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Introduction: Dark, carbonaceous chondrite (CC)like xenoliths are common in typical polymict ureilites
and have been described as mineralogically similar to
CI chondrites [1-5]. However, the bulk oxygen isotope
composition of one CC-like clast from the Nilpena
polymict ureilite (Fig. 1) showed it to be unlike CI or
any other known CC [2]. In addition, D/H ratios and S
isotope compositions of several of these clasts have
been found to be distinct from those of CI [6,7].
The anomalous polymict ureilite Almahata Sitta
(AhS) also contains unique CC lithologies. AhS 202 is
a magnetite-rich (>10%) C2 that has oxygen isotope
composition in the range of CR or CM (Fig. 1) but is
mineralogically unlike any known CC [8,9]. AhS 91A
and 671 are breccias that consist of C1 matrix material
enclosing fragments of ureilitic minerals, as well as
chondrule and chondrule fragments from OC and
metal-sulfide from EC [9,10]. Breccias like AhS 91A
and 671 may have comprised a large fraction of 2008
TC3, the immediate source asteroid of AhS [10].
These CC-like materials are of great interest
because they constitute direct evidence for mixing of
inner solar system (ureilite) and outer solar system
(CC) materials [11,12] and provide the opportunity to
test dynamical models such as the Grand Tack, the
Nice Model, and others [13-15]. They also provide
samples of CC-like lithologies not sampled as whole
meteorites, increasing knowledge of the range of
volatile-rich materials in the early Solar System.
We are studying the mineralogy and oxygen and Cr
isotopes of CC-like clasts in typical polymict ureilites,
focusing here on two main goals: 1) determine the
variety of CC-like materials in polymict ureilites and
compare them with known CC; and 2) compare the
CC-like lithologies in AhS with those in typical
polymict ureilites, to test the hypothesis that AhS and
typical polymict ureilites are derived from the same
body [16] and constrain their formation mechanism
[16,17]. We report on 9 new clasts from polymict
ureilite Northwest Africa (NWA) 10657.
Methods: Back-scattered electron imaging (BEI),
X-ray mapping, electron microprobe analysis (EMPA),
and transmission electron microscopy (FIB/TEM)
were conducted at ARES, JSC. Bulk oxygen isotope
analysis was conducted at UCLA. Cr isotope analysis
was conducted at UC Davis. Oxygen isotope analyses
of magnetite by SIMS are reported in [18].
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Fig. 1. Oxygen three isotope plot showing bulk compositions
of AhS 91A, 671, and 202, and NWA 10657 clast 28,
compared with ureilites and major groups of CC.
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Fig. 2. Ternary compositions of phyllosilicates comparing
CC-like clasts in AhS and NWA 10657 with CM and CI
chondrites. Data for AhS 91A, 671 and chondrites from [10].

Results: All clasts studied (~0.2-3.4 mm in size)
are hydrous CC matrix-like lithologies consisting
dominantly of phyllosilicates (serpentine + saponite)
with highly varying proportions and compositions of
magnetite, carbonates, sulfides, fayalitic olivine, and
relict
anhydrous
silicates
(mainly
olivine).
Phyllosilicates vary in Fe/Mg ratio and apparent
serpentine/saponite ratio (Fig. 2). Four of the clasts
(e.g., Fig. 3) have phyllosilicate compositions
distinctly more like those of CM than CI (Fig. 2a). One
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of these contains a phase tentatively identified as
tochilinite, which is characteristic of CM2, and two
contain dolomite, consistent with CMs and CIs
[19,20]. However, they all contain significant
magnetite, which is more common in CIs [19,20].
These 4 clasts all have rims enriched in Fe and S (Fig.
3), whereas none of the other clasts studied show rims.
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material in clast 2 encloses fragments of ureilitic
olivine (Fig. 5b), similar to AhS 91A/671 [10].
(a)

(b)

Fig. 5. (a) AhS 671, showing area of phyllosilicates (phy),
flaky fayalitic olivine (fay), and bruennerite (br); (b) NWA
10657 clast 2, showing similar mineralogy as [a], with
enclosed fragment of ureilitic olivine (ol), identified by
composition and characteristic reduction zones.

Fig. 3. BEI of CM-like (?) clast 19 in NWA 10657,
containing phyllosilicates (phy), dolomite (dolo), and
sulfides and magnetite (bright). Rim is enriched in Fe & S.
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Fig. 4. Plot of 54Cr vs. 17O showing dichotomy between
inner (NCC) and outer (CC) solar system materials. Clasts in
polymict ureilites increase the variety of CC materials.

Of the other 5 clasts studied, each is distinct. We
highlight two. Clast 28 has CI-like phyllosilicate
compositions (Fig. 2b), with magnetite and common
relict anhydrous silicates (Fo ~99 and Fo ~75 olivine).
It appears to have extremely low S content (no sulfides
observed and matrix analyses show low S) compared
with known CIs. Its oxygen isotope composition (Fig.
1) is close to TFL (17O = 0.307±0.006) and plots
between the fields of CI and Y82162-like (thermally
metamorphosed) CC [21]. Its Cr isotope composition
(Fig. 4) is unique but most similar to CI.
Clast 2 has important similarities to AhS 91A/671.
The latter is heterogeneous, with some areas being CIlike and others rich in flaky, fayalitic olivine [10].
Most of clast 2 resembles such fayalite-rich areas (Fig.
5). Phyllosilicates in clast 2 are Mg-rich and similar to
those in AhS 91A/671 (Fig. 2b). Clast 2 also contains
bruennerite as in AhS 91A/671 [10]. Notably, the CC

Discussion: The variety of CC-like lithologies
found in polymict ureilites continues to increase. The
possibility that some are more like CM than CI
contrasts with [5]. Similar clasts having Fe- and Senriched rims (Fig. 3) may derive from a common
impactor; the rims may have formed by reaction with a
transient volatile-rich atmosphere during impact.
NWA 10657 clast 2, with its essential similarities
to unique AhS breccias 91A and 671, could be critical
to distinguishing secondary accretion vs. regolith
models for formation of AhS [16,17]. [10]
hypothesized that AhS 91A/671 represent a volume of
ureilitic regolith in which a CC-like body impacted an
already well-gardened mixture of ureilitic + impactorderived (e.g., OC, EC) fragments. The discovery of
similar breccias in typical polymict ureilites, which are
regolith and fragmental breccias thought to have
formed as regolith on a ureilitic asteroid [4,22],
supports this hypothesis.
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