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Abstract–On October 7, 2008, the asteroid 2008 TC3 exploded as it entered the Earth’s
atmosphere, producing significant dust (in the atmosphere) and delivering thousands of
stones in a strewn field in Sudan, collectively known as the Almahata Sitta (AhS) stones.
About 600 fragments were officially recovered in 2008 and 2009. Further rocks were collected
since the fall event by local people. From these stones, 249 were classified at the Institut für
Planetologie in Münster (MS) known as MS-xxx or MS-MU-xxx AhS subsamples. Most of
these rocks are ureilitic in origin (168; 67%): 87 coarse-grained ureilites, 60 fine-grained
ureilites, 15 ureilites with variable texture/mineralogy, four trachyandesites, and two polymict
breccias. We identified 81 non-ureilitic fragments, corresponding to 33% of the recovered
samples studied in Münster. These included chondrites, namely 65 enstatite chondrites (43
EL; 22 EH), 11 ordinary chondrites (OC), one carbonaceous chondrite, and one unique
R-like chondrite. Furthermore, three samples represent a unique type of enstatite achondrite.
Since all AhS stones must be regarded as individual specimens independent from each other,
the number of fresh ureilite and enstatite chondrite falls in our meteorite collections has been
increased by several hundred percent. Overall, the samples weigh between <1 and 250 g and
have a mean mass of ~15 g. If we consider—almost 15 years after the fall—the mass
calculations, observations during and after the asteroid entered the atmosphere, the
mineralogy of the C1 stones AhS 91A and AhS 671, and the experimental work on fitting the
asteroid spectrum (e.g., Goodrich et al., 2019; Jenniskens et al., 2010; Shaddad et al., 2010),
the main portion of the meteoroid was likely made of the fine-grained (carbonaceous) dust
and was mostly lost in the atmosphere. In particular, the fact that C1 materials were found
has important implications for interpreting asteroid 2008 TC3’s early spectroscopic results.
Goodrich et al. (2019) correctly suggested that if scientists had not recovered the “water-free”
samples (e.g., ureilites, enstatites, and OC) from the AhS strewn field, 2008 TC3 would have
been assumed to be a carbonaceous chondrite meteoroid. Considering that the dominating
mass of the exploding meteoroid consisted of carbonaceous materials, asteroid 2008 TC3

cannot be classified as a polymict ureilite; consequently, we state that the asteroid was a
polymict carbonaceous chondrite breccia, specifically a polymict C1 object that may have
formed by late accretion at least 50–100 Ma after calcium–aluminum-rich inclusions.
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INTRODUCTION

On October 6, 2008, a small asteroidal body was
detected at 06:39 UTC by Richard Kowalski at the
automated Catalina Sky Survey telescope at Mt.
Lemmon Observatory (Arizona; Chesley et al., 2008;
Kowalski, 2008; McGaha et al., 2008; Yeomans, 2008).
Shortly after the discovery, its orbit was calculated; they
predicted an impact on Earth about 19 h later
(Jenniskens, Shaddad, and The Almahata Sitta
Consortium, 2009; Jenniskens, Shaddad, Numan, et al.,
2009; McGaha et al., 2008). The object was designated
as asteroid 2008 TC3.

Before entering the atmosphere, the reflectance
spectrum of 2008 TC3 was obtained in the 0.5–1 µm
range (Hiroi, Jenniskens, Bishop & Shatir, 2010; Hiroi,
Jenniskens, Bishop, Shatir, et al., 2010; Jenniskens,
Shaddad, Numan, et al., 2009; Jenniskens et al., 2010).
Scientists also found that it closely matched F-type
asteroids in the Tholen taxonomy (Tholen & Barucci,
1989), whereby F-type asteroids are considered to
belong to the C complex of dark (carbonaceous)
asteroids (DeMeo et al., 2009, 2015; Tholen & Barucci,
1989), while ureilites were thought to derive from S-type
asteroids (Gaffey et al., 1993). The complexity of
asteroid surfaces with respect to their Tholen
classification and how they can be related to known
meteorite groups is not always straightforward.
Tanbakouei et al. (2020) have shown for the case of
comet 2P/Enke how the reflectance spectra are best
represented by two anomalous ungrouped chondrites
rather than established chondrite groups and hypo-
thesized that these two meteorites could be rare
surviving samples either from the Taurid complex or
another compositionally similar body. Considering the
asteroid 2008 TC3 event, by consequence, Goodrich
et al. (2019) correctly surmised that if no “water-free”
samples (including all types of ureilitic lithologies and
by far most chondrites) were recovered from the
Almahata Sita strewn field, 2008 TC3 would have to be
assumed to be a carbonaceous chondrite based on
spectral data. Considering data from Shaddad et al.
(2010) on the size of the asteroid and the density of
meteorite finds, one can calculate that the overwhelming
portion of the meteoroid (~99%) was made of fine-
grained (carbonaceous) dust. Furthermore, almost all of
this fine-grained material was lost in the atmosphere, as
was observed via the huge dust clouds visible in images
taken after asteroid 2008 TC3 broke up in the
atmosphere (Fig. 1). Shaddad et al. (2010) provide
detailed information of the atmospheric breakup
characteristics that will not be repeated in this study.
Mass calculations of 2008 TC3 obtained by linking
laboratory measurements of the albedo of a ureilitic

fragment (0.046; Jenniskens, Shaddad, Numan, et al.,
2009) and an assumed density yielded a mass of
~80 tons. Welten et al. (2010) and Kozubal et al. (2011)
pointed out that a higher porosity (i.e., lower density) is
more likely resulting in a mass of only ~40–50 tons,
which would agree with satellite observations of the
fireball (~35–65 tons; Borovicka & Charvat, 2009).
However, the albedo of 0.046 for the measured ureilitic
fragment might have been too low as stated by Hiroi,
Jenniskens, Bishop, Shatir, et al. (2010), who suggest an
average of 0.10–0.12. This, however, would result in a
pre-entry mass of only ~20 tons that is in strong
contrast to all the other measurements (Kohout et al.,
2011). This contrast can be solved by having a high
abundance of C1 dust in asteroid 2008 TC3 with low
albedo: An albedo of ~0.05 due to the high amount of
C1 dust would result in a higher calculated mass similar
to that calculated using the albedo measured by
Jenniskens, Shaddad, Numan, et al. (2009) and again in
agreement with mass estimates by other observations.

At the time of the first written report on classifying
Almahata Sitta (AhS) samples (Horstmann & Bischoff,
2014), about 700 meteorite fragments were recovered
from the strewn field, and 110 of these were studied in
detail (about 25 by the consortium led by P. Jenniskens
and about 80 at the Institut für Planetologie [University
of Münster]). Shaddad et al. (2010) reported that in
four expeditions from December 2008 to December
2009, 588 meteorites had been recovered, totaling

Fig. 1. As presented as fig. 3 in Shadadd et al. (2010), the dust
train is shown as seen from Wadi Halfa +42 min after the
fireball. The calculated trajectory of the asteroid and the dust
trail as propagated by the UKMO wind model (Swinbank &
O’Neill, 1994) are also presented. The part of the train
penetrating deepest in the atmosphere is colored red, which is
due to the rising sun as seen from 40 km altitude at that time.
Figure reproduced with permission of Muawia Shadadd.
(Color figure can be viewed at wileyonlinelibrary.com.)
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10.7 kg. This would give a mean mass of 18.2 g/sample.
They also estimated the total mass of fallen rocks to be
39 � 6 kg.

At first, AhS was classified as an anomalous
polymict ureilite (Jenniskens, Shaddad, Numan, et al.,
2009) mineralogically described by Zolensky et al. (2009)
and Herrin et al. (2009). Soon afterward, 40 small pieces
from different quite fresh fragments collected within the
AhS strewn field were studied, revealing about 20
different lithologies (Bischoff, Horstmann, Laubenstein,
et al., 2010; Bischoff, Horstmann, Pack, et al., 2010;
Horstmann & Bischoff, 2010a, 2010b). Based on these
findings, Bischoff, Horstmann, Laubenstein, et al. (2010)
and Bischoff, Horstmann, Pack, et al. (2010) stated that
AhS is not only a ureilitic meteorite but also a
spectacular breccia containing clasts of both chondritic
and achondritic lithologies. Here, we give details on a
survey of 249 stones exclusively classified at the Institut
für Planetologie in Münster.

As noted above, the overwhelming portion of the
fine-grained material was probably lost in the
atmosphere. The existence of C1-type materials among
the AhS samples was proven much later, such as when
Goodrich et al. (2019) discovered that stones recovered
from asteroid 2008 TC3 contained carbonaceous
chondrite-dominated materials. Furthermore, samples
AhS 91A and AhS 671—consisting of mixtures of
carbonaceous and ureilitic materials—provide direct
evidence that certain regions in asteroid 2008 TC3 were
similar in mineralogy to C1 chondrites. As indicated by
Goodrich et al. (2019), this finding has important
implications for asteroid spectroscopy, since such
regions would have an ~2.7 µm absorption band due to
the presence of their phyllosilicates.

Putting the spectroscopic observations and the
findings of Goodrich et al. (2019) together with our
investigations of a total of 249 different stones, we
propose that asteroid 2008 TC3 was a polymict
carbonaceous chondrite breccia, specifically a polymict
C1.

SAMPLES AND ANALYTICAL METHODS

All MS-MU samples (MS-MU-001–MS-MU-065)
were collected in 2009. This is different from the MS
samples: MS-D, MS-CH, and MS-7–MS-207 collected
in 2009, whereas all samples starting from MS-208
onward were recovered in 2014, except for MS-321 and
MS-323, which were also recovered in 2009. All samples
are presented in Supplement S1 in the supporting
information.

A total of 249 stones from the AhS strewn field
were used to make thin and thick sections prepared at
the Institut für Planetologie (Münster), which were

studied by optical and electron optical microscopy. A
ZEISS polarizing microscope (Axiophot) was used for
optical microscopy in transmitted and reflected light.

A JEOL 6610-LV scanning electron microscope
(SEM) at the University of Münster was used to study
the fine-grained textures and to identify the different
mineral phases. Using the SEM for quantitative analysis,
samples and appropriate mineral standards were
measured at an excitation voltage of 20 kV, and the
beam current was constantly controlled by a Faraday
cup. The attached energy dispersive X-ray spectroscopy
(EDS) system was used for chemical characterization and
for analyses of the different mineral constituents.
Standard (Astimex) olivine (Mg, Fe, Si), jadeite (Na),
plagioclase (Al), sanidine (K), diopside (Ca), rutile (Ti),
chromium-oxide (Cr), rhodonite (Mn), and pentlandite
(Ni) were used as natural and synthetic standards. The
EDS analyses used the INCA analytical program
provided by Oxford Instruments.

Quantitative mineral analyses were also obtained by
microprobe analyses using the JEOL JXA 8530F
electron probe micro-analyzer (EPMA) at the Institut
für Mineralogie in Münster, which was operated at
15 kV and a probe current of 15 nA. Natural and
synthetic standards were used for wavelength-dispersive
spectrometry. Jadeite (Na), kyanite (Al), sanidine (K),
chromium oxide (Cr), San Carlos olivine (Mg),
hypersthene (Si), diopside (Ca), rhodonite (Mn), rutile
(Ti), fayalite (Fe), apatite (P), celestine (S), Co-metal
(Co), and nickel oxide (Ni) were used as standards for
mineral analyses.

RESULTS

Physical Properties

Although many samples were collected shortly after
the fall, others were collected much later (in 2014) and,
thus, were affected by terrestrial alteration processes in
the desert. These effects are usually weak and restricted
to metals near the fusion crust showing some terrestrial
alteration, which is visible in the form of thin rinds of
Fe-(hydr)oxides (max. W1–2; Wlotzka, 1993).

The samples studied in Münster have highly
variable masses (<1–250 g; Supplement S1). The
calculated mean mass of ~15 g is close to the mean
masses for ureilitic and non-ureilitic samples (16.6
versus 12.4 g, respectively; Table 1; Fig. 2). However,
some significant differences can be seen: The fine-
grained ureilites have a distinctly lower mean mass
(9.6 g) than the coarse-grained ureilitic stones (22.6 g).
Also, the 11 ordinary chondrites (OCs) have a relatively
low mean mass (5.3 g). Most of the 249 samples are
between 2.5 and 10 g.
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Mineralogy

Since 2009, 249 samples have been studied in
Münster. From these samples, about 80 were
characterized by Horstmann and Bischoff (2014).
Further samples were briefly mentioned in Bischoff
et al. (2015, 2016, 2019) and Bischoff, Kraemer, et al.
(2018). Most of these rocks are ureilitic in origin (168;
67%)—87 coarse-grained ureilites, 60 fine-grained
ureilites, 15 ureilites with variable texture or mineralogy,
four trachyandesites, and two polymict breccias. Among
the chondrites, we identified 65 enstatite chondrites (43
EL; 22 EH), 11 OCs, one carbonaceous chondrite, and
one unique R-like chondrite. Furthermore, three
samples were found to represent a unique type of
enstatite achondrite (Harries & Bischoff, 2020). Thus, the
81 non-ureilitic fragments correspond to 33% of the
recovered samples studied in Münster. The mineralogy
and texture of the main groups of AhS stones have been
characterized in detail by Horstmann and Bischoff (2014)
and will not be repeated here. Instead, we give only brief
descriptions and show typical samples via appropriate
images; however, we do describe some newly observed
extraordinary samples in more detail below.

Ureilitic Samples

Coarse-Grained Ureilites
Coarse-grained ureilites among the AhS samples

have been mineralogically examined by several authors
(e.g., Bischoff, Horstmann, Laubenstein, et al. 2010;
Bischoff, Horstmann, Pack, et al. 2010; Bischoff et al.,
2015, 2016, 2019; Bischoff, Kraemer, et al., 2018;
Goodrich et al., 2014, 2016, 2018, 2019; Herrin et al.,

2009, 2010; Horstmann & Bischoff, 2014; Horstmann,
Bischoff, et al., 2012; Hutchins & Agee, 2012;
Moehlmann, 2020, Storz et al., 2021; Zolensky et al.,
2009; Zolensky, Herrin, Mikouchi, Ohsumi, et al., 2010;
Zolensky, Herrin, Mikouchi, Satake, et al., 2010).
Among the 249 samples in Münster, 87 can be classified
as coarse-grained ureilites. They typically have grain
sizes above 100 µm, with some rocks having sizes up to
several millimeters, and they show variable modal
abundances of olivine, low-Ca pyroxene, and augite.
MS-MU-012 also contains plagioclase (Bischoff et al.,
2015; Goodrich et al., 2016). Most coarse-grained
ureilites were found to be olivine rich (please note that
the apparent modal proportions may not be entirely
representative of the host lithology because of the small
size of the sample in many cases), but some are
pyroxene rich (e.g., MS-16, MS-169, MS-MU-004, MS-
298 [Fig. 3f], MS-303, MS-318). The coarse-grained
ureilites MS-323 and MS-MU-034 weigh ~250 and
~222 g, respectively, and are the largest samples among
the 249 stones studied. Typically, olivine-rich coarse-
grained ureilites (Fig. 3) have larger grain sizes than
pyroxene-rich samples, which tend to have grain sizes
significantly below 1 mm. Similar to other ureilites
studied prior to the asteroid 2008 TC3 event, the AhS
coarse-grained ureilites are characterized by reduction
rims around olivine (and less obvious pyroxene)
sprinkled with numerous tiny Fe metal grains.
Considering the chemical compositions of olivine and
pyroxenes, the coarse-grained AhS ureilites cover the
full compositional spectrum previously known from
ureilites (e.g., Goodrich et al., 2004; Mittlefehldt et al.,
1998) and range from Mg-rich silicate core
compositions (e.g., MS-288: Fa4/Fs4) to much Fe-richer

Table 1. Number of AhS samples classified and studied
in Münster and their masses.

No. of
samples

Mass
(g)

Mean
(g)

Ureilitic rocks 168 2783.5 16.6

Coarse-grained 87 1968.2 22.6
Fine-grained 60 575.2 9.6
Variable
mineralogy/texture

15 115.6 7.7

Ureilitic breccias 2 7.7 3.8
Trachyandesites 4 116.8 29.2
Non-ureilitic rocks 81 1006.9 12.4

Enstatite chondrites 65 686.9 10.6
Enstatite achondrites 3 197.0 65.7
Ordinary chondrites 11 58.7 5.3

Carbonaceous chondrite 1 58.6 58.6
Rumuruti-like chondrite 1 5.7 5.7
All samples 249 3790.4 15.2

Fig. 2. Mass distribution of 249 Almahata Sitta stones studied
in Münster. The most abundant ureilitic samples are in the
mass range of 2.5–5 g, whereas the most abundant non-
ureilites are between 5 and 10 g. (Color figure can be viewed
at wileyonlinelibrary.com.)
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Fig. 3. Typical coarse-grained ureilites. a) MS-275 has millimeter-sized olivine grains. b) MS-MU-063 partly shows a
poikiloblastic texture. c) MS-279 is coarse-grained but is more variable in grain size. d) The coarse-grained ureilite MS-MU-020
has strong reduction features in and around olivine. e) MS-260 has abundant olivine. f) Coarse-grained ureilite MS-298 is
pyroxene rich. Images in polarized light with crossed nicols, except for (d) which is a backscattered electron (BSE) image. (Color
figure can be viewed at wileyonlinelibrary.com.)

Survey of 249 Almahata Sitta fragments 1343

www.wileyonlinelibrary.com


silicate core compositions (e.g., MS-310: Fa25/Fs21;
Fig. 4).

Fine-Grained Ureilites
Among the samples studied in Münster, 60 fine-

grained ureilites were classified. Rocks of this type from
the AhS collection (Figs. 5a–d) have also been studied
by, for example, Jenniskens, Shaddad, Numan, et al.
(2009); Bischoff, Horstmann, Laubenstein, et al. (2010);
Bischoff, Horstmann, Pack, et al. (2010); Zolensky et al.
(2009); Zolensky, Herrin, Mikouchi, Ohsumi,
et al. (2010); Zolensky, Herrin, Mikouchi, Satake, et al.
(2010); Herrin et al. (2009, 2010); Mikouchi, Zolensky,
Ohnishi, et al. (2010); Mikouchi, Zolensky, Takeda,
et al. (2010); Warren and Rubin (2010); Horstmann and
Bischoff (2010a, 2014); Ross, Herrin, et al. (2011);
Hutchins and Agee (2012); Horstmann (2013);
Horstmann et al. (2013); Horstmann, Humayun,
Fischer-Gödde, et al. (2014); Goodrich et al. (2014,
2018); Moehlmann (2020); and Storz et al. (2021).
This type of rock shows strongly recrystallized
(polycrystalline) and typically strongly reduced mineral
assemblages, especially for olivine and to a lesser degree
for pyroxene. Some of the fine-grained, often porous
rocks are dominated by pyroxene (Zolensky, Herrin,
Mikouchi, Satake, et al., 2010), while others are rich in
olivine (Bischoff, Horstmann, Pack, et al., 2010; Warren
& Rubin, 2010). The former coarse-grained silicates
(especially olivines) are mosaicized, consisting of very
small (10–50 µm) subgrains of olivine and pyroxene
(Fig. 5); this texture is a result of strong shock and
subsequent annealing. Due to the shock event, these
fine-grained ureilites generally have a higher abundance
of diamond shock-transformed from graphite (Bischoff
et al., 1999) than coarse-grained ureilites. Chemically, as
stated previously by Horstmann and Bischoff (2014),
the main phases in fine-grained ureilites comprise a
range of silicate compositions, which are generally
similar to those in coarse-grained ureilites (Fig. 6).
However, the reduction process more significantly
affects olivine than low-Ca pyroxene (Fig. 6). One ultra-
fine-grained rock (MS-185 with <10 µm grain size) was
found with strongly reduced olivine, giving a maximum
Fa content of 1.5 mol% (Horstmann & Bischoff, 2014;
Horstmann, Bischoff, et al., 2012). Some fine-grained
ureilites contain abundant and large metal and sulfide
grains (Figs. 5d and 7).

Ureilite with Variable Grain Size and/or Untypical
Mineralogy or Texture

Considering the review work of Horstmann and
Bischoff (2014), this chapter will summarize their
sections “Dark ureilites and ureilites with variable grain
size” and “Ureilitic sulfide-metal assemblages.” All these

samples contain areas with a fine-grained or medium-
size-grained texture, but some also contain mafic
crystals with larger grain sizes (Fig. 8a) or parts having
unusual sulfide–metal assemblages (MS-158, MS-166;
Fig. 7), which have been described and analyzed in
several AhS samples (Bischoff, Horstmann,
Laubenstein, et al., 2010; Bischoff, Horstmann, Pack,
et al., 2010; Horstmann, 2013; Horstmann et al., 2011a,
2013; Horstmann, Humayun, et al., 2012; Ross, Herrin,
et al., 2011; Ross, Hezel, et al., 2011). As mentioned by
Horstmann and Bischoff (2014), some ureilites (e.g.,
MS-25 and MS-190) appear dark in transmitted light
due to numerous tiny inclusions of mainly Fe metal and
minor FeS (Horstmann, Bischoff, et al., 2012). In other
cases, some pyroxene and olivine grains of variable sizes
appear as relics in the reduced fine-grained ground
mass, often less affected by heavy reduction (Fig. 9a).
In the cases of MS-254 and MS-MU-021, some large
Fe-rich olivines exist (Fa22 and Fa26, respectively), but
we found no low-Ca pyroxenes with Fs contents above
10 mol% (Fig. 6). We cannot completely exclude the
possibility that some of these samples are breccias due
to reprocessing upon impact fragmentation and
lithification.

Ureilitic Trachyandesites
Among the investigated AhS samples, four feldspar-

rich fragments (MS-MU-011, MS-MU-035, MS-MU-
065, and MS-277) were identified (Fig. 9). First results
on the mineralogy, mineral chemistry, and oxygen
isotope composition of MS-MU-011 (named ALM-A)
were presented in Bischoff et al. (2013), where the rock
was described as a basalt, based on its texture.

Fig. 4. Core compositions of olivine and low-Ca pyroxene in
the investigated coarse-grained ureilites of the Almahata Sitta
strewn field. The largest and most Fe-rich olivine (Fa39) was
found as a centimeter-sized fragment within the trachyandesite
MS-MU-011 (see below). (Color figure can be viewed at
wileyonlinelibrary.com.)
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However, the bulk chemistry revealed that it is a
trachyandesite (Bischoff et al., 2014). ALM-A was also
studied by Amelin et al. (2015), Ward et al. (2017), Bast
et al. (2017), Barnes et al. (2019), Collinet and Grove
(2020a, 2020b), and Peterson et al. (2022). The rock
mainly consists of abundant feldspar (anorthoclase and
plagioclase [together ~70 vol%]) with subhedral, zoned
plagioclase laths (~An10-55) embedding Cr-bearing Ca
pyroxene (~Fs20-21Wo36-37, Cr2O3: ~1 wt%), and Ca-
poor pyroxene (~Fs35-37Wo7-10; Bischoff et al., 2014;
Horstmann & Bischoff, 2014). After MS-MU-011 was
identified, very similar rocks were then found; MS-MU-
035, MS-277, and MS-MU-065 (Fig. 9) have masses of
26.9, 11.03, and 54.7 g, respectively.

Upon further work on MS-MU-011, the sample was
found to contain a cm-sized olivine-rich fragment within
the trachyandesite. The olivine (Fa39) embeds zoned

plagioclase (cores: ~An53) and low-Ca pyroxene (Fs31)
(Fig. 9b). This fragment may represent parts of the host
rock (perhaps from the walls of the melt chamber) that
may have contaminated the trachyandesitic melt.

Ureilitic Breccias
Within two AhS stones classified in Münster, fine-

grained components were found. MS-266 is a polymict
breccia that contains (mainly) ureilitic lithologies and a
C1-clast (Bannemann, 2021). The ureilitic lithologies are
dominated either by fine- (5–60 μm) or coarse-grained
(>60 μm) olivine (Fo77–88; up to Fo99 in the reduced
parts at their edges) and low-Ca pyroxene. The polymict
rock also contains isolated masses of graphite (up to
~300 μm in size) and grains of plagioclase (An28.2 and
An4.7) as well as small metal (kamacite) and sulfide
(troilite) grains or trails. Metal and sulfide are also

Fig. 5. Fine-grained ureilites. a) MS-299 is a typical fine-grained ureilite with subgrains of mosaic olivine in the 1–20 µm size
range. b) MS-265 is a fine-grained ureilite with olivine subgrains up to ~70 µm. c) MS-MU-027 is a graphite-rich, fine-grained
ureilite; the black areas are mainly made of C allotropes/polymorphs including graphite and diamond. d) The fine-grained
ureilite MS-270 is shown with metal- (M, white) and sulfide-rich (S, yellow-brownish) areas. (Color figure can be viewed at
wileyonlinelibrary.com.)
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found as an interstitial filling in fine-grained olivine-rich
areas. The C1 lithology (Fig. 10a) is enclosed by
ureilitic lithologies and consists of an extremely fine-
grained matrix-like mixture predominantly of
phyllosilicates, pyrrhotite grains, and clusters of
magnetites typically found in C1 chondrites (e.g., Alfing
et al., 2019; Bischoff et al., 2021; Fredriksson &
Kerridge, 1988; Morlok et al., 2006) or as C1 clasts in
other brecciated chondritic and achondritic rocks (e.g.,
Endreß et al., 1994; Funk et al., 2011; Goodrich et al.,
2019; Patzek et al., 2018, 2019, 2020, 2021; Visser et al.,
2018, 2019). A few components in the polymict breccia
are neither ureilitic nor of a C1 type. These components
include grains of olivine (e.g., Fo74.4), (probably
chondritic), orthopyroxene with Wo<1.0, and merrillite.
The ureilitic lithologies in MS-266 have similar textural,
mineralogical, and compositional characteristics as other
monolithic stones among the AhS rocks (see above).
The C1 lithology in MS-266 is certainly different from
CI1 materials and resembles C1 lithologies that have
been found and characterized in some other AhS
fragments (Goodrich et al., 2019).

Within the fine-grained ureilite breccia MS-296,
unique clasts (or areas) occur that contain abundant
metal–sulfide-rich spherules embedded in a fine-grained
(probably) phyllosilicate-rich groundmass (Fig. 10b).
These areas are typically close to metals and terrestrial

alteration products, and we cannot rule out the
possibility that these areas were also modified by
secondary processes in the desert.

Enstatite-Rich Samples—Enstatite Achondrites

Three of the investigated rocks from the AhS
strewn field can be best classified as unique primitive
achondrites (MS-MU-019, MS-MU-036, MS-245;
Bischoff et al., 2015, 2016). MS-MU-036 is, at 177 g,
one of the largest samples studied in Münster. Besides
consisting of abundant pyroxene, all three have
abundant metal (Fig. 11). The two unique achondritic
lithologies of MS-MU-019 and MS-MU-036 contain
three coexisting pyroxene species: orthoenstatite,
clinoenstatite, and augite (Harries & Bischoff, 2020).
We suggest that the silicate assemblage may resemble
restites after extraction of melts of broadly basaltic and
metal–sulfide composition from an enstatite chondrite
protolith.

Enstatite-Rich Samples—Enstatite Chondrites

Among the AhS stones, 65 enstatite (E) chondrites
were studied in Münster representing distinct E
chondrite parent lithologies (Fig. 12). Both EL and EH
chondrites were identified as well as all different
subtypes (EHa, EHb, ELa, ELb; Figs. 13 and 14) as
defined by Weyrauch et al. (2018). The petrologic types
range from primitive type 3 (e.g., the EHa3-chondrites
MS-14 and MS-244) to highly metamorphosed rocks
(e.g., EHa6-chondrite MS-313 and ELb6-chondrite MS-
MU-050). MS-MU-055 is classified as an ELb impact
melt rock breccia, and MS-179 is an EL breccia with
obvious fragments of different petrologic (types 3–5;
Fig. 12a).

Many AhS E chondrite samples have been
described in the past (e.g., Bischoff, Horstmann,
Laubenstein, et al., 2010; Bischoff, Horstmann, Pack,
et al., 2010; El Goresy et al., 2011, 2012, 2017; Hilker,
2017; Horstmann, 2010, 2013; Horstmann & Bischoff,
2014; Horstmann et al., 2011b, 2013; Horstmann,
Bischoff, et al., 2012; Horstmann, Humayun, &
Bischoff, 2014; Kimura et al., 2021; Lin et al., 2011;
Moehlmann, 2020; Riebe et al., 2014, 2017; Storz et al.,
2021; Weyrauch et al., 2014, 2018).

Horstmann and Bischoff (2014) mentioned that
several samples (e.g., MS-14, MS-155, and MS-164)
were found with clear indications for a partial melt
origin. This is especially the case for some primitive
type 3 E chondrites. Horstmann, Humayun, and
Bischoff (2014) favored a pre-accretionary melt origin
of the metal–silicate assemblages found in many AhS
primitive E chondrites. Based on mineral chemical

Fig. 6. Core compositions of olivine and low-Ca pyroxene in
fine-grained ureilites (FG-Ure) and in ureilites with variable
gain size and/or untypical mineralogy (variable texture/
mineralogy) of the Almahata Sitta strewn field. In several
cases, the reduction process more strongly affected the olivine;
thus, samples with olivine cores of low Fa contents (~Fa1-10)
coexist with relatively FeO-rich low-Ca pyroxenes of Fs12-18.
In two cases (MS-254 and MS-MU-021), the opposite is
observed. Within these samples, a small number of large Fa-
rich olivines are embedded in fine-grained ureilitic lithologies
(cf. Fig. 8a). (Color figure can be viewed at wileyonlinelibrary.
com.)
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constraints, these authors ruled out in situ impact melt
origin of these metal–silicate assemblages also found in
many other primitive E chondrites. Kimura et al.
(2021), who studied the ELb3 chondrite MS-177, also
considered a complex formation history and that
distinct features may be related to processes before
accretion to the parent body.

Ordinary Chondrites

From the AhS samples studied in Münster, 11 were
identified as OC (Fig. 15), which some authors
originally considered to be unrelated to AhS (e.g.,
Rumble et al., 2010). Among these OC are nine H, one
L, and one LL chondrite(s). Most of the OC are
metamorphosed and show equilibrated olivine and
pyroxene compositions (Fig. 16). Only within two H4

chondrites (MS-MU-043, −048) do the compositions of
low-Ca pyroxene still show minor variation. In contrast,
the most spectacular OC MS-MU-060 is highly
unequilibrated (L3) and shows a well-preserved
chondritic texture (Figs. 15a and 15b). The
compositions of olivine and pyroxene are highly
variable, with Fa1-46 (mean: 14.5 � 9.9 mol%) and
Fs1-22 (mean: 10.5 � 7.6 mol%), respectively. The L
chondrite classification is based on the abundance of metal
(~4 vol%). Data on AhS OC rocks were earlier reported
by, for example, Bischoff, Horstmann, Laubenstein,
et al. (2010); Bischoff, Horstmann, Pack, et al. (2010);
Bischoff et al. (2015); Bischoff, Kraemer, et al. (2018);
Zolensky, Herrin, Mikouchi, Ohsumi, et al. (2010);
Warren and Rubin (2010); Meier et al. (2010);
Horstmann, Bischoff, et al. (2012); Horstmann and
Bischoff (2014); and Riebe et al. (2014, 2017). Some of

Fig. 7. a) Fine-grained ureilite MS-319, where the cut surface of the stone shows abundant small metal and sulfide grains (~3 cm
in longest direction). b) A small metal-rich area of MS-319 shown in detail (reflected light). c) The metal–sulfide-rich area of
MS-158, a ureilite with untypical mineralogy. d) Silicate-rich area in MS-158 surrounded by abundant sulfide and some metal
grains. c, d) BSE images. (Color figure can be viewed at wileyonlinelibrary.com.)
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the chondrites are shock-darkened (e.g., MS-151, MS-
262), and the H5/6 chondrite MS-11 contains shock-
melted areas (Horstmann & Bischoff, 2014).

The Unique R-Like Chondrite

AhS fragment MS-CH (Horstmann, 2010;
Horstmann & Bischoff, 2010a, 2014; Horstmann et al.,
2010; Riebe et al., 2014, 2017) shows many features that
are similar to Rumuruti (R) chondrites (Fig. 17)
(Bischoff et al., 2011). As earlier summarized, the
olivine-rich rock (Fa35-37) of petrologic type 3.8 � 0.1
has an oxygen isotope composition close to that of R
chondrites, a matrix abundance of ~45 vol%, and a
mean chondrule size of ~450 µm (Horstmann &
Bischoff, 2014; Horstmann et al., 2010). However, the
metal abundance of some vol% (Fig. 17) or the absence

of magnetite and platin-group element-rich phases such
as sulfides, tellurides, and arsenides clearly distinguish
the AhS fragment MS-CH from other type 3 R
chondrites (Bischoff, 2000; Bischoff et al., 2011).

The Carbonaceous Chondrite (CBa)

MS-181 is a metal-rich rock (~60 vol% metal;
Fig. 18a) and contains silicates of various textures
(Bischoff et al., 2012; Horstmann & Bischoff, 2014;
Riebe et al., 2017). The overall texture is similar to
characteristics described by Krot et al. (2007) and
Rubin et al. (2003) for CB-chondrites. The rock
contains large kamacite globules (up to ~8 mm) with
highly variable abundances of Cr-bearing FeS inclusions
(Fig. 18b). Thus, the subtexture is similar to those in
the CBa chondrite Gujba (Krot et al., 2007).

Fig. 8. a) MS-MU-021 is a ureilite having some large olivine inclusions embedded in a typical fine-grained lithology. b)
Pyroxene-rich ureilite MS-316 has a medium-sized texture with some large olivines. c) MS-MU-028 has an unusual texture with
oriented olivine. d) Most parts of MS-250 are fine grained, but areas with large (>100 µm; arrows) mafic crystals are also
present. Images (a–d) in transmitted light, crossed nicols. (Color figure can be viewed at wileyonlinelibrary.com.)
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DISCUSSION

Abundances of Ureilitic and Non-Ureilitic Rocks

Since the 2014 review concerning the 110 AhS
stones studied worldwide (Horstmann & Bischoff,
2014), new data on a distinctly greater number of AhS
samples have not significantly changed the numbers of
earlier estimates concerning the abundances of ureilitic
and non-ureilitic lithologies. Horstmann and Bischoff
(2014) reported an abundance of 31.8% chondrites from
the studied AhS stones (35 chondrites among 110
registered samples). Within the sample set, 30 chondrites
(~36%) were present among the 82 samples examined at
the University of Münster (e.g., Bischoff et al., 2012;
Bischoff, Horstmann, Laubenstein, et al., 2010;
Bischoff, Horstmann, Pack, et al., 2010; Horstmann,

Bischoff, et al., 2012; Horstmann et al., 2010). Kohout
et al. (2010) suggested an even higher abundance of
non-ureilitic samples and estimated that about 50% of
their 60 samples studied could be of non-ureilitic origin.
Considering hand specimen properties, Shaddad et al.
(2010) estimated ~20–30 mass% of non-ureilitic samples
and found that this percentage was similar among the
large (~100 g) as well as among the small (~1 g)
fragments of the collected rocks. Considering the 249
samples described in the current study, we classified 81
(33%) non-ureilitic samples and 166 (67%) samples of
ureilitic origin. Clearly, as already stated above, the
data are very similar to those published about 10 yr
ago. The most abundant samples are coarse-grained
ureilites followed by the fine-grained ones (Table 1;
Fig. 19). The most spectacular samples of ureilitic origin
are the four trachyandesites. The most abundant

Fig. 9. a) Trachyandesite MS-MU-065 nicely shows flight-oriented features. MS-277 (b) and MS-MU-035 (c) consist of abundant
anorthoclase (gray). d) A small part of a centimeter-sized olivine (Fa39) in the trachyandesite MS-MU-011 encloses plagioclase
(cores: ~An53) and small low-Ca pyroxenes (yellowish, arrows). Images (b–d) in transmitted light, crossed nicols. (Color figure
can be viewed at wileyonlinelibrary.com.)
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non-ureilitic samples are E chondrites followed by OC
(Fig. 8). The discovery of three samples of a new type
of enstatite achondrite is a remarkable result of this
survey.

All AhS stones must be regarded as individual
specimens that evolved independently from each other
after they had been ejected from their original parent
bodies and were incorporated into asteroid 2008 TC3.
Thus, the explosion of asteroid 2008 TC3 in the
atmosphere delivered hundreds to thousands of fresh
meteorites that had previously been embedded as rocks
(perhaps like pebbles) within the fine-grained,
carbonaceous host materials of the meteoroid. If the
stones were collected hundreds or thousands of years
later, most would have been recognized as individual
meteorite finds. Only certain types of stones (e.g., the
enstatite achondrites, trachyandesites), and ureilites or

enstatites with similar texture and mineralogy would
probably be considered paired finds.

What Do the Observed Fragments Tell Us About the

Nature of the Accreting Materials or Their Incorporation

into Asteroid 2008 TC3?

As mentioned in the Introduction, without the
discovery of non-carbonaceous samples in the AhS
strewn field, asteroid 2008 TC3 would have been
considered a C-type (carbonaceous) meteoroid based on
spectral observations alone. One can speculate even
further: Considering the mass calculations, observations
during and after the entry of the atmosphere, the
mineralogy of the samples AhS 91A and AhS 671, and
experimental work to fit the asteroid spectrum
(Goodrich et al., 2019; Shaddad et al., 2010), the
overwhelming portion of the meteoroid (~99%, per data
of Shaddad et al. [2010] on the size of the asteroid and
the density of the meteorite finds) was likely made of
the fine-grained dust (carbonaceous, probably C1
material) and was lost in the atmosphere.

Considering the broad spectrum of different
chondritic and achondritic meteorite types, some
interesting observations can be made:

1. All achondritic fragments indicate processes of
reduction: They are either ureilitic in origin and
probably experienced a reduction process during
destruction of the ureilite parent body (UPB) or are
reduced lithologies as presented by the metal-rich E
achondrites similar to Itqiy and Northwest Africa
2526 (e.g., Humayun et al., 2009; Keil & Bischoff,
2008; Patzer et al., 2001).

2. One CB chondrite fragment was found in this
study. This type of carbonaceous chondrite is a
reduced subtype and characterized by a high metal
abundance and Fe-poor silicates.

3. Abundant fragments in asteroid 2008 TC3 represent
all kinds of enstatite (E) chondrites, which belong
to the most reduced chondrites in general.

4. Considering the 11 studied OCs, it is obvious that
except for one L- and one LL-type chondrite, all
belong to the H chondrites, the most reduced type
of OC.

5. Sample MS-CH is classified as a unique chondrite
with affinities to the Rumuruti chondrites, when the
Fa and Fs contents of olivine and pyroxene,
respectively, are considered indicating formation in
more oxidizing conditions. However, MS-CH is
very different to the oxidized R chondrites in
having some vol% of metal (Horstmann et al.,
2010), which is completely absent in R chondrites
(Bischoff et al., 2011).

Fig. 10. a) C1 fragment within the ureilitic breccia MS-266.
The light particles either represent magnetite or pyrrhotite.
b) MS-296 is a fine-grained ureilite breccia containing several
areas with unique material containing abundant metal–sulfide-
rich spherules. BSE images. (Color figure can be viewed at
wileyonlinelibrary.com.)
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Fig. 11. a) In sample MS-MU-019, the silicates (gray) are enclosed by a network of metals (white); width: ~2.4 cm. b) MS-MU-
036 contains pyroxene-rich areas and metals (black). c) Texture of the pyroxene-rich sample MS-245. Images in (b) and (c) in
polarized light, crossed nicols. (Color figure can be viewed at wileyonlinelibrary.com.)
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Fig. 12. E chondrites. a) Cut surface of the enstatite chondrite breccia MS-179. b) MS-MU-058 (ELb5) with a 2 mm-sized
recrystallized chondrule. c) MS-MU-031 (ELa3) with olivine in a (d) porphyritic chondrule. e) MS-300 (EHa4). f) MS-MU-039
(EL melt breccia) with abundant enstatite laths (black) embedded in metal (M; white) and troilite (tr; light yellowish gray).
Images (f) in reflected light, (b–e) in transmitted light. (Color figure can be viewed at wileyonlinelibrary.com.)
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In summary, all compact fragments from the
carbonaceous (C1-dominated) 2008 TC3 asteroid studied
here (1) contain highly reduced components (metals),
and (2) most indicate formation in a reducing
environment (parent body) over an oxidized one (e.g., E
chondrites and E achondrites, CBa) or (3) have seen a
(sudden) reduction event (ureilites). They were all
embedded in carbonaceous (C1) host materials. This
finding may have consequences considering the orbits of

various types of early formed grand parent (precursor)
bodies that delivered fragments by impact during a late
accretion of asteroid 2008 TC3. In this respect, several
important questions remain, which we will try to answer
below:

1. Were the rocks incorporated during early accretion,
or do they represent fragments resulting from late
impacts?

2. When did the (possible) early accretion take place,
or when were the rocks (xenoliths) incorporated in
the early accreted parent body?

It should be mentioned for completeness that one
amphibole-bearing stone (AhS 202) was recently
described that may be related to a unique type of
carbonaceous chondrite (Goodrich et al., 2020;
Hamilton et al., 2020). The relationship of this AhS
stone to all others is unclear.

What Do the Observed Fragments Tell Us About Early

or Late Accretion/Incorporation of/into 2008 TC3?

Considering the age of accretion/incorporation into the
parent body of asteroid 2008 TC3, Goodrich, Sanborn,
et al. (2021) focused on the evolution of the chondrites.
They highlighted that Blackburn et al. (2017) could
convincingly show, based on Pb-Pb closure ages, that type
six OC per se did not exist until 40–60 Ma after calcium–
aluminum-rich inclusions (CAIs). Thus, considering the
time of accretion/incorporation, metamorphosed OC—and
we think metamorphosed enstatite chondrites as well—
could not have been available before this time. Goodrich,
Sanborn, et al. (2021) also mentioned that for type 4 and 5,
less time is required: ~10–40 and ~30–50 Ma, respectively
(Blackburn et al., 2017). Keeping these ages in mind,
additional time for the transport of materials after the
catastrophic impact is required to bring the materials from
various depths of the destroyed parent bodies (several
different classes of OCs, ECs) to the location of accretion/
incorporation.

Another interesting piece of information comes
from the brecciated enstatite chondrite MS-179
(Fig. 12a), which is a complicated breccia consisting of
type 3 components as well as of type 5 lithologies.
Before becoming a part of the asteroid 2008 TC3 parent
body, the tough breccia must have been formed on a
chondritic enstatite parent body. This means that on the
enstatite parent body, the following steps occurred
before ejection from the parent body and accretion/
incorporation of/into asteroid 2008 TC3:

1. accretion of chondritic materials (of course, after
chondrule formation),

Fig. 13. Abundances of various types of E chondrites from
the Almahata Sitta strewn field. EL chondrites are more
abundant than EH chondrites. Most abundant are the
ELb5 + ELb6 chondrites. Not included in the diagram are the
E chondrite melt rocks and breccias MS-179 (Fig. 12a), MS-
MU-039 (Fig. 12f), and MS-MU-055.

Fig. 14. Mean Ni and Si concentrations in metal from
enstatite chondrites. The four groups are well distinguished
based on metal compositions and Cr-concentrations in troilite
(Weyrauch et al., 2018). The latter is not shown here. The
only exception is MS-MU-015 (black diamond) which has
unusually low Ni concentrations in metals, but Cr and Fe
concentrations in troilite and niningerite/alabandite,
respectively, match the characteristics of ELb chondrites
(Weyrauch et al., 2018). (Color figure can be viewed at
wileyonlinelibrary.com.)
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Fig. 15. Ordinary chondrites. a, b) MS-MU-060 is a highly unequilibrated L3 chondrite with well-defined chondrules embedded
in an opaque matrix; (a) BSE image and (b) image in plane-polarized transmitted light. c) MS-280 (H4/5). d) MS-MU-043
(H4). e) MS-312 (H5) with a Cr-spinel-rich object in the center, which represents a metamorphosed calcium–aluminum-rich
inclusion (arrows; BSE-image). f) LL4 chondrite MS-197. Images (c, d, and f) in transmitted light, crossed nicols. (Color figure
can be viewed at wileyonlinelibrary.com.)
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2. metamorphism to form a type 5 lithology,
3. impact-induced mixing of different lithologies,
4. lithification and breccia formation, and finally,
5. impact destruction and ejection of MS-179-like

components.

All these processes certainly must have taken a long
time (particularly considering the previously mentioned
time span constraints for metamorphosed OCs by
Blackburn et al. [2017]) before accretion/incorporation
of/into the asteroid 2008 TC3 parent body could have
occurred subsequently.

Previously, studies have suggested that the time
span during which asteroid 2008 TC3 traveled through
space after its break-off was on the order of ~20 Ma
(Welten et al., 2010). Furthermore, Riebe et al. (2017)
showed that the chondritic samples have a somewhat
larger variation in cosmic ray exposure (CRE) ages (16–
22 Ma) than the ureilitic ones (18–22 Ma; Welten et al.,
2010) and that an E chondrite breccia (MS-179) has a
CRE age of only ~11 Ma. This is quite surprising, since
MS-179 already experienced breccia formation by
impact lithification (e.g., after mixing of type 5 and
unmetamorphosed, near-surface type 3 materials) in
(near-)surface locations of the enstatite parent body.
Despite having been on the surface of the E chondrite
parent body prior to ejection and incorporation/
accretion into/of the 2008 TC3 parent body, this sample
has a significantly shorter CRE age than other E
chondrite stones that represent highly metamorphosed
type 6 lithologies from greater depth of the parent
body. The question is, why does a brecciated sample—
probably having seen CRE on the surface of its original

parent body—have a lower CRE age than interior type
6 samples? From the studies of the fine-grained C1-
related portion of AhS 91A (Goodrich et al., 2019), the
situation is even more complex, since this material has an
even lower CRE age (~5–9 Ma) than other previously
studied AhS stones (11–22 Ma; Riebe et al., 2017; Welten
et al., 2010). Thus, considering the proposed model in this
study that the C1 lithology is the host, it might make sense
that the host lithology has the lowest CRE age of 5–9 Ma,
while all exotic clasts have higher CRE ages. However, the
question remains open, why most of the AS ureilites and
chondrites have ages that cluster around ~20 Ma and do not
scatter randomly; an issue that was also discussed by Riebe
et al. (2017).

From the discussion above (e.g., formation time of
type 6 lithologies), it is clear that appropriate AhS stones
(e.g., EL6 and H5 stones) could not have been
incorporated into the 2008 TC3 body or precursor body
(if 2008 TC3 is only a break-off fragment of a once
larger asteroid) earlier than 50–100 Ma after CAIs.
Thus, as also discussed by Meier et al. (2012), the
different CRE ages (11–23 Ma) may (at least partly)
result from irradiation of small objects occurring
between the time of ejection from their parent bodies
(e.g., ureilite, E chondrite, and OC) and accretion of the
2008 TC3 body (or precursor) or the incorporation of
these fragments into the planetary object by late impacts.

Asteroid 2008 TC3: Mixing (Accretion, Incorporation) of

Chondritic and Achondritic Components

Goodrich et al. (2019) described fragments AhS
91A and AhS 671, which are the first AhS stones to
show contacts between ureilitic and chondritic materials.
A third sample is the polymict sample MS-266
(Fig. 10a), briefly considered in this study. Goodrich
et al. (2019) further stated that “the C1-material
consists of fine-grained phyllosilicates (serpentine and
saponite) and amorphous material, magnetite,
breunnerite, dolomite, fayalitic olivine (Fo28-42), an
unidentified Ca-rich silicate phase, Fe, Ni sulfides, and
minor Ca-phosphate and ilmenite”; most of these
phases are typically found in other C1 chondrites (e.g.,
CI1, Flensburg; e.g., Alfing et al., 2019; Bischoff et al.,
2021; Fredriksson & Kerridge, 1988; Morlok et al.,
2006). Goodrich et al. (2019) also performed
experiments by mixing different meteorite analog
visible-to-near-infrared reflectance spectra to fit the
F-type spectrum of the asteroid and determined that
asteroid 2008 TC3 may have consisted mainly of
ureilitic and AhS 91A-like materials. It is remarkable
that these results show that the major portion (40–70%)
would be C1 material, followed by ureilitic components
and <10% of OC, EC, and other meteorite types. They

Fig. 16. Mean compositions of olivine and low-Ca pyroxene
in the equilibrated ordinary chondrites from the Almahata
Sitta strewn field studied in Münster. The L3 chondrite MS-
MU-060 is not shown due to the large variations in Fa
(14.5 � 9.9 mol%) and Fs contents (10.5 � 7.6 mol%).
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Fig. 17. Representative images of the unique R chondrite-like stone of the AhS strewn field MS-CH having (a, b) a chondritic
texture and (c) areas with abundant metals (M, white) often enclosed in sulfides (S, beige). Images (b) and (c) taken in reflected light.
(Color figure can be viewed at wileyonlinelibrary.com.)
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further suggested that the bulk density of AhS 91A
(2.35 � 0.05 g cm−3) would be close to estimates for the
asteroid (~1.7–2.2 g cm−3) and that its porosity of 36%
would be near the low end of estimates for the asteroid
(33–50%), suggesting significant macroporosity. The
results of these experiments clearly support earlier

assumptions by Shaddad et al. (2010) that the main
portion (particularly considering the volumes of the
involved components and their densities) of the
exploded meteoroid 2008 TC3 was of fine-grained
materials, as also later supported by Goodrich et al.
(2014) that most of this material was probably the

Fig. 18. a) The overall texture of the CBa individuum MS-181 from Almahata Sitta with abundant metal (M; white) and silicate
areas (gray). Image in reflected light. b) BSE image of the internal structure of the metal-rich globules with the sulfide
exsolutions (arrows).

Fig. 19. Distribution of various different rock types from the Almahata Sitta strewn field classified in Münster. A total number
of 249 stones were studied. (Color figure can be viewed at wileyonlinelibrary.com.)
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fine-grained matrix material in which the more coherent
rock fragments were embedded.

Considering the UPB history, Goodrich, Sanborn,
et al. (2021) discussed the possibility that 2008 TC3 was
derived from a volume consisting mainly of
carbonaceous chondrite material and that asteroid 2008
TC3 is from the same regolith from which also the
typical polymict ureilites (TPUs) derived—thus, from a
ureilitic parent body. This is in contrast to our view.
We think that based on all data and observations, there
is no indication that the dominating material in asteroid
2008 TC3 was ureilitic in origin. Instead, the dominating
material was carbonaceous. This must lead to the
unambiguous consequence that the C1 materials are not
xenoliths within ureilitic components; instead, the
ureilitic and non-ureilitic rocks are xenoliths in a
polymict C1 parent body. We think that this may also
explain why the AhS 91A bulk sample does not show a
solar wind component (Goodrich et al., 2019) because
all components were shielded and instead represent
parts of the dominating subsurface layers and/or
interior materials. The existence of the AHS 91A and
MS-266 breccias containing C1 components can easily
be explained by late impact brecciation, mixing, and
lithification in the time span between the latest time of
accretion and today.

Formation of Asteroid 2008 TC3 or Its Parent

Planetesimal

We will probably never know whether the
mineralogy and structure of asteroid 2008 TC3 body
were the same as (or quite similar to) the parent body
or whether 2008 TC3 was only a mineralogically distinct
break-off fragment of a once larger asteroid.

We agree with the suggestion of Goodrich et al.
(2019) that 2008 TC3 was a heterogeneous asteroidal
breccia, in which the clasts were so loosely bound that
they separated in the atmosphere and landed on Earth
as individual stones, which would support the view
about the pre-impact observations of the ~4 m asteroid
2008 TC3. However, based on the light curve, the
F-type reflectance spectrum (Jenniskens, Shaddad,
Numan, et al., 2009; Scheirich et al., 2010), and the
proposed 40–70% of C1 matter (Goodrich et al.,
2019), a carbonaceous chondrite character has to be
strongly considered. Thus, in this study, we suggest
that the AhS samples derive from a carbonaceous
parent body, a polymict C1 object. The idea that
asteroid 2008 TC3 was not a polymict ureilite is not
completely new: Goodrich et al. (2014) mentioned that
samples from the AhS strewn field should not even be
classified as ureilites but rather as a unique meteoritic
breccia.

The formation and evolution of asteroid 2008 TC3

have been discussed to various extents by several
researchers (e.g., Bischoff, Horstmann, Pack, et al.,
2010; Goodrich et al., 2014, 2015; Hartmann et al.,
2011; Herrin et al., 2010; Horstmann & Bischoff, 2014).
In prior discussions, the final catastrophic disruption of
the UPB delivering various ureilitic materials in terms
of texture and mineral composition has typically been
chosen as a starting point for the formation and
evolutionary pathway of asteroid 2008 TC3. But from
many observations we have obtained in the meantime, it
is clear that the overwhelming material of asteroid 2008
TC3 was fine-grained, carbonaceous material. Thus, this
major component should stay in the focus of all
discussions on the formation of the appropriate parent
body.

Downes et al. (2008) described different kinds of
fragments (including enstatite grains) in polymict
ureilites. However, in the past, we also have studied
many polymict ureilites in detail, but we never observed
typical lithic E chondrite clasts, that is, consisting of
more than one enstatite grain or chondrule (Patzek
et al., 2018, 2019, 2020, 2021). In our view, the lack of
millimeter- to centimeter-sized E chondrite fragments in
polymict ureilites—a very abundant type of xenolith in
asteroid 2008 TC3—clearly speaks against a common
origin of polymict ureilites and 2008 TC3-like materials.
Thus, we do not agree with the idea that the diversity
of non-ureilitic materials in AhS would resemble that
material found in TPUs, and that asteroid 2008 TC3 is
a sample of loosely consolidated regolith from the same
body as TPUs (Goodrich et al., 2015, 2019; Goodrich,
Bottke, et al., 2021; Goodrich, Sanborn, et al., 2021).
Goodrich, Bottke, et al. (2021) cited that Bischoff et al.
(2006) would have noted that TPUs would contain
xenoliths from every major chondrite class (OC, EC,
RC, CC) including multiple groups (i.e., H, L, LL, EH,
EL) and petrologic types (1–6) of each; this is certainly
not correct!

The situation is different when considering only the
ureilitic fragments in polymict ureilites. In this respect,
Goodrich, Sanborn, et al. (2021) have pointed out that
polymict ureilites show the same range of ureilite types
as the ureilite collection on the whole (Downes et al.,
2008; Goodrich et al., 2004) and that this would
indicate that polymict ureilites developed on second-
generation offspring bodies rather than on the original
UPB. Consequently, we have to follow that all different
types of ureilitic lithologies were completely separated
from each other—by impact-induced fragmentation—
after the disruption of UPB and ejected into space. We
will never know how much of this material re-accreted
to form the offspring body from which the TPUs derive
and how many were formed, but we can consider that
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different follow-up parent bodies accreted with different
proportions of different ingredients. One of the second-
generation parent bodies may be the planetary object
from which the TPUs derive, while others may have
formed in locations with higher abundances of
carbonaceous materials, as found in asteroid 2008 TC3.
In this respect, the C1-dominated asteroid 2008 TC3 has
a much higher abundance of non-ureilitic materials
(considering all coarse-grained lithic clasts) compared to
<1% in previously studied TPUs (Goodrich et al.,
2014).

Horstmann and Bischoff (2014) favored the re-
accretion model for the formation of a polymict
second-generation asteroid, of which asteroid 2008
TC3 may represent a certain part, and we will not
repeat the early discussion. Herrin et al. (2010) also
suggested that the ureilitic fragments formed a debris
cloud around the former UPB and were mixed with
various chondritic materials, finally forming
“polylithologic aggregate objects such as asteroid 2008
TC3.” In all cases, the abundant fine-grained
carbonaceous material has not been considered in
these models. That certain breccias contain fragments
of various degrees of oxidation has also been noted
earlier (e.g., Patzek et al., 2018; Trigo-Rodrı́guez et al.,
2019). In general, meteorites containing foreign clasts
are often regolith breccias (e.g., Bischoff et al., 2006;
Bischoff, Schleiting, et al. 2018; Bischoff & Stöffler,
1992; Keil, 1982; Stöffler et al., 1988). In the case of
rocks from asteroid 2008 TC3, however, the absence
of solar wind gases clearly argues against a regolith
nature of asteroid 2008 TC3 and suggests that the
recovered objects were shielded at greater depth in a
larger body (e.g., Horstmann & Bischoff, 2014; Meier
et al., 2012; Ott et al., 2010; Welten et al., 2010).
Until recently, only the compact rocks were analyzed
for having solar gases. Since then, it has been found
that also the fine-grained AHS 91 stone does not
contain solar gases (Goodrich et al., 2019; Goodrich,
Sanborn, et al., 2021). Therefore, the lack of solar
wind–implanted gases in AhS 91a clearly rules out the
possibility that the fine-grained carbonaceous material
represents surface regolith. Since the CRE ages are
highly variable (~5–22 Ma; e.g., Goodrich et al., 2019;
Meier et al., 2012; Riebe et al., 2017; Welten et al.,
2010), it has to be concluded that all the samples with
the higher CRE age must have had some pre-
exposure. This may favor the re-accretion model to
form a second-generation parent body, although an
incorporation of some projectiles during the travel
through space can never be ruled out (e.g., Bischoff
et al., 2006; Keil, 1982; Trigo-Rodrı́guez, 2015). Thus,
we follow that the co-accretion of compact non-
ureilitic and ureilitic rock fragments (perhaps as

pebbles) and high abundances of fine-grained
carbonaceous C1 matter (50–100 Ma after CAIs) are
certainly favored for parent body formation over
models discussing the incorporation of non-ureilitic
fragments by late impacts into the regolith of a
second-generation ureilitic parent body. Clearly, the
formation by re-accretion requires the early existence
of a (perhaps “loosely compacted”) precursor parent
body, on which aqueous alteration took place prior to
destruction. Subsequently, such a body was
transported into (probably) inner solar system regions
where it was destroyed and where the produced
C1-dust and C1-aggregates re-accreted with
noncarbonaceous materials, which originally formed
under reducing conditions. However, we cannot
completely exclude that the C1-materials entered the
inner solar system already as dust or loosely
consolidated aggregates. These C1-materials occurring
as the dominating constituent of asteroid 2008 TC3

and those C1 clasts occurring as a component in
TPUs appear to be derived from the same original
precursor body, as revealed by data obtained by the
analyses of different isotopic systems (Goodrich et al.,
2019; Patzek et al., 2019, 2021).

CONCLUSIONS

From the AhS strewn field, 249 samples are
classified and studied in the current study. Of these, 81
(33%) are non-ureilitic samples and 168 (67%) are
samples of ureilitic origin. Among the non-ureilitic
samples are a large number of different types of
enstatite chondrites, which have not been found as
centimeter-sized clasts in typical ureilitic breccias before.
All AhS stones must be regarded as individual
specimens that originally formed independently from
each other after they have been ejected from their
original parent bodies and were incorporated into
asteroid 2008 TC3. Thus, due to the AhS event, the
number of fresh ureilite and enstatite chondrite falls in
our meteorite collections increased—in sudden bursts—
by several hundred percent. Based on spectroscopic data
and the recent identification of C1 lithologies, it is
suggested that asteroid 2008 TC3 mainly consisted of
C1 materials. All fragments studied here are somewhat
related to a reducing formation process (e.g., enstatite
chondrites and achondrites, H chondrites) or a reducing
event in their evolution (ureilitic lithologies). This may
indicate that the formation of the meteorite parent body
of asteroid 2008 TC3 occurred after the destruction of a
C1-dominated small precursor object that had
previously traveled inward from the outer solar system.
The resulting dust and a small abundance of lithic
pebbles then may have re-accreted together into the
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parent body. Now, these pebbles appear to be the—by
far—dominating recovered samples of the 2008 TC3 fall
and are classified as the AhS stones. Alternatively, the
meteorite parent body of asteroid 2008 TC3 formed
after C1 dust—which formed on a destroyed precursor
planetesimal in the outer solar system—entered the
inner solar system as dust. Anyway, considering all
mineralogical and chemical data as well as the
spectroscopic observations, we propose that asteroid
2008 TC3 was a polymict carbonaceous chondrite
breccia, specifically a polymict C1.
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Additional supporting information may be found in
the online version of this article.

Supplement S1. List of samples from the Almahata Sitta
strewn field classified in Münster with their masses and
mineralogical details (texture, important mineral
compositions).
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