
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Fig. 7. Variation of SiO, and FeO in chondrite and ureilite bulk-
nonhydrous-oxide compositions, i.e., the bulk compositions in
terms of all oxides, except the extremely volatile H,O, normalized
to 100 wt%. Symbols have same meanings as shown in Fig. 2. As
indicated by inset arrows, the effect of basalt removal from
peridotite on this diagram is basically to diminish the restite SiO,
while leaving FeO about the same. As shown by, e.g., Jaques and
Green (1980), during low-pressure anatexis (up to pressures far
higher than would occur within an asteroid-sized body), among the
mafic silicates, pyroxene (high SiO,) melts, olivine (low SiO,) does
not; and the balance of the melting is dominantly at the expense of
feldspar (high SiO;). In detail, the SiO, content of feldspar is
proportional to Na content, which feldspathic clasts in polymict
ureilites indicate was high (Ikeda et al., 2000; Ikeda and Prinz,
2001; Cohen et al., 2004; Kita et al., 2004; Goodrich et al., 2009).
Although the melt has roughly 2x lower (FeO + MgO) than the
restite, the melt’s FeO/MgO is much higher, so the net effect is to
leave the restite’s FeO little changed. The “CVpy” and “CVy”
points represent the oxidized and reduced subgroups of CV (cf.
Krot et al., 2004). Kainsaz is shown separately in addition to the
CO average, because it is a very uncommonly metal-rich CO. The
two available bulk analyses of Kainsaz (Dyakonova, 1964; Ahrens
et al., 1973, with FeO calculated based on constraint that sum of
these high-precision XRF data should be 100 wt%) are grossly
discrepant, but their average (shown) seems roughly in agreement
with modal analyses (Fuchs and Olsen, 1973; McSween, 1977). A
minor complication is that for SiO, in EH chondrites (and also to a
lesser extent EL) Jarosewich’s (1990) technique probably gave
erroneously high values by roughly 1%, because some of the
reported “SiO,” is actually from metal (~24 wt% of the meteorite)
with roughly 3 wt% Si.

MgO/SiO, compared to noncarbonaceous chondrites
(Fig. 8). For the context of silicate anatexis and magmatism,
where the major reduced phases, metal and sulfide, probably
go their own way as immiscible phases and play little direct
role (forming a core?; the possibility of major redox preced-
ing or during anatexis will be discussed below), the anticor-
related variations in FeO and SiO, (Fig. 7) are in many ways
the most petrologically important. The wide FeO variation
among chondrites is basically an effect of nebular redox
(e.g., Rubin et al., 1988), and chondritic-oxide mg is almost
linearly  correlated  with Si0O,, although the
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Fig. 8. The ratio MgO/SiO, is systematically higher, and the range
in SiO, content is narrower, among carbonaceous chondrites in
comparison to the noncarbonaceous chondrites. Data set and
symbols here are same as in Fig. 7. Dashed lines show MgO/SiO,
(wt ratio) ranging from 0.5 to 1.0.

noncarbonaceous chondrites plot at systematically higher
Si0,, by 3-4wt%, than the carbonaceous chondrites
(Fig. EA-4).

Fig. 7 includes lines to indicate the compositions of pure
Mg, Fe olivine and pure Mg, Fe, Ca (Wo5) pyroxene. The
position of each chondrite bulk-oxide composition in rela-
tion to these lines conveys some idea of the implied bulk
olivine/pyroxene ratio, upon equilibration at high tempera-
ture and low pressure. Complex chondritic/ureilitic silicates
can only be very roughly modeled with this approach, in
which the variations of FeO and SiO, are linear because
the only other free variable is assumed to be MgO, and
the sum is fixed at 100 wt%. Assuming a high-Ca composi-
tion for the pyroxene, for example, would shift the pyroxene
line to lower SiO, by several wt%. Moreover, the chondrites
are not pure olivine + pyroxene. Clearly, however, com-
pared to the carbonaceous chondrites the noncarbonaceous
chondrites show a much wider range of potential bulk-equil-
ibrated py (= pyroxene/[pyroxene + olivine]), from ~100
wt% for the enstatite chondrites (equilibrated EC are indeed
devoid of olivine: Rubin, 1997), to near zero for the R chon-
drites (Isa et al., 2010). In contrast, for any carbonaceous-
chondritic starting material, unless and until a large fraction
of the abundant initial Fe-oxide is reduced (or otherwise re-
moved), the SiO, content of the oxide-silicate component
will remain low, and the mafic silicates will be preponder-
antly olivine.

As asteroidal mantle restites, the ureilites must have py
significantly lower than their bulk parent asteroid. Ureilites
are extremely depleted, retaining in most cases (ignoring
polymict samples) no feldspar whatsoever (or a tiny trace
of feldspar in the lone exception, EET 96001: Warren
et al., 2006). Yet pyroxene, usually low-Ca (pigeonite), is
a major component in the vast majority of ureilites
(Fig. 9). Both the average and median py for ureilites equals
30 vol%. The simplest explanation for this observation is to
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Fig. 9. Distribution of the py ratio (= pyroxene/[pyroxene + oliv-
ine]) among 51 ureilites. Data are mainly from Mittlefehldt et al.
(1998).

assume that the ureilite precursor material was pyroxene-
rich, and thus (probably, per Fig. 7) noncarbonaceous.
Consider the composition of the complementary basaltic
magma component that was removed from the chondritic
ureilite precursor material, as implied by the average urei-
lite composition U in combination with assumptions for
the precursor initial composition 7 and the proportion f
of the (aggregated) partial melting. The mass balance is:

I=fL+(1-fU (1a)
L=~ (1-PU)/f (1b)

where I, U and L are in wt% of the oxide, and fis expressed
as mass fraction of the initial system. The f in ureilite gen-
esis is generally assumed to have been close to 0.25 (e.g.,
Warren and Kallemeyn, 1992; Kita et al., 2004; Goodrich
et al., 2007), but results from models assuming conserva-
tively higher range in f are shown in Fig. 10 and Table
EA-2. Assuming a simple partial melting model is valid,
the L composition shown in Fig. 10 for the various chon-
drite varieties should plot among the basaltic (Al-rich)
materials from polymict ureilites that are shown for com-
parison. There is no assurance that these minor basaltic
components are highly representative of the overall lost ba-
salt component, but their average SiO, (59 wt%) and FeO
(7 wt%) are also broadly consistent with compositions im-
plied for five additional clasts by the mineralogical data
of Cohen et al. (2004). The high Na content typical of ure-
ilitic plagioclase (Cohen et al., 2004; Goodrich et al., 2004)
implies a relatively high SiO, in comparison with the Na-
poor plagioclase of some other extraterrestrial basalts
(e.g., eucrites, angrites).

For any carbonaceous-chondritic 7, Fig. 10 indicates
that the “lost” basalt L must have higher FeO and lower
SiO, than most of the ureilitic basaltic materials. Agree-
ment between the ureilitic basaltic materials and L in
Fig. 10 is more satisfactory if 7 is similar (in these
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Fig. 10. Results implied by Eq. (1) for SiO, and FeO in aggregate
of “lost” basaltic melt complementary to the average ureilite,
assuming that ureilites represent partial-melting restites. The
average ureilite composition used for this modeling (see Table
EA-1) is based on data from Wiik (1969), Jarosewich (1990) and
Yanai et al. (1995). Shown here are results from a straightforward
partial melting model. For most of the carbonaceous chondrite
varieties, models are shown only for high f because smaller f results
in impossibly negative melt MgO concentration. See Fig. EA-5 for
results from models that assume partial melting was accompanied
by major smelting. Data for feldspathic clasts and glasses within
polymict-brecciated ureilites (two defocused-beam clast analyses,
five “trapped” magmatic glass compositions, and two glass
analyses from glass-dominated clasts) are from Ikeda and Prinz
(2001), Kita et al. (2004) and Goodrich et al. (2009). Mesostasis-
like glasses, interstitial to larger crystalline silicate components
(Ikeda et al., 2000; Kita et al., 2004) were excluded from this data
set. Composition shown for the CO; Kainsaz is “approx” because
it represents an average of two grossly discrepant analyses; see
caption of Fig. 7.

admittedly limited aspects) to an ordinary chondrite. A sim-
ilar conclusion that the starting composition (/) probably
had an OC-like MgO/SiO, was reached by Goodrich
(1999) based on a more complex forward modeling ap-
proach: combining the assumed 7 with various petrologic
parameters (much more than simply f) to predict both res-
idue (U) and melt (L) compositions. However, Goodrich
(1999) also concluded that the starting (/) Ca/Al ratio must
have been enriched by a large factor (~3.5x chondritic, for
an I otherwise based on OC silicates), whereas I draw no
such inference. The L compositions derived from OC-based
I models in Table EA-2 (and analogous models assuming
slightly lower f) have plausible Al,O3; and CaO contents
without invoking any pre-anatectic fractionation of Ca/Al.

The simple partial melting process would alter py and
mg in systematic ways (always lowering py; always raising
mg) and to only limited extents. To account for the great
diversity of ureilites in these parameters (Fig. 9 shows py;
Fig. 1 shows mg), the parent asteroid must have accreted
a diverse mélange in terms of initial py and mg (cf.
Goodrich and Delaney, 2000) as well as oxygen-isotopic
composition (Clayton and Mayeda, 1988).

An alternative and long-popular model of ureilite petro-
genesis assumes that the ureilite anatexis involved major
“smelting” (FeO reduction with C oxidation during melt-
ing) (e.g., Singletary and Grove, 2003, 2006; Goodrich
et al., 2007; Wilson et al., 2008). In principle, even with
an assumed carbonaceous-chondrite-like precursor mate-
rial, provided sufficient smelting occurs during anatexis
the mass balance might be satisfactory for the “lost” basal-
tic component (Fig. EA-5; cf. Goodrich, 1999). A highly
localized, disequilibrium, abortive form of impact “smelt-
ing” undoubtedly occurred to varying degrees in all urei-
lites, usually localized in olivine rims; in rare cases
concentrated in pyroxenes (Warren and Rubin, 2010). But
this “smelting” occurred in conjunction with an impact dis-
ruption of the parent asteroid that caused sudden pressure
reduction and rapid cooling, which in turn terminated the
anatexis (Warren and Huber, 2006; Herrin et al., 2010).
The stable-isotopic evidence discussed above militates
against a carbonaceous-chondritic precursor material, and
among the known noncarbonaceous chondrites, only the
R chondrites have the high FeO consistent with the anatec-
tic smelting model. However, the R chondrites are not re-
motely ureilite-like in terms of oxygen isotopes (Figs. 5
and EA-1). Moreover, as discussed by Warren and Huber
(2006) and Warren (2010), there are numerous reasons to
doubt that major smelting occurred during the ureilite anat-
exis. For example, one line of evidence can be quickly de-
scribed: The abundant Fe-metal that the smelting model
inevitably forms is consistently lacking in the ureilites,
and yet they retain highly siderophile elements (e.g., Ir,
Os) that inevitably partition into Fe-metal, in near-chon-
dritic proportions (Warren and Huber, 2006; Rankenburg
et al., 2007). The siderophile depletion constraint can be
met by postulating that the precursor material (in reality
a mix of diverse materials) was noncarbonaceous, avoided
anatectic smelting, and tended to resemble LL chondrites
in having relatively low metal abundance (average
3.8 wt%: Jarosewich, 1990); although of course not in all
other respects, such as oxygen-isotopic composition.

4.4. Oxygen, once again

As discussed in Section 3.1, the ureilites’ strongly nega-
tive A0 is arguably evidence in favor of the carbonaceous
chondrite derivation hypothesis. Having discussed the
major-element compositional implications of a carbona-
ceous-chondritic derivation, we have gained some further
perspective regarding that A'’O evidence.

No noncarbonaceous variety of chondrite except the K
(Kakangari) grouplet plots below the TFL on Fig. EA-1.
However, among differentiated meteorites, ureilites are
not the only type that has negative A'’O. The types that
plot below the TFL include the most abundant and well-
sampled variety of achondrite, the HEDs, which cluster in
A0 at —0.24 (Wiechert et al., 2004; Greenwood et al.,
2005; Scott et al., 2009). The HEDs come from a body well
documented to contain abundant pyroxene. A few olivine-
bearing diogenites are of great interest (e.g., Beck and McS-
ween, 2010), but the howardites, which are basically mix-
tures of eucrites and diogenites, at an average mixing
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ratio of 2:1 (Warren et al., 2009), only contain on average
1.4 wt% olivine (Delaney et al., 1984). Even before the ad-
vent of all the other stable-isotopic constraints discussed
above, an assessment of the HED asteroid’s bulk composi-
tion with heavy emphasis on oxygen isotopes suggested a
70:30 mix of ordinary (H) and carbonaceous (CM) chon-
dritic material (Boesenberg and Delaney, 1997). Fig. 5 sug-
gests that the Main Group pallasites, with A'7O of —0.37,
are also of noncarbonaceous derivation. The newly discov-
ered NWA 6693 achondrite contains 70 vol% pyroxene and
has a py ratio of 82 vol%, and its A'’O is —1.08 (Warren
et al., 2011; unfortunately no other stable isotopic system
has yet been analyzed). The overall data base indicates that
many bodies exist in this solar system that consist mainly of
noncarbonaceous material, and yet plot below the TFL on
Fig. EA-1.

4.5. Exceptions that prove the rule

The distribution of the planetary materials on Figs. 4
and 5 is strongly bimodal, with two obviously distinct clus-
ters for the various carbonaceous versus noncarbonaceous
materials. The significance of this bimodality becomes
slightly clearer through consideration of a few meteorites
that are in some ways aberrant in their stable-isotopic char-
acteristics. In Fig. 5, the Eagle Station pallasites plot far
from all other metal-rich differentiated materials. The me-
tal-rich chondrite GRO95551 superficially resembles CB
(Bencubbin group) carbonaceous chondrites, yet it plots
far from all carbonaceous materials. In Figs. 4 and 5 and
EA-3, the basaltic achondrite NWA 011 plots far from
the other basaltic planetary materials (Earth, Moon and
Mars basalts, HEDs, angrites, the basaltic components of
mesosiderites). In each of these cases, the isotopic result, de-
spite being unusual, holds true to form in the sense that the
aberrant compositions avoid the gap between the carbona-
ceous 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. The ureilites, by
plotting far from the similarly carbon-rich CI chondrites,
arguably constitute yet another “exception”. As more anal-
yses are acquired in the future, it will be interesting to see
how well this isotope-compositional bimodality withstands
growth in the compositional-petrological diversity of the
analyzed materials. Table EA-1 indicates some obvious
shortcomings of the existing data base.

4.6. Evidence of mixing within and between isotopic
reservoirs

Carbonaceous chondrites show isotopic evidence for
mixing of several fundamentally different components.
Their calcium—aluminum-rich inclusions (CAI) feature ex-
tremely high £°°Ti along with extremely low A'’O (Trinquier
et al., 2009; Clayton, 2008). However, in the CAl-rich CV3
Allende, chondrules have low &°Ti, overlapping, in two
cases, the noncarbonaceous (whole-rock) range (Trinquier
et al., 2009). To a large extent, the trends among the carbo-
naceous chondrites in Figs. 4 and 5 probably reflect mixing

between their CAI and other components. However, CAI
are far from the whole story. Dauphas et al. (2010) and
Qinet al. (2011) found that in the CI1 Orgueil (and probably
also the CM2 Murchison) enrichments in **Cr are linked
with presolar oxides, most likely Cr-spinels, of order 10—
100 nm in size. CAI are probably too poor in Cr to have a
dominant influence on £**Cr in bulk chondrites (Qin et al.,
2010a). In Figs. 4 and 5, the carbonaceous-chondritic mix-
ing trend is aligned such that neither the CAl-rich end
(i.e., CV and CK, with low &Cr and high ssoTi) nor the
CAI-poor end (CI; high £**Cr and low £°°Ti) is appreciably
closer than the middle of the trend (CB, CM, CR) to the
cluster of the noncarbonaceous planetary materials.

The remarkably wide range in £**Ni found by Regelous
et al. (2008) among four IVB irons, from —0.005 to 0.174
(£ 0.056), may be another reflection of mixing, but unfor-
tunately the utility of €°’Ni for constraining the mixing is-
sue is still limited, partly due to high uncertainty of the
analyses. No £>*Cr or £*°Ti data are available for IVB irons.
For ureilites, Quitté et al. (2010) found slight differences in
€®Ni and €°'Ni between bulk and silicate compositions,
which these authors interpreted as reflecting an unspecified
mixing process. Gabriel and Pack (2008; using the same
data in abstract form) argued for late injection of metal
with €%Ni ~ 0 into silicates with ¢®°Ni of roughly —0.4.
However, by far the most precisely measured data pair
(for EET 87517) shows no significant difference between
bulk and silicate °°Ni.

Although these data, especially the ¢°°Ti data of Trinqu-
ier et al. (2009) for Allende chondrules, indicate that the
mixing processes were complex, and separation between
the carbonaceous and noncarbonaceous environments was
far from total, the overall evidence still suggests that sepa-
ration between the two reservoirs prevailed to a remarkably
efficient extent. Allende’s whole-rock £>°Ti has been deter-
mined by eight separate analyses (Leya et al., 2008; Trinqu-
ier et al., 2009), and the lowest result, 2.5, is far higher than
the nearest noncarbonaceous whole-rock material (Earth,
at 0.07). Allende’s whole-rock £*Cr has also been deter-
mined by eight separate analyses (Shukolyukov and Lugm-
air, 2006b; Trinquier et al., 2009; de Leuw et al., 2010; Qin
et al., 2010a), and the results range from 0.85 to 1.30, show-
ing no overlap with even the extreme high A0, high £**Cr
end (554Cr =0.43, for R chondrites) of the noncarbona-
ceous range.

4.7. Nonindigenous components in polymict ureilites

As reviewed by Goodrich et al. (2004), polymict ureilites
generally (with the glaring exception of the recently fallen
Almahata Sitta: Bischoff et al., 2010) contain only minor
(~1%) proportions of materials not apparently indigenous
to the original ureilite parent body. The nonindigenous
materials include clasts of suspected angritic affinity, a vari-
ety of chondritic clasts that appear to be dominantly ordin-
ary-chondritic, one of apparent R chondrite affinity, but
also a variety of dark clasts that resemble carbonaceous
chondrite matrix materials. Goodrich et al. (2004) cau-
tioned against the notion that one of these sparse chon-
dritic-clastic materials may have some special link with
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ureilites, and noted that the nonindigenous materials are
too low in abundance, and too heterogeneously distributed,
for relative abundances to be meaningfully constrained.

In the case of Almahata Sitta, the nonindigenous com-
ponent is major (Bischoff et al., 2010), and thus may reflect
a fundamentally different manner of admixture (e.g., gen-
tler, less disruptive collisions); so the nature of the predom-
inant nonindigenous component might be significant.
Bischoff et al. (2010) found that among 40 separate frag-
ments they studied, 23 are ureilitic but 17 are chondritic.
Those 17 comprise seven EL chondrites, three impact-
melted EL chondrites, one EH chondrite, three impact-
melted EH chondrites, two H chondrites, and one sample
of a chondrite that is ungrouped but shows affinity with
R chondrites. Zolensky et al. (2010) found four (addi-
tional?) chondritic pieces, comprising one each of L, H,
EL and EH. Thus, 21 (or slightly fewer) separate chondritic
clasts are exclusively noncarbonaceous, albeit a wide vari-
ety of lithologies are represented. If, as suggested by Bisc-
hoff et al. (2010), this mixing occurred early, during the
reaccretion of the ureilites into a second-generation parent
body after the catastrophic disruption of the original urei-
lite body (e.g., Warren and Kallemeyn, 1992; Goodrich
et al., 2004; Herrin et al., 2010), then the acquisition of
diverse yet consistently noncarbonaceous chondritic mate-
rials may be another indication that the original body was
within a portion of the solar system dominated by noncar-
bonaceous materials.

4.8. The spatial provenance of ureilites and other planetary
materials

Pronounced compositional bimodality (Figs. 4 and 5) is
most simply explained by a model of binary, disparate ori-
gins. In the context of the early solar system, one obvious
and fundamental potential divergence between two modes
of origin is spatial, between the inner solar system (sunward
relative to Jupiter) and the outer solar system. However, the
current derivation location of most chondrites is the aster-
oid belt, at 2-4 AU, between Mars and Jupiter. Dark, “C”
(for carbonaceous) type asteroids predominate in the outer
belt (e.g., Bus and Binzel, 2002; for a specific conjectured
connection to ureilites: Hartmann et al., 2011). A common
assumption (e.g., Bizzarro et al., 2007; Qin et al., 2010a) is
that all the chondrites formed in the inner solar system, al-
beit the carbonaceous chondrites formed relatively farthest
from the Sun. Compositional diversity among the primitive
planetary materials (chondrites) may have developed pri-
marily as an effect of temporally episodic accretion of the
solar nebula (de Leuw et al., 2010).

Many of the carbonaceous chondrites, such as CV and
CO, are nearly anhydrous, and the location of the “snow
line” in the relevant (mature) phase of a protoplanetary
nebula is believed to be well inside of Jupiter (Lacar
et al., 2006; Garaud and Lin, 2007, Kennedy and Kenyon,
2008). However, the snow line (or front) may not have been
as simple as commonly portrayed in nebular models. In the
judgment of Wood (2005; his Fig. 2), all of the carbona-
ceous chondrites (or anyway, the groups CI, CM, CR,

CO and CV) formed beyond the snow line; and even the or-
dinary chondrites formed partially beyond it.

Weissman et al. (2002) concluded from dynamical con-
siderations that comet orbits frequently evolve into asteroi-
dal orbits, that ~6 + 4% “or perhaps more” of the near-
Earth asteroidal population is derived from Jupiter-family
comets, and that it is “highly likely that many asteroids in
eccentric orbits with large semi-major axes and large incli-
nations are derived from the Oort cloud.” Gounelle et al.
(2006) found that the only known orbit for a carbonaceous
chondrite, the CI Orgueil, was most closely matched by the
orbits of Jupiter-family comets. From the perspective of
Figs. 4 and 5, it is hard to believe that the CI and CM car-
bonaceous chondrites could be products of the outer solar
system, as suggested by Gounelle et al. (2008; cf. Wasson,
1976), and yet the other (CV-CO-CK-CR-CB) carbona-
ceous chondrites come from the inner solar system, with
the noncarbonaceous chondrites and nearly all of the differ-
entiated materials. Going beyond Gounelle et al. (2008), I
speculate that possibly all of the carbonaceous chondrites
may have originally accreted in the outer solar system.
Although admittedly conjectural, this hypothesis is testable
through discovery and analysis of additional types of plan-
etary materials (cf. Table EA-1).

Very recently, Walsh et al. (2011) have suggested that as
a consequence of radial migration and mass growth of the
giant planets, the belt region (i.e., today’s meteorite source
region) underwent a complex evolution that culminated in a
significant inward migration of planetesimals from the out-
er solar system into the belt (mainly the outer belt) region.
Walsh et al. (2011) estimate that the final belt, after modi-
fication (mainly depletion) in consequence of much later
catastrophic migration among the giant planets (the Nice
model: Gomes et al., 2005), consists of 1/4 “S-type” matter
that originated from the inner solar system, and 3/4 “C-
type” material derived from the outer solar system. Even
without the primordial migration effects assumed by Walsh
et al. (2011), major addition of outer solar system material
into the belt region appears to be a corollary of the Nice
model (Levison et al., 2009).

In any event, despite the mixed message from oxygen
isotopes, the stable-isotopic constraints as a whole, and
particularly €**Cr in combination with £°°Ti (Fig. 4) and
£*Cr in combination with A'’O (Fig. 5), suggest that the
ureilites represent fundamentally the same noncarbona-
ceous mode of material as the inner solar system bodies
Earth, the Moon, Mars and the HED asteroid.

5. CONCLUSIONS

1. The most revealing evidence concerning the dominant
pedigree of the mix of ureilitic precursor materials is
probably the plot of £°Ti vs. £*Cr, followed closely
by A0 vs. €2*Cr. In both cases, the ureilite composi-
tions cluster far from and in a direction approximately
orthogonal to a trend internal to the carbonaceous chon-
drites. Notwithstanding the impressive resemblance to
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carbonaceous chondrites in terms of diversely '°O-rich
oxygen, the ureilite precursors accreted from preponder-
antly non-“carbonaceous” materials.

2. For distinguishing between carbonaceous and noncarbo-
naceous derivation, simple consideration of oxygen iso-
topic composition in relation to the TFL is insufficient.
The CI chondrites have positive A'’O (as previously
known), and the exception they pose with respect to
the TFL criterion is tiny compared to the extent
(—1.0%, on average, —2.49, at full range) to which the
noncarbonaceous ureilites have negative A!”O.

3. The high carbon contents of the low petrologic type car-
bonaceous chondrites only weakly link them with urei-
lites, because ureilites as anatectic restites are equivalent
to a very high petrologic type, perhaps 8 or 9; and high
petrologic type carbonaceous chondrites are no more
C-rich than their noncarbonaceous counterparts. The
reason for high accretion of C into the ureilite parent
asteroid is not known, but its retention (against oxida-
tion) was presumably caused by attainment of high inter-
nal pressures in advance of high internal temperatures.

4. To account for the great diversity of ureilites in modal py
and silicate-core mg, the parent asteroid must have
accreted a diverse mélange of noncarbonaceous materials.

5. The noncarbonaceous chondrites have relatively low
MgO/SiO; and include varieties with moderate FeO,
and thus appear better suited than the carbonaceous
chondrites to be sources of moderate-py mantle restites
like the ureilites (average 30 vol%), without requiring
major reduction of FeO by smelting.

6. The striking bimodality of planetary materials on the
e°Ti vs. €*Cr and A'70 vs. £**Cr diagrams may repre-
sent an extreme manifestation of heterogeneous accre-
tion within the protoplanetary disk, but I speculate
that it might correspond to a division between materials
that originally accreted in the outer solar system (carbo-
naceous) and materials that accreted in the inner solar
system (everything noncarbonaceous, including the
ureilites).
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