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Abstract–The anomalous polymict ureilite Almahata Sitta (AhS) fell in 2008 when asteroid
2008 TC3 disintegrated over Sudan and formed a strewn field of disaggregated clasts of
various ureilitic and chondritic types. We studied the petrology and oxygen isotope
compositions of enstatite meteorite samples from the University of Khartoum (UoK)
collection of AhS. In addition, we describe the first bona fide (3.5 mm-sized) clast of an
enstatite chondrite (EC) in a typical polymict ureilite, Northwest Africa (NWA) 10657. We
evaluate whether 2008 TC3 and typical polymict ureilites have a common origin, and
examine implications for the history of enstatite meteorite asteroids in the solar system.
Based on mineralogy, mineral compositions, and textures, the seven AhS EC clasts studied
comprise one EHa3 (S151), one ELb3 (AhS 1002), two EHb4-5 (AhS 2012, AhS 26), two
EHb5-6 or possibly impact melt rocks (AhS 609, AhS 41), and one ELb6-7 (AhS 17), while
the EC clast in NWA 10657 is EHa3. Oxygen isotope compositions analyzed for five of
these are similar to those of EC from non-UoK collections of AhS, and within the range of
individual EC meteorites. There are no correlations of oxygen isotope composition with
chemical group or subgroup. The EC clasts from the UoK collection show the same large
range of types as those from non-UoK collections of AhS. The enstatite achondrite, AhS
60, is a unique type (not known as an individual meteorite) that has also been found among
non-UoK AhS samples. EC are the most abundant non-ureilitic clasts in AhS but
previously were thought to be absent in typical polymict ureilites, necessitating a distinct
origin for AhS. The discovery of an EC in NWA 10657 changes this. We argue that the
types of materials in AhS and typical polymict ureilites are essentially similar, indicating a
common origin. We elaborate on a model in which AhS and typical polymict ureilites
formed in the same regolith on a ureilitic daughter body. Most non-ureilitic clasts are
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remnants of impactors implanted at ~50–60 Myr after CAI. Differences in abundances can
be explained by the stochastic nature of impactor addition. There is no significant difference
between the chemical/petrologic types of EC in polymict ureilites and individual EC
meteorites. This implies that fragments of the same populations of EC parent bodies were
available as impactors at ~50–60 Myr after CAI and recently. This can be explained if
materials excavated from various depths on EC bodies at ~50–60 Myr after CAI were
reassembled into mixed layers, leaving relatively large bodies intact to survive 4 billion
years. Polymict ureilites record a critical timestep in the collisional and dynamical evolution
of the solar system, showing that asteroids that may have accreted at distant locations had
migrated to within proximity of one another by 50–60 Myr after CAI, and providing
constraints on the dynamical processes that could have caused such migrations.

INTRODUCTION

Polymict Ureilites and Almahata Sitta

Polymict ureilites are fragmental and regolith
breccias that are interpreted to represent regolith
developed on ureilitic asteroids, either the original ureilite
parent body (UPB) or, more likely, rubble pile daughter
bodies that were assembled in the aftermath of
catastrophic disruption of the UPB (Downes et al., 2008;
Goodrich et al., 2004; Goodrich, Hartmann, et al., 2015;
Goodrich, Kring, et al., 2021; Goodrich, Sanborn, et al.,
2021; Herrin et al., 2010). They consist dominantly of
lithic and mineral clasts of various types of ureilites, but
also contain up to ~10 vol% xenoliths—that is, clasts of
non-ureilitic lithologies that are interpreted to be
remnants of impactors. These xenoliths comprise a large
range of meteorite types, including every major class of
chondrite (OC, EC, RC, CC) with multiple subgroups
and types of each, as well as several types of non-ureilitic
achondrites (Bischoff et al., 2006; Boleaga & Goodrich,
2019; Downes et al., 2008; Goodrich et al., 2004, 2016;
Goodrich, Fioretti, et al., 2015; Goodrich & Gross, 2015;
Goodrich, Kita, et al., 2017; Goodrich, Mikouchi, et al.,
2015; Goodrich, Ross, et al., 2017; Goodrich, Zolensky,
Fioretti, et al., 2019; Goodrich, Zolensky, Kohl, et al.,
2019; Ikeda et al., 2000, 2003; Jaques & Fitzgerald, 1982;
Patzek et al., 2018; Prinz et al., 1986, 1987; Ross et al.,
2010).

The Almahata Sitta (AhS) meteorite, which is
classified as an anomalous polymict ureilite (Meteoritical
Bulletin Database), fell in 2008 when the 3–4 meter-sized
asteroid 2008 TC3 shattered over northern Sudan
(Jenniskens et al., 2009). The fall gave rise to a 30 km-long
strewn field consisting of stones of a variety of meteorite
types (Goodrich, Hartmann, et al., 2015; Horstmann &
Bischoff, 2014; Jenniskens et al., 2022; Shaddad et al.,
2010; Zolensky et al., 2010). Most of the recovered stones
(~70%–80%) are ureilites of various types, while the
remainder are chondrites including OC, EC, RC, and CC

of various subgroups and types (Bischoff et al., 2022;
Fioretti et al., 2017; Goodrich et al., 2018; Goodrich,
Zolensky, Fioretti, et al., 2019; Hamilton et al., 2020;
Horstmann & Bischoff, 2014). Initial uncertainty as to
whether all these stones belonged to the same fall (e.g.,
Zolensky et al., 2010) was abated by studies showing that
large and small stones of both ureilitic and chondritic
types were of similar low weathering grade (Bischoff et al.,
2010) and were found in all parts of the large strewn field
(Shaddad et al., 2010), and by studies of cosmic ray
exposure ages that showed agreement between ureilitic
(Welten et al., 2010), EC (Bischoff et al., 2010; Riebe et al.,
2017), and OC (Meier et al., 2012) stones and indicated
that they were all derived from a single asteroid.

The fact that the AhS strewn field consists of stones
of a large variety of meteorite types (a phenomenon never
previously documented) leads to an unusual situation in
the classification of this meteorite. Considering the entire
collection of stones that have been studied so far, the fact
that the majority of them are various types of ureilites
implies that the meteorite, as a collection, is a polymict
ureilite (albeit with an anomalously high fraction of non-
ureilitic clasts). This does not, however, mean that any of
the AhS stones are polymict ureilites. Rather, they are
clasts of a variety of different lithologies, each of which
has its own meteorite classification (such as OC and EC),
from a polymict ureilitic breccia. In this case, the
common practice of referring to individual stones from a
meteorite fall as “meteorites” can be confusing, because
the AhS meteorite exists only as a collection. In this
paper, we refer to individual samples of AhS as stones,
clasts, or fragments.

The nomenclature of AhS is additionally complicated
by the fact that there are two main sources of AhS
samples. The official collection of AhS samples consists
of >600 stones, ~0.2–400 g in mass, which were recovered
in several organized search campaigns in the predicted
fall area (Shaddad et al., 2010). These samples are housed
at the University of Khartoum (UoK), Sudan, and are
catalogued with find coordinates that collectively define
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the AhS strewn field (Jenniskens et al., 2022; Shaddad
et al., 2010). Independently, samples of AhS have been
collected and distributed by others, without information
regarding their find locations or original masses. Samples
from the UoK collection are designated using the prefix
AhS, with the subsequent number referring to sample
numbers given in tables 1–3 of Shaddad et al. (2010).
Samples of AhS from non-UoK sources have been
designated with a variety of nomenclatures, most
commonly MS-xxx or MS-MU-xxx (e.g., Bischoff et al.,
2010, 2022; Horstmann & Bischoff, 2014).

Nature and Origin of Asteroid 2008 TC3

The classification of asteroid 2008 TC3, that is, the
question of whether it was also a polymict ureilite, is a
different matter from the classification of the meteorite.
Based on the diversity of the recovered stones, it can be
inferred that 2008 TC3 was a heterogeneous breccia that
disaggregated in the atmosphere. This is supported by
pre-impact observations that imply that the asteroid had
low density and high macroporosity and was probably
only loosely consolidated (Borovi�cka & Charv�at, 2009;
Jenniskens et al., 2009; Popova et al., 2011; Welten et al.,
2010). These observations also imply that ≥99% of the
mass of the asteroid was lost in the atmosphere, probably
as fine dust (Goodrich, Hartmann, et al., 2015;
Jenniskens et al., 2009, 2022; Shaddad et al., 2010). Thus,
not only do the recovered stones constitute only a small
fraction of the material in the asteroid, they constitute
only its strongest (most coherent) clasts, and may not be
representative of the bulk of the asteroid.

None of the clasts show any contacts with adhering
matrix that might provide information on the composition
of the lost material. The only source of such information,
therefore, is the reflectance spectrum of the asteroid, which
was measured in the 0.5–1 lm range shortly before impact
(Jenniskens et al., 2009, 2010). The reflectance spectrum of
2008 TC3 most closely matches F-type asteroids, which
belong to the C complex of dark asteroids commonly
identified with carbonaceous chondrites (DeMeo et al.,
2009, 2015; Tholen & Barucci, 1989). If AhS had not been
recovered, it would have been assumed that 2008 TC3 was
a carbonaceous chondrite. However, Hiroi et al. (2010)
showed that spectral mixtures consisting dominantly of
chips and coarse powders of various AhS ureilites (which
tend to show darker, flatter spectra than main group
ureilites) reproduced the main features of the asteroid’s
spectrum. This would suggest that 2008 TC3 was a
polymict ureilite, and may not even have been anomalous
in its fraction of non-ureilitic material (Goodrich, Bottke,
et al., 2021). However, Goodrich, Zolensky, Fioretti,
et al. (2019) showed that the spectrum of the asteroid is
also consistent with spectral mixes containing up to 70%

of the carbonaceous chondrite (C1) lithology represented
by AhS stone 91A (the rest being mainly ureilitic with
<10% of other meteorite types), and argued that this
material also provides a better match to the asteroid’s
density and porosity. This would suggest that 2008 TC3

was a dominantly carbonaceous chondrite asteroid after
all. Nevertheless, within the errors on the spectrum of the
asteroid, these two possibilities cannot be unambiguously
distinguished.

Formation of Asteroid 2008 TC3

The fundamental question, though, is whether 2008
TC3 (or its immediate progenitor) formed by the same
processes and/or in the same environment as typical
polymict ureilites. Unfortunately, even if we could
determine whether 2008 TC3 consisted dominantly of
ureilitic or dominantly of carbonaceous chondritic
material, it would not settle this question. For example,
Goodrich, Zolensky, Fioretti, et al. (2019); Goodrich,
Bottke, et al. (2021) argued that 2008 TC3 could have
been derived from a volume of regolith dominated by a
single carbonaceous chondrite impactor on the same
ureilitic asteroid as typical polymict ureilites. In contrast,
Bischoff et al. (2022) argued that 2008 TC3 was a
polymict carbonaceous chondrite (C1) asteroid that must
have formed independently from polymict ureilites. One
of the main points on which this argument hinges is a
comparison of the non-ureilitic clast populations in AhS
versus typical polymict ureilites, focusing in particular on
the relative abundances of CC and EC clasts in the two
populations.

Carbonaceous chondrite (C1) clasts are the most
abundant (both by number and size) foreign clasts in
typical polymict ureilites (Goodrich, Sanborn, et al.,
2021; Goodrich, Kring, et al., 2021), while enstatite
chondrites (ECs) dominate among at least the non-UoK
samples in AhS (Bischoff et al., 2022). Furthermore, until
recently, CC were thought to be absent in AhS, while
clasts of EC had never been reported in typical polymict
ureilites. These differences have been argued to be
substantial, suggesting different formation histories for
2008 TC3 and typical polymict ureilites (Bischoff et al.,
2010; Goodrich, Fioretti, et al., 2015). This partly
changed with the discovery of the C1 stones AhS 91/91A
and AhS 671 (Goodrich, Zolensky, Fioretti, et al., 2019)
and the C2 stone AhS 202 (Hamilton et al., 2020) in the
UoK collection, as well as two AhS 91A-like non-UoK
samples (Bischoff et al., 2022), showing that CC do occur
in AhS. However, Bischoff et al. (2022) still argued that
the absence of EC in typical polymict ureilites was a “deal
breaker” for a common origin. Thus, the EC in AhS are
crucial for understanding the formation of 2008 TC3,
which makes it essential to determine whether EC also
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dominate among the non-ureilitic clasts from the UoK
collection, and whether EC really are absent in typical
polymict ureilites. Our work addresses both of these
questions. With respect to the latter, we report the first
discovery of a large EC clast in a typical polymict ureilite
and use our results to argue that there are no significant
differences in the types of non-ureilitic clasts in 2008 TC3

and typical polymict ureilites.

Origin and History of Enstatite Meteorite Parent

Asteroids

The EC (and related enstatite achondrite) stones
from AhS are also important because they constitute
fresh samples of an extremely interesting class of
meteorites (Bischoff et al., 2010, 2015, 2016, 2022; El
Goresy et al., 2011, 2012, 2017; Horstmann et al., 2012,
2014; Horstmann & Bischoff, 2014; Kimura et al., 2021;
Weyrauch et al., 2018; Storz et al., 2021). ECs are some
of the most reduced of all meteorites (Brearley & Jones,
1998; El Goresy et al., 2017; Weisberg & Kimura, 2012),
containing phases in which normally lithophile elements
behave as chalcophile or siderophile (such as Ca-, Mg-,
and Mn-sulfides, Si-bearing metal, and Ti-Cr-bearing
troilite), and thus may record an endmember in the
spectrum of oxidation states in the solar nebula. They
are also of interest because they show extremely similar
isotope ratios to those of the Earth and Moon in many
different isotope systems. This suggests a genetic affinity
between ECs and the material that accreted to form the
Earth (Boyet et al., 2018; Dauphas, 2017; Lodders,
2000; Sikdar & Rai, 2020), although the extent of the
similarities and the degree to which they are unique is
debated (e.g., Fitoussi & Bourdon, 2012; Walker et al.,
2015). Ironically, the very reduced mineralogy of ECs
makes them so unstable on the surface of the Earth (i.e.,
highly susceptible to terrestrial weathering) that the
importance of having EC falls (as opposed to finds) to
study cannot be overemphasized. In fact, EC falls are
relatively rare—only eight EH and eight EL falls,
representing only 1.6% of all meteorite falls, have
been recorded (Meteorite Bulletin Database). In
summarizing data for 65 AhS EC from non-UoK
collections, Bischoff et al. (2022) noted that they
increase the number of fresh EC in our meteorite
collections by several hundred percent. These samples
have been studied intensely, providing new information
on mineralogical, chemical, and isotopic properties of
enstatite-rich meteorites, conditions of their formation
and evolution, and the number and sizes of their parent
asteroids (Bischoff et al., 2010, 2022; El Goresy et al.,
2017; Harries & Bischoff, 2020; Horstmann et al., 2014;
Horstmann & Bischoff, 2014; Storz et al., 2021;
Weyrauch et al., 2018).

At the same time, it is a nontrivial point that these
stones are not actually individual meteorites. They are
clasts in a breccia that were added to their host (whether
a polymict ureilite or some other type of body) early in
the history of the solar system, ~50–100 Myr after CAI
formation (Bischoff et al., 2022; Goodrich, Sanborn,
et al., 2021). Thus, they provide a snapshot of a critical
stage in the collisional and dynamical evolution of
enstatite meteorite parent asteroids. In this work, we
evaluate whether the EC materials in AhS show any
significant differences from previously known EC, and
examine the implications for the origin and history of
enstatite meteorite asteroids in the solar system.

Design and Objectives of this Work

In this work, we investigate the petrology and oxygen
isotope compositions of enstatite meteorite samples from
the UoK collection of AhS. In addition, we report the
discovery of the first bona fide (multi-mm-sized) clast of
an EC in a typical polymict ureilite (NWA 10657), and
investigate its petrology. We use a combination of
texture, mineralogy, and mineral compositions to classify
these samples into subtypes using the scheme of
Weyrauch et al. (2018). We then consider their oxygen
isotope signatures to determine whether EC subtypes
correlate with isotopic signatures.

We use our results to address the following
objectives: (1) to compare the UoK enstatite meteorite
samples with those from non-UoK collections of AhS to
evaluate possible differences or biases between the two
sources of material; (2) to evaluate the occurrences (types
and relative abundances) of enstatite meteorites in
asteroid 2008 TC3 versus typical polymict ureilites to
address the question of whether they formed by the same
processes or in the same environment; (3) to compare the
AhS enstatite meteorite clasts with the individual
enstatite meteorites in our collections to evaluate whether
they represent different populations of materials; and (4)
to examine implications for the origin and history of
enstatite meteorite asteroids in the solar system.

SAMPLES AND METHODS

All the AhS samples studied in this work are from the
UoK collection (Shaddad et al., 2010). Most originate
from the far southwestern end of the AhS strewn field in
which the largest samples were recovered, defined as the
“large mass” area by Jenniskens et al. (2009) and
Shaddad et al. (2010). A total of 67 stones were found in
this area, of which 66 have now been classified
(Jenniskens et al., 2022). Eight of these are enstatite
meteorites (seven EC and one enstatite achondrite), six of
which are included in this study (AhS 17, AhS 26, AhS

722 C. A. Goodrich et al.
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41, AhS 60, AhS 609, and AhS 1002). AhS 41 and
another EC from the large mass area (AhS 16) were
briefly described by Zolensky et al. (2010). AhS 60 was
briefly described in Goodrich et al. (2018). Two other EC
samples included in this study (AhS 2012 and AhS S151)
were recovered outside of the large mass area. The reader
is referred to Shaddad et al. (2010) and Jenniskens
et al. (2022) for exact find coordinates and original
masses of the samples.

Northwest Africa (NWA) 10657 is a typical polymict
ureilite (Meteoritical Bulletin Database) that exhibits a
moderate degree of terrestrial weathering. It contains
abundant non-ureilitic clasts of a variety of types.

All samples in the UoK collection were collected free
from touch in Al foil at the fall sites and were kept in a dry
environment (Shaddad et al., 2010). Fragments of AhS 26,
AhS 609, AhS 1002, AhS 2012, AhS S151, and AhS 60
were removed at the UoK using a Dremel power tool and
metal shear press with no lubricants. These fragments were
made into polished thin sections at the University of
Padua, Italy, where preliminary analyses were conducted
using the Cameca SX50 electron microprobe (EMP). A
fragment of AhS 17 was made into a polished epoxy
mount (thick section) at the Astromaterials Research and
Exploration Science (ARES) division at Johnson Space
Center (JSC), Houston. Sample AhS 41 was made into a
polished epoxy mount (thick section) at the Natural
History Museum (NHM) London. Polished thin sections
NWA 10657_006 and NWA 10657_007 (adjacent serial
sections) were borrowed from the XSPACE meteorite
collection at LPI (XSPACE; usra.edu). All of these
sections were studied in the electron beam facilities at
ARES (JSC), the Department of Geosciences at the
University of Massachusetts, Amherst, the Lunar and
Planetary Institute (LPI), and/or the Department of
Geosciences at the University of Colorado, Boulder.

Backscattered electron images (BEI) were obtained
using the JEOL 8530-FE EMP at JSC, the Zeiss EVO
scanning electron microscope (SEM) at the University of
Massachusetts, and the Phenom XL SEM in the LPI
SEM Facility. Elemental x-ray maps of whole sections of
AhS 26, AhS 2012, AhS S151, and AhS 1002 were
obtained using the Noran System Seven software and
Bruker energy-dispersive spectrometer (EDS) on the
JEOL 8530-FE at JSC operating at 15 kV and 200 nA
beam current, with ~1–2 lm spatial resolution. Elemental
x-ray maps of whole sections of AhS 41, AhS 17, and
AhS 60 were obtained using the Cameca SXFIVE-Tactis
at the University of Massachusetts. Maps were collected
using a 15 kV, 200 nA, 1 lm beam by stage raster, with
simultaneous collection of five elements by WDS plus
hyperspectral (full spectrum per pixel) EDS. The
hypermaps were then used to extract other element
signals. Step (pixel) sizes were 3 lm (AhS 17), 7 lm (AhS

60), and 4 lm (AhS 41), each with a pixel dwell time of
30 ms. Elemental x-ray maps of the whole section
of NWA 10657_006 were obtained using the JEOL 7600F
SEM at JSC using an Oxford Ulti Max (170 mm2 SDD
type) EDS detector system with Aztec software,
operating at 15 kV and 15 nA. Local area x-ray maps
were obtained using the EDS system and ProSuite
software on the Phenom XL SEM at LPI.

Quantitative analyses of phases by electron
microprobe analysis (EMPA) were obtained using the
JEOL-8530-FE at JSC, the JEOL-8200 at the University
of Colorado, the Cameca SXFIVE-Tactis at the
University of Massachusetts, and/or the CAMECA
SX100 at the NHM. Appropriate natural and synthetic
mineral, glass, and metal standards were used. ZAF
matrix corrections were applied to all analyses. Pyroxene
and olivine were analyzed using 15 kV, 25–30 nA beam
current, and ~1 lm diameter spot size. Feldspar and
silica-rich phases were analyzed using 15 kV, 10 nA
beam current, and 2–5 lm diameter spot sizes. Metal and
sulfides were analyzed using 15 kV, 40 nA beam current,
and ~1 lm diameter spot size. Measured Co contents
were corrected for overlap of the Fe K-b peak with the
Co K-a peak, by analyzing Co in a pure Fe metal
standard. The measured Co content in this standard was
taken to be the fraction of Fe that had to be subtracted
from the measured Co content for each analysis. We also
evaluated the overlap of the Ti K-b peak with the V K-a
peak by measuring V in a Ti standard and following a
similar procedure. The correction to V contents (which
were only above detection limit in troilite) was found to
be insignifcant within the uncertainty of the V analyses.

Trace elements in kamacite in AhS 41 were analyzed
by LA-ICP-MS at NASA JSC using a New Wave UP-193
solid-state laser ablation system attached to a Thermo
Scientific Element-XR magnetic sector ICP-MS in low-
resolution mode (m/Dm = 300). Laser power was 1–
2 GW cm�2; repetition rate was 10 Hz; spot sizes varied
from 50 to 100 lm, depending on grain size. External
calibration standards were Hoba (Campbell et al., 2002;
Campbell & Humayun, 1999, 2005) and Filomena
(Campbell et al., 2002; Wasson et al., 1989, 1998, 2007).
Corrected intensities were converted to elemental
abundances by normalization to Ni content determined
by EMPA. Data were processed using a spreadsheet
developed by C-T Lee of Rice University, which allows
for the use of multiple standards for each element.

Oxygen isotope compositions of bulk samples of AhS
1002, AhS 2012, AhS 26, AhS S151, and AhS 41 were
obtained at the Open University (UK) using an infrared
laser fluorination system. The sample and standards were
loaded into a drilled hole in an Ni sample block and
placed into a vacuum-tight chamber and heated at 70°C
under vacuum for 24 h to remove any moisture. The

Enstatite chondrites in polymict ureilites 723
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system was flushed with BrF5 to reduce the final blank
level to <60 nmol O2. The sample was heated in the
presence of BrF5 using a 50 W infrared CO2 laser.
The released oxygen was purified by passing it through
two liquid nitrogen traps and over a bed of heater KBr.
The isotopic composition of the purified oxygen was
analyzed by a Thermo Fisher MAT 253 dual-inlet mass
spectrometer. The precision was monitored by repeat
analyses of an internal standard, and is �0.052& for
d17O, �0.094& for d18O, and �0.017& for D17O
(Greenwood et al., 2018).

Oxygen isotope analyses of olivine and pyroxene in
AhS 60 were obtained by using a secondary ion mass
spectrometer (SIMS) IMS 1280 at the University of
Wisconsin-Madison. The analyses were conducted during
the same session reported in Fukuda et al. (2022), using
~2 nA Cs + primary beam with 12 lm diameter. The
external reproducibility of olivine running standard
during the session was 0.26&, 0.23&, and 0.24& for
d18O, d17O, and Δ17O, respectively, which are assigned as
uncertainties of individual unknown analyses. Details of
analytical conditions and instrumental bias corrections
are described in Fukuda et al. (2022).

RESULTS

Petrology and Mineral Compositions

AhS Enstatite Chondrites
Figures 1–6 shows BEI and combined elemental x-

ray maps of the polished sections of AhS S151, AhS 1002,
AhS 2012, AhS 26, AhS 609, AhS 41, and AhS 17. The
samples are fractured but have minimal terrestrial
weathering effects (except for oldhamite), and contain
enstatite-dominated chondrules showing various states of
preservation in a matrix of enstatite, metal, sulfides,
silica, albitic feldspar, and schreibersite.

AhS 1002 (Figure 2) has the largest (up to 2.2 mm in
diameter) and best-defined chondrules. It also contains a
prominent vein of concentrated metal (and sulfide), and
a somewhat less well-defined vein consisting of fine-
grained enstatite and a concentration of oldhamite. AhS
S151 (Figure 1) and AhS 2012 (Figure 3a,b) both contain
fairly well-defined chondrules up to ~1.25 mm diameter.
AhS 26 (Figure 3c,d) has smaller chondrules, mostly
<0.75 mm diameter, only a few of which are well defined.
AhS 609 has mostly diffuse chondrules, with a few up to
~1 mm diameter, and is crosscut by several extensive veins
of concentrated metal and sulfides (Figure 4). It is difficult
to unambiguously identify any chondrules in BEI or x-ray
maps of AhS 41 (Figure 5). In reflected light, poorly
defined chondrules or chondrule fragments up to 0.7 mm
in diameter were identified as metal-poor, near-circular
regions, but much of the sample consists of euhedral

enstatite crystals surrounded by and intergrown with
kamacite. AhS 17 (Figure 6) has an overall equilibrated
texture (coarser grained than AhS 41) consisting of
intergrowths of enstatite, albitic feldspar, and metal/
sulfide, but one possible, ~1.2 mm diameter, chondrule
was observed (partially cut off by the edge of the section).

In all samples, enstatite is the dominant silicate
mineral (Table 1). It occurs in both chondrules and
matrix as euhedral laths up to 180 lm in length and also
as fractured anhedral grains with tiny metal or sulfide
inclusions. Enstatite (Mg# 99.1–99.8) is FeO-poor,
generally with <0.5 wt% FeO, although enstatite in AhS
26 showed higher FeO contents (up to 0.68 wt%). This
could be the result of the presence (observed in some
places) of very small metal and/or sulfide inclusions
within the enstatite grains (Brearley & Jones, 1998). MnO
and Cr2O3 contents are mostly below detection limits (Cr
is slightly higher in AhS 26, again possibly due to
inclusions). Calcium contents of enstatite are higher in
AhS 1002 and AhS 17 (Wo 1.0) compared with the other
samples (Wo 0.1–0.3). Olivine of Fo 99 (Table 1) was
observed in three chondrules in AhS 1002 (Figure 2) and
in one chondrule in AhS S151 (Figure 1). Its Cr2O3

content is 0.06 wt% in S151 and below detection limit in
AhS 1002. No high-Ca pyroxene was observed in any of
the samples.

Albitic feldspars and silica occur in both chondrules
and matrix. Albitic feldspars are subhedral to anhedral
and up to 10 lm in length in AhS 17. They range from
Ab80 to Ab92.7 (Table 1), although no grains large enough
to be analyzed were found in AhS S151, with AhS 17 and
AhS 1002 having lower Ab contents (~80–82) than the
other samples (>90). Silica (≥99% SiO2) occurs as
interstitial areas intergrown with feldspar in chondrules,
and as anhedral grains up to 40 lm in size in matrix.
Analyses from two of the samples showed small amounts
of Al2O3, TiO2, FeO, MgO, Na2O, and K2O (Table 1),
consistent with previous studies of silica in EC (Brearley
& Jones, 1998; Kimura et al., 2005). The polymorph(s) of
the silica were not determined.

In addition to the metal-rich veins in AhS 1002 and
AhS 609, metal grains and metal–sulfide aggregates are
ubiquitous in all the samples. In AhS 1002 and AhS S151,
they are roughly equant (rounded in outline) and
intergrown with small silicate laths (Figures 1 and 2). In
AhS 2012, AhS 26, and AhS 609, and to an even greater
extent in AhS 41, metal–sulfide grains are less rounded
and are intergrown with more and larger silicate laths
(Figures 3–5). In AhS 17, metal areas are coarser and
show a more equilibrated interstitial distribution among
coarse (non-lath-shaped) enstatite grains (Figure 6).
There appear to be small inclusions of graphite in some
larger kamacite grains. Graphite also occurs as larger
needles in AhS 2012.

724 C. A. Goodrich et al.
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Metal in all samples is kamacite (Table 2), with Si
and Ni contents that divide them into two groups
(Figure 7). AhS S151, AhS 2012, AhS 609, AhS 41, and
AhS 26 show 2.4–3.1 wt% Si and 6.3–7.1 wt% Ni,
plotting in the previously established field of EH metal
compositions (Weyrauch et al., 2018; Zhang et al., 1995).
AhS 1002 and AhS 17 show 1.1–1.5 wt% Si and 7.1–
7.2 wt% Ni, plotting in the previously established field of
EL metal compositions (Weyrauch et al., 2018; Zhang
et al., 1995).

Siderophile element abundances in three kamacite
grains from AhS 41 are given in Table 3 and plotted in
Figure 8 normalized to Ni and CI chondrites
(Lodders, 2003). Data for kamacite in bulk EH (Kong
et al., 1997) and metal in EH impact melt rocks
(Horstmann et al., 2014) are plotted for comparison. AhS
41 kamacite shows very similar abundances and patterns
to previously analyzed EH metal, with As and Au above
chondritic values and most of the highly siderophile
elements near or slightly below chondritic values.

AhS S151

MMg = red
Fe = green
S = blue

ol

EHa3
ol

ol
ol

(a) (b)

(c)

(d) (e)

FIGURE 1. Studied section of AhS S151, classified as EHa3. (a) Combined elemental x-ray map (Mg = red; Fe = green;
S = blue); (b) back-scattered electron image (BEI). The main phases shown in the x-ray map are enstatite (dominant red),
olivine (brighter red), metal (green), troilite (medium blue), niningerite (purplish, but not easily distinguished) and oldhamite
(dark blue). (c) BEI of olivine-rich chondrule circled in upper left of (a). (d) BEI of area outlined by box in (c), showing radial
olivine and mesostasis. (e) BEI of area outlined by box in upper right of (a), showing area of poikilitic olivine in a pyroxene-rich
chondrule. ol, olivine. (Color figure can be viewed at wileyonlinelibrary.com)

Enstatite chondrites in polymict ureilites 725
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FIGURE 2. Studied section of AhS 1002, classified as ELb3. (a) Combined elemental x-ray map (Mg = red; Fe = green;
S = blue); (b) BEI. The main phases shown in the x-ray map are enstatite (dominant red), olivine (brighter red), metal (green),
troilite (medium blue) and keilite (purplish blue, but not easily distinguished), and oldhamite (dark blue). Vein at the top of the
image (circled in white) contains a concentration of metal and keilite. Vein in the middle right part of the image (also circled in
white) consists of fine-grained enstatite and oldhamite. (c) BEI of olivine in chondrule circled in yellow in (a). (d) BEI showing
intergrown albitic feldspar and enstatite. ol, olivine; alb, albitic feldspar; en, enstatite. (Color figure can be viewed at
wileyonlinelibrary.com)
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The samples contain a variety of types of sulfides
(Figure 9, Tables 4 and 5). Troilite is the most common
sulfide in all samples. It shows Ti concentrations from
~0.4 to 0.8 wt%, and Cr concentrations of 1.1 wt% in
AhS S151 and 2.6–2.9 wt% in all other samples. Mg-Mn-
Fe monosulfides (as defined in Figure 10) also occur in all
samples. They are niningerite in AhS S151, AhS 26, and
AhS 2012 (Figure 9a,b,c,e), and keilite in AhS 609 and
AhS 41 (Figure 9). Keilite also occurs in AhS 1002 and

AhS 17 (Figure 9g–l), but with a more Fe- and Mn-rich
composition (Figure 10). Some grains of keilite in AhS
1002 and AhS 17 contain exsolution lamellae of troilite
(Figure 9h,l). Alabandite was not observed in any of the
samples. Daubreelite (FeCr2S4) occurs as lamellae in
troilite in AhS S151 (Figure 9e) and AhS 2012
(Figure 9c). Oldhamite (CaS) occurs in all samples
(Figure 9a,c,f,i), but shows significant terrestrial
weathering resulting in low EMP totals when oxygen is

AhS 2012

Mg = red
Fe = green
S = blue

EHb4-5

AhS 26

EHb4-5
0.5 mm

AhS 26

Mg = red
Fe = green
S = blue

(a) (b)

(c)

(d)

FIGURE 3. Studied sections of AhS 2012 (a, b) and AhS 26 (c, d), both classified as EHb4-5. (a, c) Combined elemental x-ray
maps (Mg = red; Fe = green; S = blue). (b, d) BEI. The main phases shown in the x-ray maps are enstatite (red), metal
(green), troilite (medium blue), niningerite (purplish, but not easily distinguished) and oldhamite (dark blue). (Color figure can be
viewed at wileyonlinelibrary.com)
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not being measured (Table 5), as observed previously in
EC (Horstmann, 2010; Weyrauch et al., 2018; Wheelock
et al., 1994).

AhS 60 Enstatite Achondrite
AhS 60 is an enstatite-rich achondrite. It has an

equilibrated texture with rounded, 0.5 to >3 mm-sized,
grains of enstatite in a partially connected matrix of
interstitial metal (Figure 11). Olivine occurs as several
rounded grains, ≤1.5 mm diameter, in a cluster
(Figures 11 and 12d), and also in a few irregular patches

in enstatite. Modal abundances are ~75% enstatite, 3%
olivine, and 22% metal.

Enstatite grains (Mg# 99.7–99.8) are not internally
homogeneous (Figure 12a–c). Most of them consist
dominantly of a phase with Wo 2.9–3.8 and 0.55–0.67 wt
% Al2O3 (Table 6), but contain various abundances of
irregular patches and veins of a phase with Wo ~1 and
~0.2–0.45 wt% Al2O3 (Table 6). The lower Wo phase
contains numerous small (5–10 lm-sized) grains of
high-Ca pyroxene (Figure 12b). A few highly rounded
≤1 mm-sized enstatite grains are dominated by the lower

EHb5-6

m

m

tr

(a)

(b)

(c)

sulfides

FIGURE 4. Studied section of AhS 609, classified as EHb5-6. (a) BEI of most of the section. Section is cross-cut by several
veins containing concentrations of metal and sulfide. (b) BEI of area of vein marked by outlined box on the right side in [a]. (c)
BEI of area of vein marked by outlined box on the left side in (a). m, metal; tr, troilite. (Color figure can be viewed at
wileyonlinelibrary.com)
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Wo phase, but are also not homogeneous (Figure 12a).
The olivine is essentially pure forsterite with very low
minor element abundances (Table 6). The metal contains
6.3 wt% Ni and 2.9 wt% Si (Table 2). No sulfides were
observed.

Clast 1 (EC) in Polymict Ureilite NWA 10657_006
Clast 1 is an irregularly shaped fragment ~3.5 mm in

maximum dimension (Figure 13a,b), and is the largest
non-ureilitic clast in section_006 of polymict ureilite
NWA 10657. A smaller fragment of what is probably the
same clast occurs in section_007. Clast 1 has a chondritic
texture, showing five or six well-defined chondrules ~0.6–
0.75 mm in size, plus numerous smaller ones. The

chondrules are porphyritic and radial pyroxene types
(e.g., Figure 13c,d), dominated by enstatite (Mg# 98.6,
Cr2O3 = 0.34 wt%, MnO = 0.12 wt%; Table 7). Two
of the larger chondrules contain small, irregularly shaped
grains of olivine (Fo ≥99.5) in the cores of enstatite grains
(Figures 13d and 14b). The chondrules also contain
interstitial silica (≥99% SiO2) with minor amounts of
FeO, Al2O3, and MgO (Table 7), and feldspathic
mesostasis that appears from BEI and EDS to consist of
fine laths of albitic feldspar in silica-rich glass
(Figure 14a). One nearly spherical, ~180 lm diameter,
chondrule consisting almost wholly of silica was observed
(Figure 14e). Sulfides occur as interstitial grains in the
chondrules mostly in minor abundances, and in some

AhS 41

MMg = red
Fe = green
S = blue

EHb6

(a)

(b)

FIGURE 5. Studied section of AhS 41, classified as EHb6. (a) Combined elemental x-ray map (Mg = red; Fe = green;
S = blue); (b) BEI. The main phases shown in the x-ray map are enstatite (dominant red), olivine (brighter red), metal (green),
troilite (medium blue) and keilite (purplish blue, not easily distinguished), and oldhamite (dark blue). Relict chondrules (one
circled) and chondrule fragments are rare. (Color figure can be viewed at wileyonlinelibrary.com)

Enstatite chondrites in polymict ureilites 729

 19455100, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.14066 by U
niversity O

f W
isconsin - M

adison, W
iley O

nline Library on [18/06/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://www.wileyonlinelibrary.com


cases in discontinuous rims around the chondrules. The
matrix of clast 1 consists of a mixture of enstatite grains
of various sizes and morphologies, silica, metal, sulfides,
and minor schreibersite.

Metal in clast 1 has been extensively altered to Fe-
oxides, presumably by the terrestrial weathering that has
affected its host NWA 10657. However, remnants of

unaltered metal are found (Figure 14c,d), including in the
interior of what appears to have originally been an
~300 lm diameter metal spheroid (Figures 13a,b and
14c). All analyzed metal is kamacite with average 2.8 wt
% Si and 8.8 wt% Ni (Table 8). Sulfides in clast 1 have
also been extensively altered to Fe-oxides (e.g.,
Figure 14d). The only unaltered sulfide observed (despite

0.5 mm

AhS 17
ELb6-7

(b)

Mg = red
Fe = green
S = blue
Na = white

0.5 mm

(a)

FIGURE 6. Studied section of AhS 17, classified as ELb6-7. (a) Combined elemental x-ray map (Mg = red; Fe = green;
S = blue; Na = white). (b) BEI. The main phases shown in the x-ray map are enstatite (red), albite (white), metal (green),
troilite (medium blue), and oldhamite (dark blue). One possible relict chondrule is observed (circled, cut off by edge of section).
(Color figure can be viewed at wileyonlinelibrary.com)
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an extensive search for other types) was troilite, with
1.8 wt% Cr (Table 8).

In addition, both chondrules and matrix in clast 1
contain irregular patches and veins of a silicate phase
(Figure 13c,d, circled) that does not correspond to any
mineral (~72 wt% SiO2, 20 wt% MgO; Table 7) and
which we interpret to be shock melt.

Oxygen Isotopes

The oxygen isotope results for the four analyzed bulk
EC clasts are given in Table 9 and plotted on the d18O
versus D17O diagram in Figure 15. All samples have D17O
values within the range of previously analyzed EC
(Newton et al., 2000), and AhS EC clasts from non-UoK

TABLE 1. Compositions of silicates in enstatite chondrite clasts from Almahata Sitta (AhS).

Sample

Olivine Pyroxene Albitic feldspar

AhS
S151

AhS
1002

AhS
S151

AhS
1002

AhS
2012

AhS
26

AhS
17

AhS
609

AhS
41

AhS
609

AhS
1002

AhS
26

AhS
2012

AhS
17

AhS
41

(#)
analyses (11) (6) (9) (13) (37) (17) (11) (13) (14) (5) (7) (2) (1) (4) (3)

SiO2 42.3 42.6 59.7 59.9 60.2 60.2 59.8 60.8 60.2 70.1 66.4 70.6 69.9 65.3 68.1
TiO2 0.18 bdl 0.01 0.01 0.01 0.01 bdl bdl bdl bdl bdl bdl bdl bdl na

Al2O3 1.1 bdl 0.37 0.24 0.06 0.11 0.19 bdl 0.13 18.0 20.3 18.1 18.5 20.5 18.7
Cr2O3 0.06 bdl 0.04 0.01 0.01 0.07 bdl bdl bdl 0.01 0.02 bdl bdl bdl n/a
FeO 0.47 0.2 0.27 0.13 0.22 0.68 0.2 0.29 0.46 0.27 0.3 0.2 0.28 0.4 0.23

NiO 0.01 0.01 0.02 0.01 0.01 0.02 bdl bdl na na na na na na na
MgO 56.3 57.4 39.8 39.5 40.2 40.3 38.6 39.9 39.8 0.44 0.14 0.2 bdl bdl 0.17
MnO bdl 0.01 0.02 0.01 bdl 0.02 bdl bdl bdl 0.01 bdl bdl bdl bdl na

CaO 0.12 0.03 0.16 0.58 0.08 0.11 0.55 0.09 0.13 0.17 2.7 0.4 0.28 3.1 0.36
Na2O 0.04 bdl 0.01 0.01 0.01 0.02 bdl bdl 0.05 10.4 9.4 10.1 10.6 9.1 10.6
K2O 1.1 0.81 1.3 1.0 0.85 0.98

Total 100.6 100.2 100.4 100.4 100.8 101.5 99.3 101.1 100.8 100.4 100.2 101.0 100.7 99.4 99.1
Fo/Mg# 99.5 99.8 99.6 99.8 99.7 99.1 99.7 99.6 99.4
Wo 0.29 1.0 0.15 0.19 1.0 0.16 0.23
En 99.3 98.8 99.6 98.9 98.7 99.4 99.1

Ab 92.7 82.3 90.4 92.9 80.0 92.6
Or 6.5 4.7 7.7 5.8 4.9 5.7

Sample

Silica phase

AhS 41 AhS 609
(#) analyses (3) (1)

SiO2 99.6 98.8

TiO2 bdl 0.5
Al2O3 0.54 bdl
Cr2O3 na 0.29

FeO 0.52 bdl
NiO na bdl
MgO 0.07 bdl
MnO bdl bdl

CaO bdl 0.4
Na2O 0.28 0.05
K2O 0.06 na

Total 101.0 100.0
Fo/Mg#
Wo

En
Ab
Or

Note: Fo/Mg# = 100 9 molar Mg/(Mg + Fe); En = 100 9 molar Mg/(Mg + Fe + Ca); Wo = 100 9 molar Ca/(Mg + Fe + Ca); Ab =

100 9 molar Na/(Na + Ca + K); Or = 100 9 molar K/(Na + Ca = K).

Abbreviations: bdl, below detection limit; na, not analyzed.
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collections (Horstmann & Bischoff, 2014). Three of them
(AhS 1002, AhS 2012, and AhS 28) plot very close to the
terrestrial fractionation line with D17O values in the range
�0.005& to 0.029&, while AhS S151 has a significantly
lower D17O value of �0.29&.

The results of 12 SIMS oxygen isotope analyses of
olivine and pyroxene in the AhS 60 enstatite achondrite
are given in Table 10 (see Table S1 for raw data, and
Figure S1 for images of analysis spots). All analyses
are indistinguishable within analytical uncertainties.
The mean of all olivine and pyroxene analyses
(Table 10; Figure 15) shows d18O = 5.61 � 0.32& and
d17O = 3.09 � 0.18& (Δ17O = 0.18 � 0.10&), which
is within the range of EC but shows distinctly higher
D17O than aubrites (Barrat et al., 2016; Newton et al.,
2000).

DISCUSSION

Classification of EC Clasts

The petrologic and mineral compositional
characteristics of the EC clasts studied here can be used
to classify them into subgroups (Table 11), following the
scheme of Weyrauch et al. (2018). They are first divided
into EL (AhS 1002, AhS 17) and EH (AhS S151, AhS
2012, AhS 26, AhS 41, AhS 609, and clast 1) types based
on Si content of kamacite (Zhang et al., 1995), as shown
in Figure 7. The slightly higher CaO contents of enstatite
and lower Na2O contents of albitic feldspar (compared
with the other samples) in AhS 1002 and AhS 17 are
consistent with this classification (Brearley & Jones,
1998). The samples are further subdivided into “a” and

TABLE 2. Compositions of metal in enstatite chondrite and achondrite clasts from Almahata Sitta (AhS).

EH EL

AhS S151 AhS 2012 AhS 609 AhS 41 AhS 26 AhS 1002 AhS 17 AhS 60
(#) analyses (15) (20) (35) (23) (7) (12) (31) (60)

P 0.06 0.15 0.22 0.24 0.14 0.53 0.45 0.04
S bdl bdl bdl bdl bdl bdl bdl bdl
Si 3.1 2.5 2.4 2.5 2.5 1.5 1.1 2.9
Fe 90.4 90.8 89.8 89.4 91.5 90.0 90.0 91.1

Ni 6.3 6.6 7.1 7.1 6.5 7.2 7.1 6.3
Cr 0.01 0.01 bdl 0.03 0.01 0.01 0.02 0.16
Co 0.34 0.33 0.31 0.34 0.34 0.35 0.32 0.35

Total 100.4 100.6 99.9 99.6 101.1 99.7 99.0 100.9

Abbreviation: bdl, below detection limit.

EH

EL

2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
AhS S151
AhS 1002
AhS 2012
AhS 26
AhS 41
AhS 609
AhS 17
AhS 60

late
m

ni)
%t

w(iS

Ni (wt %) in metal

FIGURE 7. Ni and Si abundances in kamacite in the AhS
clasts studied in this work. Fields for kamacite in EH and EL
chondrites from Zhang et al. (1995). (Color figure can be
viewed at wileyonlinelibrary.com)

TABLE 3. Abundances of highly siderophile elements
(HSE) in metal in AhS 41 in parts per million (ppm).

Spot size (lm)
M7 M1 M9
50 100 75

Fe Fe57 895,315 925,463 890,239

Co Co59 3407 3368 3327
Ni Ni60 70,900 71,300 70,400
Cu Cu63/Cu65 398 335 417
Ga Ga69 57.2 49.9 64.2

Ge Ge72/Ge74 135.5 127.8 149.1
As As75 19.7 21.3 21.8
Mo Mo95 2.79 5.65 3.56

Ru Ru101 3.11 3.23 2.86
Rh Rh103 0.779 0.773 0.766
Pd Pd105/Pd106 3.12 3.09 3.02

W W182 0.515 0.491 0.487
Re Re185 0.230 0.171 0.230
Os Os192 2.48 1.78 2.25
Ir Ir193 2.36 1.79 2.03

Pt Pt194/Pt195 4.22 3.40 3.58
Au Au197 1.80 1.46 1.47
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“b” types based on Cr content in troilite (<2 wt% in “a”
and >2 wt% in “b”), Fe content in Fe-Mn-Mg sulfides
(<20 wt% in “a” and >20 wt% in “b”; Figure 10), and
Mn content of Fe-Mn-Mg sulfides (Figure 10) following
Weyrauch et al. (2018). Petrologic types are first assigned
based on mineralogy—specifically, the occurrence of
olivine in AhS 1002 and AhS S151 implies that they are
type 3 (Bendersky et al., 2007; Nehru et al., 1984; Prinz
et al., 1985; Weyrauch et al., 2018). The low Cr2O3

contents of olivine (≤0.06 wt%) in these samples
(Table 1) suggest petrologic subtype >3.2 (Bendersky
et al., 2007). The other samples are classified as higher
petrologic types based on textural criteria, that is, how
well chondrules are delineated from matrix, as well as the
shapes and sizes of metal/sulfide grains and the degree to
which they are intergrown with silicates (Weyrauch et al.,
2018). Specifically, chondrules become increasingly
difficult to recognize, while metal/sulfide grains become
increasingly irregular in shape and intergrown with
enstatite laths, in the sequence AhS 2012 and AhS 26
(type 4–5) ? AhS 609 (type 5–6) ? AhS 41 (type 6) ?
AhS 17 (type 6–7).

Summarizing these classification criteria, the seven
AhS EC that we studied comprise one EHa3 (S151), one
ELb3 (AhS 1002), two EHb4-5 (AhS 2012, AhS 26), two
EHb5-6 or possibly impact melt rocks (AhS 609, AhS 41),
and one ELb6-7 (AhS 17). Keil (2007) argued that keilite

in EC formed from pre-existing niningerite or alabandite
at elevated temperatures during impact melting and
quenching. This is consistent with classification of AhS
609, AhS 41, and AhS 17 as high petrologic types.
However, the presence of keilite in AhS 1002 is puzzling,
as this sample is petrologic type 3 and does not appear to
have been impact melted. Some of the keilite in this
sample shows exsolution lamellae of troilite, which
Keil (2007) suggested was due to slow cooling
during burial following impact melting. However, the
preservation of olivine, sharp chondrule outlines, and
the metal/sulfide textures in AhS 1002 are not consistent
with melting and re-equilibration. In fact, Weyrauch
et al. (2018) identified all ELb ECs (which AhS 1002 and
AhS 17 both are) as containing keilite (Figure 10), and yet
these include the entire range of petrologic types from 3 to
6. This suggests that the presence of keilite as a universal
indicator of impact melting should be reconsidered.

Based on its petrologic and mineral compositional
properties, clast 1 from NWA 10657_006 is an EC and
can also be classified by subtype (Table 11), despite
effects of terrestrial weathering and small amounts of
impact melt that obscure some of its features. Based on
the Si content of its metal, the Cr content of its troilite,
the presence of olivine, and its well-delineated
chondrules, it is EHa3. The Cr2O3 content of olivine
suggests petrologic subtype ~3.2 (Bendersky et al., 2007).

FIGURE 8. Highly siderophile elements (in order of increasing volatility) in kamacite grains analyzed by LA-ICP-MS in AhS
41, normalized to Ni and CI chondrites (Lodders, 2003). Shown for comparison are bulk EH metal (analyzed by INAA) from
Kong et al. (1997), and metal grains analyzed by LA-ICP-MS in EH impact melts from Horstmann et al. (2014). (Color figure
can be viewed at wileyonlinelibrary.com)
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Comparison of AhS Enstatite Meteorites From the UoK

and Non-UoK Collections

Bischoff et al. (2022) summarized data for 65 non-
UoK AhS EC described in a number of papers (Bischoff

et al., 2010; El Goresy et al., 2017; Horstmann &
Bischoff, 2014; Horstmann et al., 2014; Weyrauch et al.,
2018; Storz et al., 2021), as well as many abstracts and
theses (see Bischoff et al., 2022 for references). These
clasts comprise a large range of types including EHa

niningerite with exsolved troilite

AhS 2012

AhS 2012

AhS 26

AhS 609

AhS S151

AhS S151

((a) (b)

(c) (d)

(e)

(f)

FIGURE 9. Sulfide assemblages in AhS EC. All images except [i] are BEI. (a) Troilite, niningerite and oldhamite in AhS 2012, from
area outlined by box in Figure 3a. (b) Troilite and niningerite (with troilite exsolution lamellae) in AhS 26. (c) Troilite (with exsolution
lamellae of daubreelite), niningerite, and oldhamite in AhS 2012. (d) Troilite, keilite, and metal in AhS 609. (e) Troilite (with exsolved
daubreelite) and niningerite in AhS S151. (f) Weathered oldhamite in AhS S151. (g) Troilite and keillite in AhS 1002. (h) Keilite (with
exsolved troilite) and metal in metal-rich vein (upper circled area of Figure 2a) in AhS 1002. (i) Combined x-ray map (Fe = red;
Na = yellow; Ca = green; S = blue) of AhS 17 (area outlined by box in Figure 6a). Troilite contains narrow lamellae (dark blue) of
keilite. alb = albitic feldspar. (j) Troilite, with keilite and metal in AhS 17. (k) BEI of area of AhS 17 outlined by box in [i] showing
troilite with rim of keilite. (l) BEI of grain of troilite with patches of keilite in AhS 17. Keilite contains lamellae of troilite. (Color figure
can be viewed at wileyonlinelibrary.com)
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(~14%), EHb (~20%), ELa (~6%), and ELb (~60%) of
petrologic types 3–6 and impact melt rocks, and also
include one breccia (EL of mixed petrologic types).
Overall, 66% of them are EL and 34% are EH, while
80% are type “b” and 20% are type “a”.

Based on our results, the EC clasts from the UoK
collection show the same large range of types (except for
breccias) as the non-UoK samples. They show a similar
proportion of type “b” (85%) compared to type “a,” but a
lower proportion of EL to EH (38% EL). Considering the
smaller number of UoK samples, the difference in

proportion of EL to EH may not be significant. It is clear,
however, that the two sources of AhS EC samples show
the same large range of petrologic and compositional
types, and, indeed, have very similar petrologic, chemical,
and oxygen isotopic compositions. In fact, from
comparing our data with images and descriptions in
Weyrauch et al. (2018) and Bischoff et al. (2022), we
propose very close resemblances (possible identities)
between AhS 17 and MS-052 (ELb6), AhS 2012/26 and
MS-013 (EHb5), AhS 1002/S151 and MS-MU-031 (ELa3),
and AhS 41 and MS-MU-039 (impact melt rock).

FIGURE 9. Continued

Enstatite chondrites in polymict ureilites 735
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The overall similarities between the UoK and the
non-UoK AhS enstatite meteorites are further supported
by our recognition of AhS 60 among the UoK samples.

AhS 60 is an enstatite-dominated achondrite that differs
in texture, mineralogy (e.g., absence of plagioclase,
virtual absence of sulfides), and oxygen isotope

TABLE 4. Types of sulfides present in enstatite chondrite clasts from Almahata Sitta (AhS).

EH EL

AhS S151 AhS 2012 AhS 609 AhS 41 AhS 26 AhS 17 AhS 1002

Niningerite Yes Yes Yes

Keilite Yes Yes Yes Yes
Troilite Yes Yes Yes Yes Yes Yes Yes
Alabandite In troilite In troilite
Oldhamite Yes Yes Yes Yes Yes Yes Yes

Daubreelite In troilite In troilite

TABLE 5. Compositions of sulfides in enstatite chondrite clasts from Almahata Sitta (AhS).

AhS S151 AhS 2012 AhS 1002

Troilite Niningerite Oldhamite Troilite Niningerite Oldhamite Troilite Oldhamite Keilite
Troilite lamellae
in keilite

(#)
analyses (8) (15) (12) (6) (6) (3) (12) (6) (3) (2)

P bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
S 37.1 47.3 40.5 37.2 44.0 42.2 37.1 41.9 39.4 37.0

Ca bdl 1.1 52.2 0.06 1.7 53.0 bdl 51.7 2.4 0.31
Si bdl 0.08 0.05 0.12 0.05 0.06 bdl bdl bdl bdl
Mg 0.01 24.6 1.5 0.17 16.5 1.1 0.1 1.1 5.5 0.06

Fe 59.9 18.1 0.61 57.3 26.6 0.51 57.3 1.02 38.2 58.3
Ni 0.03 0.01 0.02 0.11 bdl bdl 0.18 0.01 0.02 0.07
Cr 1.1 0.56 0.02 2.9 1.7 0.01 2.8 0.03 1.5 2.1

Co bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Mn 0.04 7.81 0.39 0.15 7.25 0.36 1.04 1.31 11.4 0.72
Ti 0.78 0.01 bdl 0.62 0.04 bdl 0.42 bdl 0.03 0.07
V 0.09 0.01 bdl 0.08 bdl bdl 0.05 bdl bdl bdl

Total 99.1 99.7 95.3 98.8 97.9 97.2 99.0 97.1 98.5 98.7

AhS 26 AhS 41 AhS 609 AhS 17

Troilite Oldhamite Niningerite Troilite Keilite Oldhamite Troilite Keilite Troilite Keilite
(#) analyses (2) (3) (6) (20) (5) (7) (25) (24) (31) (5)

P bdl bdl bdl bdl bdl bdl bdl na bdl bdl
S 37.6 41.1 44.3 37.1 42.4 41.3 37.6 43.4 38.2 39.3

Ca bdl 53.5 1.3 0.04 2.4 49.5 bdl 2.3 bdl 0.67
Si 0.03 0.04 0.04 0.1 0.02 0.12 bdl bdl bdl 0.07
Mg 0.09 1.0 17.0 0.06 11.1 1.5 na 11.5 n/a 4.8

Fe 57.7 0.49 26.1 58.6 35.8 2.4 59.2 36.1 56.9 38.1
Ni 0.12 0.01 0.01 0.03 bdl 0.07 0.05 0.03 0.17 0.04
Cr 2.6 0.01 1.9 2.7 1.8 0.04 2.6 1.7 3.1 1.4
Co bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.06

Mn 0.27 0.32 7.8 0.26 4.9 0.40 0.23 5.0 1.0 14.5
Ti 0.46 bdl 0.05 0.46 0.07 bdl 0.40 0.05 0.49 0.08
V 0.06 bdl bdl na bdl na na na na 0.02

Total 98.9 96.5 98.5 99.3 98.3 95.2 100.1 100.7 99.9 99.1

Note: Detection limits for minor elements in wt%: P—0.003; Ca—0.008; Si—0.007; Mg—0.003; Ni—0.016; Cr—0.008; Co—0.01; Mn—0.008;

Ti—0.009; V—0.008.

Abbreviations: bdl, below detection limit; na, not analyzed.
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compositions (Figure 15) from aubrites (e.g., Brearley
and Prinz 1998), as well as from other unique enstatite
achondrites such as Shallowater (Keil et al., 1989), Itqiy
(Patzer et al., 2001), and NWA 2525 (Keil &
Bischoff, 2008). It is virtually identical in mineralogy,
texture, and mineral compositions to the non-UoK AhS
clasts MS-MU-019 and MS-MU-036 described by
Harries and Bischoff (2020). The occurrence of this
unique enstatite meteorite lithology among both the UoK
and non-UoK AhS stones strongly supports the
conclusion that there are no significant differences in
the range of sample types between these different sources
of AhS material.

Implications for the Formation of Asteroid 2008 TC3

Enstatite Meteorite Clast Populations in AhS and
Typical Polymict Ureilites

Enstatite chondrites were reported to be the most
abundant non-ureilitic clasts in AhS, based on samples
from non-UoK collections (Bischoff et al., 2010, 2022;
Horstmann & Bischoff, 2014). In a compilation of data for
249 non-UoK AhS stones, Bischoff et al. (2022) report that
65 of the 81 non-ureilites (80%) are EC. One of the goals
of this work was to determine whether EC are also the
most abundant non-ureilites among the UoK stones.
Combining our results with the classifications reported in
Jenniskens et al. (2022) and Zolensky et al. (2010), we find
that 78% of the non-ureilites from the “large mass” area of

the AhS strewn field (Shaddad et al., 2010) are EC, which
is similar to the non-UoK collections.

In contrast, enstatite meteorite material is rare in
typical polymict ureilites (TPUs). Goodrich, Fioretti,
et al. (2015) made a targeted search for such material in
sections of six polymict ureilites and found that enstatite
grains having major and minor element compositions and
mineral inclusions consistent with derivation from ECs or
aubrites were present, but only in very low abundance.
Downes et al. (2008) reported one enstatite grain having
oxygen isotope composition consistent with EC from a
study of six sections of polymict ureilites. Boleaga and
Goodrich (2019) surveyed metal in two sections of
polymict ureilites and found that half the non-ureilitic
metal grains had compositions distinguishing them as
EC-like (both EH and EL). Despite these indications that
some enstatite meteorite material is present in polymict
ureilites, lithic clasts of EC (or even isolated chondrules
unambiguously derived from them) or enstatite
achondrites had not been reported before this work.
Bischoff et al. (2022) wrote that “the lack of millimeter-
to centimeter-sized E chondrite fragments in (typical)
polymict ureilites. . ..clearly speaks against a common
origin of polymict ureilites and 2008 TC3-like materials.”
Our discovery of a 3.5 mm-sized EC (EHa3) clast in a
typical polymict ureilite certainly decimates this
argument.

Given this discovery, it now seems likely that there
are no major differences in the range of types of non-
ureilitic materials in AhS and TPUs. We argue in the
following section that this strongly suggests a common
origin for AhS and TPUs. There may be differences in the
relative abundances of different types of materials, for
example, the EC, but such differences might be expected
in the model that we propose. Furthermore, it is possible
that the difference in abundance of EC is less than it
seems, since EC clasts in 2008 TC3 may have
preferentially survived atmospheric entry due to their
greater strength relative to other types of materials.

Formation of AhS and Typical Polymict Ureilites in the
Same Regolith Environment

All scenarios that have been proposed for formation
of TPUs begin with the catastrophic disruption of the
UPB at ~5–5.4 Myr after CAI (Downes et al., 2008;
Goodrich, Hartmann, et al., 2015; Goodrich, Kring,
et al., 2021; Goodrich, Sanborn, et al., 2021; Goodrich
et al., 2004, 2010; Herrin et al., 2010). This event was
immediately followed by gravitational re-accumulation of
subsets of the dispersed fragments to form daughter
bodies, each of which was made of a different mixture of
jumbled materials from disparate parts of the UPB
(Michel et al., 2001, 2015). Thus, the observation that
polymict ureilites show the same range and characteristic

ELa

ELb

EHa

EHb

keilite

alabandite

 AhS S151
 AhS 1002
 AhS 2012
 AhS 26
 AhS 41
 AhS 609
 AhS 17

Fe Mg

Mn

niningerite

FIGURE 10. Ternary diagram for cubic Fe-Mn-Mg sulfides
(field for keilite as defined in Shimizu et al., 2002), showing
compositions for the AhS EC clasts studied in this work.
Fields for sulfides in EHa, EHb, ELa, and ELb plotted from
the data in Weyrauch et al. (2018). (Color figure can be
viewed at wileyonlinelibrary.com)
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FIGURE 11. Studied section of AhS 60, an enstatite-rich achondrite. (a) Combined x-ray map (Mg = red; Ca = green;
Fe = cyan). (b) BEI. (c) Transmitted light image. The main phases shown in the x-ray map are metal (cyan), olivine (bright
red), and two intergmingled compositions of enstatite (Mg# 99.8 � 0.1). The more abundant enstatite (brownish orange) has Wo
~3–4. The less abundant enstatite (darker red-orange) occurs mostly as irregular patches and veins in the former, and has Wo ~1.
A few larger grains (e.g., area 2) are dominated by the low-Wo composition. ol = olivine; en = enstatite; m = metal. (Color
figure can be viewed at wileyonlinelibrary.com)
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distribution of ureilitic types/compositions as that seen
among main group ureilites (Downes et al., 2008;
Goodrich et al., 2004; Goodrich, Hartmann, et al., 2015)
strongly suggests that all ureilitic materials sampled on
Earth, both main group and polymict ureilites, are
derived from a single ureilitic daughter body.

Some authors have suggested that the non-ureilitic
clasts in polymict ureilites were incorporated into ureilitic
daughter bodies at the time of reassembly of these bodies,
due to the presence of all kinds of chondritic debris in the
region of nebula where the UPB disruption occurred
(Bischoff et al., 2010; Herrin et al., 2010; Horstmann &
Bischoff, 2014; Scott et al., 2018). However, Goodrich,
Kring, et al. (2021) and Goodrich, Sanborn, et al. (2021)
pointed out that the OC (as well as EC and RC) clasts in
polymict ureilites include all petrologic types (3–6), which
is critical because the higher petrologic types did not, in

fact, exist (having been created by slow metamorphism at
depth in their parent asteroids) until 30–50 Myr after
CAI. This precludes the addition of most xenoliths at
~5 Ma after CAI. Based on this, Goodrich, Kring,
et al. (2021) and Goodrich, Sanborn, et al. (2021) argued
that most xenoliths were added to ureilitic regolith as
remnants of impactors in a short period of time around
50 Myr after CAI, during a period of enhanced
dynamical activity when many chondritic planetesimals
of various types in the asteroid belt were disrupted and
generated large amounts of excited materials.

The range of types of materials found as clasts in
AhS is strikingly similar to that in TPUs. As shown by
Goodrich, Bottke, et al. (2021), the range and relative
abundances of ureilitic compositions and types is
essentially identical. This is particularly significant
because the observed distribution (which is also the same

((a)

(b)

augite

(c)

Wo 4
Wo 1

AhS 60

Wo 4

Wo 1

(d)

m

m

ol

en

FIGURE 12. BEI of select areas of AhS 60. Note that (a, c, d) are rotated ~90° relative to the images in Figure 11. (a) Area 2
from Figure 11. This round area (once a single grain?) is dominated by the lower Wo enstatite (Wo ~1, darker in BEI), but is
not completely homogeneous and shows intermingling of the two enstatite compositions around its borders. (b) Texture of the
two enstatite compositions intermingled. The lower-Wo (darker) compositions contains small inclusions of augite. (c) Texture of
the two enstatite compositions intermingled. Area 2a from Figure 11. (d) Olivine grains in area 3 from Figure 11. m = metal;
en = enstatite; ol = olivine. (Color figure can be viewed at wileyonlinelibrary.com)
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among main group ureilites) is one that could not be due
to igneous processes and is likely to be a result of selective
sampling of the UPB during catastrophic disruption and
reassembly (Goodrich, Hartmann, et al., 2015; Michel
et al., 2015; Rai et al., 2020). Furthermore, both AhS and
typical polymict ureilites contain clasts of feldspathic
ureilitic lithologies (inferred to be UPB crustal materials)
that do not occur among main group ureilites (Bischoff
et al., 2014; Cohen et al., 2004; Goodrich, Collinet,
Jercinovic, et al., 2022; Goodrich, Collinet, Treiman,
et al., 2022 Goodrich, Treiman, et al., 2017), which
further supports their essential similarity.

In terms of non-ureilitic materials, both AhS and
TPUs contain clasts or fragments from every major class
of chondrite (OC, EC, RC, and CC). In both cases, the
OC clasts include all chemical groups (H, L, LL) and
petrologic types. In both cases, the EC clasts or
fragments include both chemical groups (EH and EL)
and all petrologic types (Boleaga & Goodrich, 2019;
Goodrich, Fioretti, et al., 2015; this work). Furthermore,
in both cases, the dominant CC clasts are C1 lithologies
of a distinct type that differs from any CC known as
individual meteorites (Goodrich, Zolensky, Fioretti,
et al. 2019; Goodrich, Zolensky, Kohl, et al., 2019).
Nevertheless, there are also some apparent differences.
Although RCs of a range of petrologic types occur in
TPUs (Downes et al., 2008; Goodrich et al., 2016), the
one “RC-like” clast reported in AhS appears to differ
from known RC (Horstmann et al., 2010). The rare non-

ureilitic achondrites that occur in TPUs (Goodrich,
Mikouchi, et al., 2015; Goodrich, Kita, et al., 2017; Prinz
et al., 1986) but have not been found in AhS. Also, the
one CB found in AhS (Bischoff et al., 2012; Horstmann &
Bischoff, 2014) is a meteorite type that has not been
reported in TPUs. However, all these differences involve
types of materials that are rare in either AhS or TPUs,
and therefore, the statistics for comparison are poor.
Considering that before this work, large clasts of EC had
never been reported in TPUs, and that until recently CC
had not been reported in AhS, it seems premature to base
any arguments on the apparent absence of a particular
type of clast. The majority of the >600 AhS stones in the
UoK collection (Shaddad et al., 2010) have yet to be
classified, and most of these are not from the large-mass
area (Jenniskens et al., 2022) and so could include types
of materials that differ from the strong EC and OC that
preferentially survived as larger fragments. In addition,
the majority of TPUs have not been scrutinized in any
detail, while those that have been looked at have revealed
a plethora of new types of materials in every polished
section (e.g., Goodrich & Gross, 2015; Goodrich,
Mikouchi, et al., 2015; Goodrich et al., 2016;
Goodrich, Kita, et al., 2017; Goodrich, Ross, et al.,
2017). Based on these considerations, we argue that
apparent differences between the types of xenoliths found
in AhS and those found in TPUs cannot necessarily be
considered significant, and that such differences pale in
comparison to the striking similarities.

TABLE 6. Compositions of silicates in enstatite achondrite clast Almahata Sitta 60.

(#) analyses

Olivine Pyroxene

Area 3

Area 1

light

Area 2
round dark

grain

Area 2a

dark

Area 2a

light

Area 4

light
Area 5
dark

Area 5

light

(24) SD (23) SD (7) SD (6) SD (11) SD (16) SD (1) (22) SD

SiO2 42.1 0.4 59.0 0.20 59.4 0.6 59.1 0.3 59.2 0.5 58.3 0.3 58.8 58.8 0.2
Al2O3 bdl 0.55 0.02 0.24 0.01 0.39 0.08 0.67 0.07 0.57 0.05 0.44 0.56 0.03

TiO2 bdl 0.03 0.01 0.02 0.01 0.02 0.01 0.03 0.01 0.03 0.00 0.03 0.03 0.00
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl
FeO 0.15 0.04 0.12 0.08 0.06 0.01 0.11 0.03 0.09 0.01 0.20 0.07 0.06 0.18 0.07

NiO bdl bdl bdl bdl bdl bdl 0.02 bdl
MgO 56.9 0.2 38.1 0.18 39.2 0.4 38.6 0.4 37.9 0.3 38.0 0.2 38.9 38.2 0.2
MnO 0.05 0.01 0.05 0.01 0.04 0.01 0.06 0.02 0.06 0.01 0.06 0.01 0.03 0.06 0.01
CaO 0.15 0.01 1.58 0.08 0.48 0.02 0.72 0.06 2.07 0.24 1.65 0.18 0.66 1.63 0.11

Na2O bdl 0.02 0.01 bdl bdl bdl 0.02 0.01 bdl 0.02 0.01
Total 99.4 0.5 99.4 0.39 99.4 0.9 99.0 0.6 100.0 0.5 98.8 0.4 99.0 99.5 0.3
Fo/Mg# 99.9 0.0 99.8 0.1 99.9 0.0 99.8 0.0 99.9 0.0 99.7 0.1 99.9 99.7 0.1

En 96.9 0.1 99.0 0.0 98.5 0.0 96.1 0.0 96.7 0.1 98.7 96.8 0.1
Wo 2.9 0.1 0.9 0.0 1.3 0.1 3.8 0.4 3.0 0.3 1.2 3.0 0.2

Note: Areas are marked on Figure 8a. “light” and “dark” refer to appearance in backscattered electron images such as shown in Figure 12.

Fo/Mg# = 100 9 molar Mg/(Mg + Fe); En = 100 9 molar Mg/(Mg + Fe + Ca); Wo = 100 9 molar Ca/(Mg + Fe + Ca).

Abbreviations: bdl, below detection limit; SD = 1 sigma standard deviation.
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A model for formation of 2008 TC3 (or its
progenitor) and TPUs in the same regolith environment
on a ureilitic daughter body was developed by Goodrich,
Hartmann, et al. (2015); Goodrich, Zolensky, Fioretti,
et al. (2019); Goodrich, Bottke, et al. (2021). We review
the model briefly, and argue that our discovery of a large
clast of an EC in a TPU strongly supports it. Typical
polymict ureilites show clastic textures and a wide range
of shock levels of clasts, and are well consolidated, that
is, they are strong enough to survive atmospheric entry
intact to become meteorites on Earth. They contain only
sparse, heterogeneously distributed solar gases (Ott et al.,
1993). These properties suggest that TPUs are derived

from deep layers of mature regolith on a relatively large
ureilitic daughter body (Figure 16a). In contrast, 2008
TC3 was obviously weak and loosely consolidated; that
is, it disintegrated in the atmosphere and only its
strongest clasts survived to become the recovered stones.
This may be because most of the asteroid was similar to
the porous, fine-grained, highly shocked ureilitic AhS
stones that provide a plausible match to its reflectance
spectrum (Hiroi et al., 2010), suggesting that 2008 TC3

was derived from shallow, poorly consolidated regions of
the same regolith as TPUs (Figure 16a). Alternatively, the
asteroid may have been dominated by C1 materials such
as AhS 91A, which also matches the asteroid’s spectrum

Mg = red
Fe = green
S = blue

(a) (b)

0.5 mm

ur
ei
lit
ic

ur
ei
li t
i c

Mg = red; Al = green; Si = blue; S = yellow

100 µm
Mg = red; Al = green; Si = blue; S = yellow

100 µm

(c) (d)

FIGURE 13. Clast 1, classified as an EH3, in polymict ureilite NWA 10657 (section_006). (a) BEI showing whole clast in matrix
of ureilitic fragments. (b) Combined x-ray map (Mg = red; Fe = green; S = blue) showing whole clast in matrix of ureilitic
fragments. (c) Combined x-ray map (Mg = red; Al = green; Si = blue; S = yellow) of area outlined by box on left in [b]. (d)
Combined x-ray map (Mg = red; Al = green; Si = blue; S = yellow) of area outlined by box on right in [b]. (Color figure can
be viewed at wileyonlinelibrary.com)
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and may be an even better match to its density
and porosity and highly friable behavior (Goodrich,
Zolensky, Fioretti, et al., 2019). In this case, 2008 TC3

could have been derived from a volume of regolith
dominated by a relatively large C1 impactor (Figure 16b).
The presence of a large component of such material in the
body on which 2008 TC3 formed would, in fact, support
the interpretation that this body is that same as that on
which TPUs formed, since C1 xenoliths are the most
abundant (volumetrically) type in TPUs.

Furthermore, formation of both AhS and TPUs in
the same regolith pile could explain the apparent large
difference in abundance of EC material between the two.
The addition of impactor remnants to regolith is a
stochastic process, resulting in local concentrations of
xenolithic materials of different type that only become
homogenized with other materials through extensive
regolith processing. Thus, it is entirely plausible that 2008
TC3 sampled a volume of regolith containing a
concentration of EC materials (Figure 16a).

Bischoff et al. (2010, 2022) argued that the absence of
solar gases in any AhS samples precludes formation
of 2008 TC3 in a regolith environment. However, this is not
a strong argument because solar gases are only implanted
in the top millimeter of an asteroidal surface (Wieler et al.,
1986). Even extensive gardening may not redistribute such
grains homogeneously in subsurface regolith layers and
solar wind-bearing grains should generally be sparse in an
extensive regolith (or mega-regolith) pile. Thus, the absence
of solar gases in samples of either 2008 TC3 or TPUs does
not preclude formation in regolith.

The alternative model proposed by Bischoff et al.
(2022) is that 2008 TC3 was a polymict carbonaceous
chondrite breccia that must have had an origin distinct
from that of typical polymict ureilites. In this model, 2008
TC3 formed as a late generation asteroid, 50–100 Myr
after CAI, by re-accretion of C1 carbonaceous chondrite
material (presumably following major disruption), along
with fragments of ureilitic and other types of chondritic
materials. We believe this model is implausible for several
reasons. First, it is difficult to imagine how such a re-
accreting body could have acquired such a strikingly
similar mix of materials as that in TPUs. In particular, it is
unlikely that it could have acquired the same range and
distribution of ureilitic materials, because any other
ureilitic daughter body (other than the one on which TPUs
formed) that might have been available to provide such
materials would have had a different mixture of materials
from the original UPB (Michel et al., 2015). Moreover,
reassembly following catastrophic disruption is not a
viable mechanism for adding significant quantities of
mixed foreign materials to a second-generation body,
because the force driving the reassembly is the
remembered gravitational attraction between the
fragments ejected from the disrupted body (in this case, a
CC), whereas other fragmental materials that might have
been in the region would not share this attraction (Michel
et al., 2001).

In summary, we argue that, by Occam’s razor, the
many similarities between the clast populations in AhS
and TPUs strongly suggest a common origin in a regolith
environment. Continued investigations of both TPUs and
AhS may reveal additional discoveries, such as the CC
recently found in AhS and the EC reported here in a
TPU, which can be used to test this model.

Implications for the Histories of Enstatite Meteorite

Asteroids

Comparison of AhS Enstatite Meteorite Clasts with
Individual Enstatite Meteorites

Combining our results with the extensive previous
work that has been done on AhS ECs, it can be seen
that the range of types of EC material in AhS (in
terms of chemical, petrologic, and oxygen isotopic
properties) is not fundamentally different from what is
seen in EC materials that have arrived at Earth in
recent times as individual meteorites. The AhS EC
have given us many fresh samples that provide new
information, in particular on components such as
metal and exotic sulfides that are highly susceptible to
terrestrial weathering. This new information has been
used to better address questions such as 1) whether
type 3 EC are nebular condensates or impact melts
(e.g., El Goresy et al., 2012; Horstmann et al., 2011),

TABLE 7. Compositions of silicates in clast 1 (enstatite
chondrite) in NWA 10657_006.

(#) analyses

Olivine Enstatite “Melt” Silica

(7) SD (41) SD (1) (8) SD

SiO2 42.5 0.2 59.3 0.4 72.4 99.3 0.4
Al2O3 bdl 0.19 0.09 0.30 0.11 0.03

TiO2 bdl 0.03 0.02 bdl bdl
Cr2O3 0.11 0.07 0.34 0.19 bdl 0.01 bdl
FeO 0.79 0.24 1.04 0.50 0.42 0.57 0.16

MgO 58.5 0.2 40.0 0.5 20.4 0.06 0.09
MnO 0.10 0.03 0.12 0.06 bdl 0.01 bdl
CaO 0.12 0.01 0.22 0.10 bdl 0.01 bdl

K2O bdl bdl 2.9 0.01 0.01
Na2O bdl bdl 0.01 4.2 0.02 0.01
Total 102.2 0.3 101.3 0.3 100.6 100.1 0.3
Fo/Mg# 99.3 0.2 98.6 0.7

En 98.2 0.6
Wo 0.4 0.2

Note: Fo/Mg# = 100 9 molar Mg/(Mg + Fe); En = 100 9 molar

Mg/(Mg + Fe + Ca); Wo = 100 9 molar Ca/(Mg + Fe + Ca).

Abbreviations: bdl, below detection limit; SD, 1 sigma standard

deviation.
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and 2) the origin of MSS (metal–silicate–sulfide
intergrowths) in EC (Horstmann et al., 2014). In fact,
Weyrauch et al. (2018) conducted a study of chemical

variations of sulfides and metal in 45 EC, and almost
half of these (22) were stones from AhS rather than
individual meteorites. Studying this large data

FIGURE 14. Images of clast 1 in NWA 10657_006. (a) BEI of feldspathic mesostasis in clast 1, area outlined by box in Figure 13c.
(b) Combined x-ray map (Mg = red; Al = green; Si = blue; S = yellow) showing patches of olivine in enstatite grain in a
chondrule in clast 1. (c) BEI of metallic spherule partially weathered (terrestrial alteration) to Fe-oxides (Fe-ox). (d) BEI showing
terrestrial alteration to Fe-oxides (Fe-ox and ox) in clast 1. Patches of metal and troilite are preserved. (e) Chondrule consisting
almost entirely of silica and minor sulfides (troilite) in clast 1. Combined x-ray map (Mg = red; Al = green; Si = blue;
S = yellow). m = metal; en = enstatite; ol = olivine. (Color figure can be viewed at wileyonlinelibrary.com)
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set allowed Weyrauch et al. (2018) to recognize that
there are four major subgroups of EC (EHa, ELa,
EHb, ELb, which we have used here), which has
helped to clarify some of previously observed
variations, for example, in compositions of Fe-Mn-Mg
sulfides (alabandite versus keilite) in EL. It is notable
that the AhS samples used in that study do not stand
out as a unit, but are spread among all four
subgroups. Thus, the AhS EC have added to our
knowledge of EC by adding many fresh samples to
our collections and improving statistics, but have not
revealed any new EC types. The only type of enstatite
achondrite found so far in AhS (samples AhS 60, MS-
MU-019, and MS-MU-036), does constitute a type
that has never been found as an individual meteorite.

Number and Sizes of Enstatite Meteorite Parent
Asteroids

The number of parent bodies giving rise to EC
meteorites is uncertain. Keil (1984) argued that there
must at least have been different parent bodies for EH
and EL. In contrast, Kong et al. (1997) argued that there
is continuity in bulk rock compositional data between
EH and EL, and therefore, they may have come from a
single parent body. However, based on the larger data set
of EC afforded by AhS, Weyrauch et al. (2018) identified
compositionally distinct groups (two EH and two EL)
requiring at least four parent bodies. The existence of
several anomalous ECs could increase that number to
greater than 10 (Goss et al., 2023; Grossman et al., 1993;
Lin & Kimura, 1998; Rindlisbacher et al., 2021; Weisberg
& Kimura, 2012; Weyrauch et al., 2018; Zhang et al.,
1995). Furthermore, Keil and Bischoff (2008) concluded

that the known enstatite achondrites could represent
another three original EC bodies (aubrites, Shallowater,
NWA 2526/Itqiy), while Barrat et al. (2016) concluded
that the aubrites themselves required two bodies. The
unique enstatite achondrite lithology in AhS, represented
by AhS 60 in this work and MS-MU-019 and MS-MU-
036 (Harries & Bischoff, 2020), clearly appears to be
genetically related to EC, based on its oxygen isotope
composition (Figure 15a), and so adds yet another EC
parent body to the count.

Previous oxygen isotope data for ECs have not
shown any subgroups that clearly correlate with chemical
or petrologic properties and might be used to distinguish
different parent bodies. Instead, the range of D17O shown
by EC falls is likely a feature of primitive EC materials
and may be a result of heterogeneous distribution of
primordial components with a broad range of D17O
values (Weisberg et al., 2021; Zhu et al., 2020). The
oxygen isotope data for the AhS EC confirm this
observation. Combining all data from this work and
Horstmann and Bischoff (2014) for AhS EC (Figure 15b),
we find that there is no correlation between oxygen
isotope composition and chemical group (EH or EL) or
subgroup (“a” or “b”).

The sizes of the EC parent bodies are also unknown.
Based on a thermal model for EL6s, Trieloff et al. (2022)
estimated a parent body diameter of 120–160 km, which
they argue is comparable to the H or L parent body. In
fact, EC parent body sizes are likely to have been similar
to those of OC because equilibration temperatures for
type 4–6 EC are similar to those of equivalent petrologic
type OC (Dodd, 1981; Huss et al., 2006; Zhang et al.,
1995), although previous estimates for OC span a large
range from ~160 to 300 km diameter (Bennett &
McSween Jr, 1996; Blackburn et al., 2017; Miyamoto
et al., 1981; Pellas & Fieni, 1988).

Keil et al. (1989) inferred a diameter of 100 km for
the parent body of the Shallowater enstatite achondrite.
Harries and Bischoff (2020) inferred a much larger body,
on the order of 500 km, for the AhS EC lithology (AhS
60, MS-MU-019, and MS-MU-036). They identified the
coexisting high-Wo and low-Wo phases in this lithology
as low-temperature orthoenstatite and low-temperature
clinoenstatite, respectively, and argued from phase
relations that formation of this assemblage required a
pressure of ~0.1 GPa. However, they also discussed the
possibility of metastable formation at low pressure, which
would be consistent with the suggestion of Goodrich
et al. (2018) that AhS 60 was an annealed impact
melt rock.

Breakup of Enstatite Meteorite Asteroids
The observation that the EC clasts in polymict

ureilites are not fundamentally different from individual

TABLE 8. Compositions of metal, phosphide, and
sulfide in clast 1 (enstatite chondrite) in NWA
10657_006.

Metal

avg (52) SD Phosphide Troilite Troilite

P 0.18 0.11 14.92 0.01 0.01
S bdl 0.10 39.0 36.9

Si 2.8 0.21 0.24 0.04 0.03
Mg bdl bdl 0.02 0.02
Fe 87.5 1.8 77.2 57.1 60.0

Ni 8.8 1.9 7.84 0.70 0.09
Co 0.32 0.02 0.25 bdl bdl
Cr bdl 0.01 1.8 1.8
Mn bdl bdl 0.12 0.14

Ti 0.01 0.01 0.01 0.27 0.29
Total 99.6 100.5 99.0 99.3

Abbreviations: bdl, below detection limit; SD = 1 sigma standard

deviation.
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EC meteorites implies that fragments of the same
populations of EC parent bodies were available as
impactors at two very different times, that is, at ~50–
60 Myr after CAI and recently. A similar observation
was made about the OC clasts in AhS and TPUs
(Goodrich, Kring, et al., 2021). The fact that the EC
clasts (like the OC) include the entire known range of
EC chemical groups and petrologic types implies that the
materials that were available to be implanted into ureilitic
daughter bodies at ~50–60 Myr after CAI must have
been derived from a large range of depths in several (at
least five) EC parent bodies, that is, consistent with the
interpretation that this was a period of enhanced
dynamical activity when many chondritic planetesimals
of various types in the asteroid belt were disrupted
(Goodrich, Kring, et al., 2021; Goodrich, Sanborn, et al.,
2021). A 40Ar/39Ar age of 4513 � 16 Ga for an EL6 AhS
clast (MS-D), interpreted as recording the time of cooling
to the Ar closure temperature on the parent asteroid, is
also consistent with this interpretation (Turrin et al.,
2023).

The excavated EC materials could have directly
become impactors onto ureilitic bodies. Alternatively,
they may have reassembled as mixed layers containing
materials from a large range of depths, on the surfaces of
each of the original EC bodies, and been subsequently
ejected by subcatastrophic impacts. The existence of the
EL breccia MS-179, containing clasts of a range of
petrologic types, attests to such mixing prior to impact
ejection and implantation into AhS (Bischoff et al., 2022).
As argued for the OC (Goodrich, Kring, et al., 2021),
formation of mixed outer layers of reaccreted materials
(rubbly layers), rather than complete parent body
disruption, is more likely because it could leave relatively
large EC bodies (e.g., >100 km diameter, as inferred from
thermal modeling) intact. This means that they could still
be available to be catastrophically disrupted more

recently and deliver EC to Earth as individual meteorites,
whereas complete disruption of the original parent bodies
at 50 Myr after CAI would have left much smaller EC
fragments or daughter bodies that would have been
unlikely to survive for 4 billion years. It is also consistent
with the extensive evidence of shock metamorphism and
melting in EC, which suggests multiple impact events
(Fagan et al., 2000; McCoy et al., 1995; Rubin, 1997;
Rubin, 2015; Rubin & Scott, 1997a, 1997b; Udry et al.,
2019; Van Niekerk & Keil, 2011).

These arguments likely apply to the EC-like parent
asteroids of enstatite achondrites (or at least some of
them) as well, although this is less certain because no
specific genetic relationships between enstatite
achondrites and EC have ever been established. In
addition, the significance of the unique AhS 60-like
enstatite achondrite in AhS is uncertain. This lithology
may have been derived from an EC-like body that was
largely destroyed around 50 Myr after CAI and did
not survive to deliver individual meteorites to Earth in
recent times.

Implications for Dynamical Evolution of the Solar
System

The EC and other non-ureilitic clasts in polymict
ureilites provide a snapshot of what may have been a
critical timestep in the collisional and dynamical
evolution of the early solar system. The locations at
which solar system bodies accreted have been inferred
from various nucleosynthetic isotope systems (Kleine
et al., 2020; Warren, 2011). Yamakawa et al. (2010) noted
a linear correlation of e54Cr with heliocentric distance for
Earth, Mars, and Vesta (HED meteorites), which could
be extrapolated to place the UPB at ~2.8 AU. If EC and
OC can be included in this trend, their locations would be
at ~1 and ~2 AU, respectively. In other words, EC, OC,
and ureilitic asteroids were well separated from one

TABLE 9. Oxygen isotope compositions of EC clasts from Almahata Sitta (AhS).

Sample d17O& 1r d18O& 1r D17O& 1r D17O&linear 1r

AhS 1002 3.206 6.071 0.049 0.025
AhS 1002 3.200 6.043 0.058 0.034

Mean values 3.203 0.004 6.057 0.020 0.053 0.006 0.029 0.006
AhS 26 3.138 6.014 0.011 �0.013
AhS 26 3.101 5.935 0.015 �0.009

Mean values 3.120 0.026 5.975 0.056 0.013 0.003 �0.011 0.003
AhS S151 2.619 5.552 �0.268 �0.290
AhS S151 2.579 5.496 �0.279 �0.300

Mean values 2.599 0.028 5.524 0.040 �0.273 0.008 �0.295 0.008
AhS 2012 3.155 6.031 0.019 �0.005
AhS 2012 3.363 6.430 0.019 �0.006
Mean values 3.259 0.147 6.231 0.282 0.019 0.000 �0.005 0.001

AhS 41 2.971 5.663 0.026 0.004

Note: D17O &linear calculated as in Miller (2002).
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another originally in the inner solar system. And yet, at
50–60 Myr after CAI, they were in close enough
proximity in the asteroid belt that abundant fragments of
them could become collisionally mixed with one another.
This implies significant migration of these asteroids from
their formation locations, which is consistent with the

currently observed compositional diversity of the asteroid
belt (DeMeO & Carry, 2014). Goodrich, Kring,
et al. (2021) and Goodrich, Sanborn, et al. (2021) argued
that the CC clasts in polymict ureilites were derived from
originally outer solar system bodies that had migrated
into the inner solar system at 3–5 Ma after CAI, as
described in dynamical models such as the Grand Tack
(Walsh et al., 2012), and thus were available to be
disrupted there at ~50 Myr after CAI along with multiple
EC and OC bodies. A Grand Tack type event would have
also resulted in substantial excitation and mixing of inner
solar system bodies (Walsh et al., 2012), which might
provide the migrations necessary to put OC, EC, and
ureilitic bodies close together. The Grand Tack model is
currently only one of several competing dynamical
models for early planetary and planetesimal migrations
(e.g., Clement et al., 2018, 2019; de Sousa et al., 2020).
Evaluating such models is beyond the scope of this work,
but we suggest that polymict ureilites can be used as a
crucial constraint in doing so.

Of course, in more recent times, EC, OC, and ureilitic
asteroids must have been transferred to Earth-crossing
orbits via dynamical resonances and the Yarkovsky
effect. We do not know which asteroid or asteroid family
gave rise to 2008 TC3 (and/or other ureilites), although
Jenniskens et al. (2010) and Gayon-Markt et al. (2012)
identified some low-inclination near-Earth asteroids with
spectra similar to 2008 TC3 and considered several Main
belt asteroid families as possible source regions for this
population. Similarly, we do not know whence present-
day EC falls originate, although the Hungaria asteroid
family has been suggested as a possible source of the
aubrite enstatite achondrites (�Cuk et al., 2014). What
polymict ureilites (both AhS and other polymict ureilites)
suggest is that both EC and ureilites may have come via
similar routes.

SUMMARY AND CONCLUSIONS

• We studied the petrology of seven ECs and one
enstatite achondrite from the UoK collection of AhS
samples. Most of the studied samples were recovered
from the far end of the 2008 TC3 strewn field in which
the largest masses fell. We obtained oxygen isotope
compositions for five of the chondrites and for the
achondrite.

• We discovered the first bona fide (3.5 mm-sized) clast
of an EC in a typical polymict ureilite (NWA 10657)
and studied its petrology.

• Using mineralogical, mineral compositional, and
textural criteria, we find that the seven AhS EC
studied comprise one EHa3 (S151), one ELb3 (AhS
1002), two EHb4-5 (AhS 2012, AhS 26), two EHb5-6
or possibly impact melt rocks (AhS 609, AhS 41), and

FIGURE 15. (a) Oxygen isotope compositions of the AhS EC
clasts studied in this work, compared with AhS EC from
Horstmann and Bischoff (2014). Also shown is the mean
composition of olivine and pyroxene in AhS 60 enstatite
achondrite from SIMS analyses in this work, compared with
compositions of aubrites from Newton et al. (2000) and Barrat
et al. (2016). (b) Oxygen isotope compositions of all AhS EC
clasts from this work and Horstmann and Bischoff (2014).
Data are plotted to distinguish EH and EL, and group “a’
and group “b”. There are no obvious correlations of oxygen
isotope composition with chemical group or subgroup. Fields
for EH and EL chondrites are from Greenwood et al. (2017)
and show 2 sigma variation of the means for each group
based on data of Newton et al. (2000). (Color figure can be
viewed at wileyonlinelibrary.com)
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one ELb6-7 (AhS 17), and the EC clast in NWA
10657 is EHa3. Oxygen isotope compositions of all
clasts analyzed are similar to those of EC from non-
UoK collections of AhS, and within the range of
compositions of individual EC meteorites. There are
no correlations of oxygen isotope composition with
chemical group or subgroup.

• The EC clasts from the UoK collection show the same
large range of types as those from non-UoK collections
of AhS. The enstatite achondrite, AhS 60, is a unique
type (i.e., not known as an individual meteorite) that is
also found among non-UoK AhS samples.

• The discovery of a large clast of an EC in a
typical polymict ureilite eliminates what was
thought to be a major difference in types of non-

ureilitic materials found in AhS versus typical
polymict ureilites.

• We argue that the range of types of both ureilitic and
non-ureilitic materials in AhS and typical polymict
ureilites are essentially similar, strongly indicating a
common origin. We elaborate upon a previously
proposed model in which AhS and typical polymict
ureilites formed in the same regolith environment on
a ureilitic daughter body. Most non-ureilitic clasts are
remnants of impactors implanted into this regolith at
~50–60 Myr after CAI. Differences in relative
abundances of types are due to the stochastic nature
of impactor additions to regolith.

• There is no significant difference between the range of
types of EC in polymict ureilites compared with

TABLE 10. Oxygen isotope compositions of AhS 60 enstatite achondrite from SIMS.

Area Data # Phase Fo or Ena Woa d18O& Unc.b 2SDc d17O& Unc.b 2SDc D17O Unc.b 2SDc

AhS60-Area 3_8 324 ol 99.8 5.42 0.26 3.20 0.23 0.38 0.24
AhS60-Area 3_6_7 325 ol 99.9 5.42 0.26 3.13 0.23 0.31 0.24

AhS60-Area 3_11 330 ol 99.9 5.48 0.26 3.00 0.23 0.15 0.24
AhS60-Area 3_20 331 ol 99.9 5.48 0.26 3.00 0.23 0.15 0.24
AhS60-Area 1_1 320 px 97.1 2.8 5.70 0.26 3.10 0.23 0.14 0.24

AhS60-Area 1_13 321 px 97.1 2.8 5.55 0.26 3.19 0.23 0.30 0.24
AhS60-Area 2_24 322 px 98.9 1.0 5.85 0.26 3.17 0.23 0.12 0.24
AhS60-Area 2_51 323 px 95.8 4.1 5.47 0.26 2.92 0.23 0.07 0.24

AhS60-Area 4_2 332 px 97.0 2.9 5.67 0.26 3.02 0.23 0.08 0.24
AhS60-Area 4_7 333 px 97.0 2.9 5.70 0.26 3.08 0.23 0.12 0.24
AhS60-Area 5_20 334 px 97.0 2.8 5.75 0.26 3.31 0.23 0.32 0.24
AhS60-Area 5_29 335 px 97.0 2.8 5.84 0.26 3.01 0.23 �0.03 0.24

AhS 60, Mean
(n = 12)

5.61 0.32 0.32 3.09 0.18 0.22 0.18 0.10 0.25

aFo (for olivine) = 100 9 molar Mg/(Mg + Fe). En (for pyroxene) = 100 9 molar Mg/(Mg + Fe + Ca); Wo (for pyroxene) =

100 9 molar Ca/(Mg + Fe + Ca).
bUncertainties of individual analyses correspond to the external uncertainties of San Carlos olivine running standard (2SD, n = 12).

Uncertainties of the mean include propagated uncertainties of individual analyses, instrumental bias correction (0.3& and 0.15& for d18O and

d17O, respectively), uncertainties of the mean of standard analyses (0.07& for d18O, d17O, and Δ17O), and small variations in measured d18O for

olivine and pyroxene analyses (0.32&).
cTwice the standard deviation (2SD) of 12 unknown analyses.

Table 11. Classification parameters for EC clasts in this study. (Color table can be viewed at wileyonlinelibrary.com)

EH EL

AhS S151 AhS 2012 AhS 609 AhS 41 AhS 26 Clast 1a AhS 17 AhS 1002

Si in metal (wt%) 3.1 2.5 2.4 2.5 2.5 2.8 1.1 1.5

Cr in troilite (wt%) 1.1 2.9 2.6 2.7 2.6 1.8 3.1 2.8
Fe in Fe-Mn-Mg sulfide (wt%) 18.1 26.6 36.1 35.8 26.1 nd 38.1 38.2
Presence of daubreelite Yes Yes nd nd nd nd nd nd

Presence of olivine Yes Yes Yes
Petrologic type based on textures 3 4–5 5–6 6 4–5 3 6–7 3
Classification EHa3 EHb4-5 EHb5-6 EHb5-6 EHb4-5 EHb3 ELb6-7 ELb3

Note: Color coding: gold = group a, green = group b (Weyrauch et al., 2018).

Abbreviation: nd, not determined.
aIn NWA 10657_006.

Enstatite chondrites in polymict ureilites 747

 19455100, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

aps.14066 by U
niversity O

f W
isconsin - M

adison, W
iley O

nline Library on [18/06/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://www.wileyonlinelibrary.com


individual EC meteorites. This implies that fragments
of the same populations of EC parent bodies were
available as impactors at two very different times,
that is, at ~50–60 Myr after CAI, and recently. This
can be explained if the materials that were excavated
from EC parent bodies by major impacts at ~50–
60 Myr after CAI were reassembled into mixed
rubbly layers on the surfaces of each of those bodies,
leaving relatively large EC bodies intact so they could
survive 4 billion years to provide meteorites to Earth.

• The EC and other non-ureilitic clasts in polymict
ureilites record a critical timestep in the collisional
and dynamical evolution of the solar system.
Although EC, OC, and ureilitic asteroids probably
accreted at significantly different locations (1, 2, and
2.8 AU, respectively), at 50–60 Myr after CAI they
were in close enough proximity to one another in the
asteroid belt that abundant fragments of them (plus
other types) could become collisionally mixed. This
implies significant early planetesimal migrations.

FIGURE 16. Proposed model for formation of asteroid 2008 TC3 (i.e., its progenitor asteroid) in the same regolith environment
as typical polymict ureilites. (a) Illustrates the case in which 2008 TC3 consisted dominantly of ureilitic materials, while (b)
illustrates the case in which 2008 TC3 consisted mostly of C1 carbonaceous chondrite material. Based on the reflectance
spectrum of the asteroid, these two possibilities cannot be distinguished. (a) Shows that 2008 TC3 could have sampled a volume
with a relatively high abundance of EC material, due to the stochastic nature of impactor addition, and subsequent long-lasting
heterogeneity, of regolith. (Color figure can be viewed at wileyonlinelibrary.com)
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Polymict ureilites provide crucial constraints on the
dynamical processes that resulted in these migrations.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Figure S1. SIMS analysis locations and pit images of
AhS 60.

Table S1. Oxygen isotope analyses of AhS 60 using
SIMS IMS 1280. Raw data are Faraday cup background
and OH tailing corrected.
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