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determination of its impact area: the Nubian Desert of northern Sudan, Africa. The asteroid had a pre-
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atmospheric diameter of ~4 m; its weight is reported with values between ~8 and 83 t, and the bulk
density with ~2-3 g/cm?, translating into a bulk porosity in the range of ~20-50%. Several dedicated
field campaigns in the predicted strewn field resulted in the recovery of more than 700 (monolitho-
logical) meteorite fragments with a total weight of ~10.5 kg. These meteorites were collectively named
“Almahata Sitta”, after the nearby train station 6, and initially classified as an anomalous polymict ureilite.
Further work, however, showed that Almahata Sitta is not only a ureilite but a complex polymict breccia
containing chemically and texturally highly variable meteorite fragments, including different ureilites,
a ureilite-related andesite, metal-sulfide assemblages related to ureilites, and various chondrite classes
(enstatite, ordinary, carbonaceous, Rumuruti-like). It was shown that that chondrites and ureilites derive
from one parent body, i.e., asteroid 2008 TCs, making this object, in combination with the remotely sensed
physical parameters, a loosely aggregated, rubble-pile-like object. Detailed examinations have been con-
ducted and mineral-chemical data for 110 samples have been collected, but more work on the remaining
samples is mandatory.

Detailed study of Almahata Sitta allows insights into the formation and evolution of ureilites and their
parent body. These results support the catastrophic impact disruption of the ureilite parent body and
re-accretion of the dispersed ureilitic material into second generation ureilite asteroids. Almahata Sitta
shows that different chondritic materials were present in the region of re-accretion and mixed into the
newly formed rubble-pile-like asteroid. Asteroid 2008 TC3; was part of a late-formed ureilitic second
generation body in the main belt and was liberated ~20 Ma ago, finally moving into Earth-crossing orbits
that ultimately led to its impact on Earth. The abundant samples of Almahata Sitta, fragments of Asteroid
2008 TCs, allow study of not only different types of meteorites, but offer the unique opportunity to
gain further insights into processes in the asteroid belt of our Solar System such as migration, collision,
mixing, and (re-)accretion of asteroidal bodies. Beyond that, this event has the potential to further the
understanding of the meteorite-asteroid links, which is a major goal of meteorite science.

© 2014 Elsevier GmbH. All rights reserved.
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1. Introduction

Asteroids are generally accepted to be the parent bodies of the
majority of meteorites in the world’s meteorite collections. Estab-
lishing and understanding the link between meteorites available
for study on Earth and their asteroidal parent bodies is one of the
major goals of meteorite science. However, this is quite challenging
and has, except for the Itokawa S-type asteroid and the LL ordinary
chondrites via the Hayabusa space craft (Nakamuraetal.,2011), not
been successfully demonstrated by direct sampling of asteroidal
material. Further albeit weaker links of meteorite classes and aster-
oids have been based on spectroscopic observations (e.g., Burbine
et al., 2002). The Dawn mission was designed to further elucidate
the proposed link between the largest achondrite group of HED
(howardites, eucrites, diogenites) meteorites and asteroid 4 Vesta
(e.g., McSween et al., 2010).

In October 2008, a one-of-a-kind event allowed for the first time
the study of an asteroid in space that subsequently impacted Earth
and allowed collection of numerous meteorite fragments, enabling
adirect comparison of the asteroids properties obtained via remote
sensing and detailed petrographic and mineral-chemical aspect of
its meteorite remnants: On October 6th, 2008, Richard Kowalski
at the automated Catalina Sky Survey telescope at Mt. Lemmon
Observatory (Arizona) detected a small asteroidal body at 06:39
UTC (Kowalski, 2008; Yeomans, 2008; McGaha et al., 2008; Chesley
et al., 2008). The object was designated asteroid 2008 TCs. Sub-
sequent orbital calculations predicted an impact on Earth in the
Nubian Desert of northern Sudan about 19h after the discovery
(McGaha et al., 2008; Jenniskens et al., 2009a,b; Table 1).

After its impact, field campaigns organized by Peter Jenniskens
and Muawia Shaddad (supported by staff from the University of
Khartoum) and further independent search activities resulted in the
collection of several hundred small meteorite fragments that were

Table 1
Orbital parameters of asteroid 2008 TC3 used to calculate the approach path. For
details see Jenniskens et al. (2009b).

Symbol Parameter Value

o Semimajor axis 1.308201 £ 0.000009 AU
q Perihelion distance 0.899957 4+ 0.000002 AU
Q) Argument of perihelion 234.44897 +0.00008°

Q Longitude of ascending node 194.101138 +0.000002°
i Inclination 2.54220+0.00004°

Tp Perihelion time 2008 November

20.3989+0.0001 UT

collectively named the Almahata Sitta meteorite, which is the Ara-
bic translation for the nearby train station 6 (e.g., Goodrich et al.,
2014; Jenniskens et al., 2009a,b; Bischoff et al., 2010b; Shaddad
et al., 2010). To date more than 700 specimens with a total weight
of roughly 10 kg have been collected, 25 of which (number refers
only to those for which mineral-chemical data are available) were
studied in a consortium led by P. Jenniskens. Fragments of about
80 different meteorites were investigated independently in co-
operations organized by the Institut fiir Planetologie, Miinster. A
small number of additional samples were examined by other insti-
tutions. Overall, petrographic and mineral-chemical data have been
collected for 110 samples (Table 2).

The Almahata Sitta meteorite, originally classified as a anoma-
lous polymict ureilite (Jenniskens et al., 2009b), soon turned out
to be a complex polymict breccia consisting of various ureilites
and chondrites showing a broad range of textures, mineral abun-
dances and compositions (Bischoff et al., 2010a,b). Combined with
remote sensing data, these results made asteroid 2008 TC3 a prime
example of a rubble pile asteroid, although the different lithologies
appear to be weakly welded together (Popova et al.,, 2011, and
below). This is different from the classical case of a rubble pile, in



Table 2

Compilation of mineral-chemical data for 110 Almahata Sitta samples, including ureilites, ureilite-related samples, and the various chondrite classes.

Frag-No. Frag. Mass Shock?® wP Typical grain Ol cores Ol range Px cores Px range Px (Wo) Comments Refs.
size®
Coarse-grained ureilitic fragments
AHS 1 4412¢g En61-99 1-37 range for low-Ca and 1
Ca-rich Px
AHS 4 14.592¢ Ol <200 wm, Px down to Fal3.1 Fa6.9-13.1 En78-85 2-6 1
<500 pm
AHS 15 75.536¢ Fa5.6-8.5 En83.6-84 4.8-5 schreibersite (~2.5 wt% 1,2
Ni)
AHS 22 115.32¢g Fa19.7 En79/En73.9 4.7/9.5 two distinct low-Px 3
populations
AHS 24 92.76g Fa3-7 En52 6 1
AHS 27 283.84¢g Fa14.7/14.8 En82.1/81.5 4.7/5.1 34
AHS 39 5.661g Fa17.7-21.5 Fa4.1-21.5 En74.2-47.8 6.8-7.2 low abundance of Ol 1
AHS 44 2291¢g Fa16-21 Fs28.5 111 metal (wt%): Ni=~4.9, 1-3
Co=~0.4,P=0.35,
Si=1.5
AHS 48 152.11¢g Fa13-21 only one small grain 1
AHS 54 121.22¢g Fa10-21 only one small grain 1
AHS S138 2812¢g Fa3.5-17.3 Fa17-17.3 En75-85 5-10 1
MS-16 431g S3 Wo0/1 500-800 pm Fa5-6 Fa2-6 Fs5-6 Fs5-6 3-4.5# Px-dominating; 5
4-5wt% Ni in metal
MS-153 743¢g S2 Wwo/1 100-300 pm Fa10-12 Fa8-13 Fs10-11.5 Fs3.5-11.5 4-54# Px-rich 5
MS-156 16.00g S2 wo >1 mm Fa17-19 Fa4-19 Fs11-12.5 Fs4-12.5 1-8# zoned Ol with 5
fine-grained network
of metals and FeS
MS-157 3.68g S2 Wo/1 0.8-1.2mm Fa12-13 Fa2-13 Fs10-11 Fs2-11 4.5-5# 5
MS-160 8.39g S3 WO >1 mm Fa17-19 Fa1-19 Px-poor 5
MS-162 4.74¢g S3 WO0/1 400-600 wm Fa16-18 Fal.5-18 Fs6-7 Fs2-7 4-4.5% grains up to 2.5 mm 5
MS-167 49.14¢g S3 Wo0/1 0.6-1.5mm Fa20.5-22 Fa2-22 Fs17-18.5 Fs1-18.5 11-11.5# 5
MS-169 26.29¢g S3 Wwo 300-600 pm Fal11-12.5 Fal-12.5 Fs10.5-11 Fs0.5-11 5-9# Px-rich 5
MS-170 26.81¢g S3 Wo0/1 400-800 wm Fa20-22 Fal-22 Fs17-19 Fs3-19 6-7# 5
MS-171 3435¢g S2 WO 100-300 wm Fal5-16.5 Fa5-16.5 Fs12-14 Fs9-14 2-9# variable grain size 5
MS-173 32.30¢g S3 Wo/1 0.8-1.2mm Fal1.5-13.5 Fa6-13.5 Fs10.5-11.5 Fs0.5-11.5 4.5-5.5# Px-rich 5
MS-175 746¢ S2 Wo/1 300-600 pm Fa10-12 Fa2-12 Fs8-10 Fs2-10 4.5-5# Px-rich 5
MS-178 52.27¢g S3 Wwo/1 500-800 pwm Fa10.5-12 Fa2-12 Fs10-13.5 Fs1-13 1.3-13# 6,7
MS-180 84.12g S3 wo ~600 pwm Fa12.5-17 Fa2-17 Fs10.5-15 Fs3-15 3-10# 6,7
MS-182 19.33g S2 Wo0/1 0.3-1mm Fa4.5-10 Fa3-10 Fs3-4.5 Fs0.4-4.5 1-3.5# Ol-rich 6,7
MS-183 17.49¢g S2 WO0/1 up to 2mm Fs3-7 Fs2-7 2.5-4.5# Px-rich, no Ol 6,7
MS-187 631g S2 wo 200-900 pm Fa10-11.5 Fa3-11.5 Fs10-13 Fs1.5-13 5.5-9# Px-rich 6,7
MS-193 3.18g S3 Wwo Fa13-16.5 Fa6-16.5 Fs13.5-15.5 10# 6,7
MS-194 2.77g S2 Wo 0.6-1.2mm Fa9.5-17 Fa3-17 Fs9-10.5 Fs2.5-10.5 5-8# Px-rich 6,7
MS-202 190¢g S2 wo 0.7-1.2mm Fa20-21 Fa4-21 no Px, zoned Ol with 6,7
fine-grained network
of metals and FeS
MS-204 1.03g S3 Wwo/1 0.3-1.6mm Fa17-20.5 Fa2.5-20.5 Fs14-17 Fs6-17 4.5-11# 6,7
MS-206 030g S2 wo 0.3-2mm Fa6-10 Fa2.5-10 Fs8.5-9.5 Fs2.5-9.5 5-8.5# Px-rich 6,7
MS-MU-005 13.30g 0.4-2mm Fa9-10 Fal-10 Fs7-9 Fs2-9 Px-rich this study
MS-MU-006 13.58¢g 0.4-2 mm Fa10-12 Fa4-12 Fs9-12 Fs5-12 large graphite (up to this study
~0.6 mm)
MS-MU-008 590g S2 Wo/1 0.5-1.5mm Fa15-18 Fa2-18 Fs15-16 Fs10-16 ~5# 8
MS-MU-010 9.60g S3 WO0/1 0.3-2mm Fa19-22 Fa3-22 Fs17-18 Fs1-18 ~11# Ol grains frequently 8
>1 mm
IM-UNM-1 155.5¢g Fa20 Fa3-20 Fs11 5 Ca-rich Px 9
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Table 2 (Continued ).

Frag-No. Frag. Mass Shock?® wP Typical grain Ol cores Ol range Px cores Px range Px (Wo) Comments Refs.
size®
Fine-grained ureilitic fragments
AHS 3 5.938¢g 10-20 pm Fa12-23 En78-85 2-6 termed #3-1in [1], Px 10
veins up to ~200 wm in
width
AHS 7 152¢ 10-20 pm Fa13.4-13.6 Fa7.6-16.4 En80-90 3-10 rare crystals up to 1
~1mm, augite:
En57Wo040
MS-20 355g recry. Ol WwWo/1 <30 pm Fa8-9 Fa0-9 Fs12-15 Fs0-15 1.5-8# metal-rich areas with 5
niningerite
MS-28 3792¢g recry. Ol Wwo/1 <20 pm Fa11-13 Fa3-13 Fs13-16 Fs2-16 2-6.5# 5
MS-61 16.55¢g recry. Ol WO0/1 <20 pm mainly: Fa2-19 Fs14-17 Fs3-17 3.5-7# cores in some areas 5
Fa14-16 Fa]g—19
MS-124 34.02g recry. Ol WO0/1 mostly: Fa19-21 Fa3-21 Fs16-18 Fs1-18 3-10# contains 5
<20 pm coarser-grained
fragment
MS-152 9.13g recry. Ol WO0/1 <30 wm Fa18-21 Fa2-21 Fs14-16 Fs7-16 3.5-6# reduced fragment: 5
~Fa1
MS-154 4.18¢g recry. Ol WwWo/1 <20 pm Fal1-14 Fa0-14 Fs6-8 Fs1.5-8 1-10# areas with olivine cores 5
of ~Fa_5 dominate
MS-161 4.88¢g recry. Ol Wo/1 <30 wm Fa18-19.5 Fa1-19.5 Fs14.5-15.5 Fs12-15.5 3.5-9# suessite 5
MS-165 2.63¢g recry. Ol WO0/1 <20 pm Fa15-18 Fa2.5-18 Fs12-14 Fs0-14 3-6# area with niningerite 5
MS-168 33.18g recry. Ol Wo/1 <20 pm mainly: Fa8-11 Fa0-21 Fs8-14 Fs0-14 1.5-4# areas with 5
18-20.5 mol% Fa and
Fa_s occur
MS-185 7.49g recry. Ol w1 <10 wm Fa0-1.5 Fa0-1.5 Fs8-12 Fs0.5-12 1-5.5# ultra-fine-grained, 6,7
niningerite, Ca-rich Px
MS-186 6.44¢g recry. Ol wo <20 pwm Fa17-21 Fa1-21 Fs13-14.5 Fs4-14.5 3.5-11# Ca-rich Px 6,7
MS-195 3.02g recry. Ol wo <30 wm Fa18-22.5 Fa1-22.5 no Px 6,7
MS-198 1.82g recry. Ol Wwo/1 <50 wm Fa14-19 Fa0.5-19 Fs15.5-25.5 Fs2.5-25.5 0.5-5.5# 6,7
MS-203 1.30g recry. Ol wo <30 pm Fa21-24 Fa6-24 Fs16.5-18.5 Fs4-18.5 0.5-3# 6,7
MS-MU-001 9.50g recry. Ol <10 pm Fa19-22 Fa9-22 Fs17-20 Fs9-20 this study
AS-H109 recry. Ol Fa2-15 Fs19 Fs3-19 1.3-5.6 4
IM-UNM-2 2440g Fal2-18 Fs9 5 Ca-rich Px 9
Fine-grained ureilite fragments with variable grain sizes
AHS 53 95.342¢g Fa14-21 Fs19 Fs25-28 6-7 only average Px cores 11
MS-25 1.59g S3 Wo/1 50-500 pm Fa15.5-16.5 Fa0.5-16.5 Fs14-14.5 Fs2.5-14.5 0.5-10.5# Px-rich, relics of large 6,7
Ol and Px
MS-184 7.83g S2 wo 50-700 pm Fal1-13.5 Fa7.5-13.5 Fs10-11.5 Fs9-11.5 3.5-5.5# Px-rich 6,7
MS-188 5.12¢g S3 W1 Fa13-19 Fa2.5-19 Fs11-12 Fs4.5-12 2-75 Ca-rich Px 6,7
MS-190 4.39g S2 Wo/1 50-500 wm Fal1.5-21 Fal.5-21 Fs17.5-21 Fs2.5-21 0.5-12.5# Px-rich, Ca-rich Px 6,7
MS-191 4.13¢g recry. Ol WO0/1 Ol <30 wm, Px Fa17.5-23 Fa3-23 Fs18-20 Fs4-20 3.5-6# grain size: Px> 0], 6,7
<500 wm Ca-rich Px
MS-205 0.64¢g recry. Ol Wo/1 <30 wm and Fa19-22.5 Fa3-22.5 Fs14-17 Fs6.5-17 0.5-10.5# 6,7
30-100 pum
MS-MU-004 1032g 0.4-1.0mm Fa~22 Fa2-22 Fs~20 Fs3-20 Px-rich this study
Ureilite fragments with unknown texture
AHS 29 55.417¢g Fs17-19 11 only average Px cores 1,11
AHS 32 13040¢g Fa18-21 Fs8 1,11
AHS 33 76.444¢g Fs9.5 only average Px cores 11
AHS 36 57.88¢g Fa2-10 En86.6/82.3 5.0/9.2 only average Ol, two 1,3

distinct low-Px
populations
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Table 2 (Continued ).

Frag-No. Frag. Mass Shock? wb Typical grain Ol cores Ol range Px cores Px range Px (Wo) Comments Refs.
size©
Ureilite fragments with unknown texture
AHS 49 61.149¢g Fa21 only one small grain 1
AHS 50 25312¢g Fa21 only one small grain 1
AHS 51 20.197¢g Fs8.5-18 9 only average Px cores 3,11
Metal-sulfide dominated fragments with ureilitic portions
MS-158 9.05g recry. Ol WO0/1 <20 pm Fa17-20 Fa10-20 not analyzed data for the 5,12
fine-grained portion
MS-166 3.25g recry. Ol Wo0/1 up to 120 pm Fa12-14 Fa2-14 Fs13-15 Fs2-15 coarse-grained Ol 5,12
inclusion; Ni-rich
metals
Ureilite-related
andesite
MS-MU-011 24.20g plagioclase-rich rock 13
(andesite), see text for
details
S
Frag-No. Frag. Class Shock* WP Ol (av.) Ol (range) Px (av.) Px (range) Sulfides Metal Comments Refs. ?:3,:
Mass - - 4
Ni (wt%) Si (wt%) §
Enstatite chondrites ‘;
AHS 16 EL6 Fs1 Fs0.4-3.1 tro, ferroan ala <1.24 1 o
AHS 41 EH5 or EH6 Fs2.9 Fs1.4-4.9 tro <2.93 1 Z
AS-H32 EL6 Fs0.21 tro, old, 0.75 4 é’:
ferromagnesian ala <
MS-D 17.34¢ EL6 S2 WO0/1 Fs<0.3 old, tro, keil, ala 5.5-7.1 0.7-0.9 breccia, Zn-rich 512 %
sulfide El
(Rudashevskyite?) o
MS-7 8.73¢g EL5/6 S2 WO0/1 Fs<0.3 old, tro, keil 6.9 0.8 breccia? 5 3
MS-13 5.02g EH IMR* S3 Wo0/1 Fs0.6+0.4 Fs0-1.6 old, tro, nin, keil 5.5-7.5 2.4-2.7 shock-darkened 512 %’_
MS-14 4.69¢g EH3 S3 Wwo/1 Fs2.9+3.7 Fs0-13 old, tro, dau, nin 3.5-6.5" 24-33  perryite, 5,12 2
schreibersite »
MS-17 422¢g EL3/4 S2 WO0/1  Fa0.2 (1 Fs0.5+0.3 Fs0-1 old, (Zn-)ala, tro, 4.3-8.4" 0.2-0.9  sinoite, 512 S
grain) rare keil schreibersite 5
MS-52 18.17¢g EL6 S2 Wo/1 Fs<0.3 tro, old, ala, keil 6.4-7.2 0.7-0.9 Zn-rich sulfide 512 N
(rudashevskyite?) P
MS-79 14.71¢g EL6 S2 WO Fs<0.4 tro, old, ala 6.4 0.9 5 é
MS-150 2546¢g EL IMR* S2 Wo/1 Fs<0.3 old, tro, keil, dau 6.3 15 schreibersite 5,14
MS-155 3.11g EH IMR* S3 WO0/1 Fs0.44+0.2 old, tro, nin, keil 47-7.3 2.7-4.8 shock-darkened 5
MS-163 9.94¢ EH IMR* S2 Wo/1 Fs1.1+0.6 Fs0.1-1.9 tro, keil, nin, old 6.5 33 shock-darkened 5
MS-164 8.90¢g EL3/4 S2 Wo Fs0.4+0.5 Fs0-2 tro, old 5.6-7.2 1.2-14  schreibersite 5,12
MS-172 4552¢g EL IMR* S2 Wwo/1 Fs<0.3 tro, keil, old, ala 6.5-7.3 1.1-1.2 5,12
MS-174 12.24¢ EL6 S2 WO/1 Fs<0.3 tro, old, ala, keil 6.3 0.8 breccia 5
MS-177 19.02g EL3 S3 Wwo Fs0.6+1.3 Fs0-8 tro 6.9 0.6 Ca,Al-rich inclusion 6,15
MS-179 8.70g EL3-5 Fs0.8+1.2 Fs0.1-12.3 ala, tro, old 6.4 0.6 breccia 6
MS-189 4.89¢g EL3 S2 WO0/1  Fa0.1(1 Fs0.7 £0.5 Fs0.2-2.3 ala, tro, old 6.2 0.7 6,15
grain)
MS-192 4.18¢g EH4/5 S2 W1 Fs0.4+0.3 Fs0.1-1.5 tro, nin, old, djer 6.1 6,15
MS-196 296¢g EL5 S3 w1 Fs0.3+0.3 Fs0.1-1.4 tro, old 6.8 1.7 6,15
MS-200 2.56¢g EL3/4 S2 w1 Fs0.6 £0.9 Fs0.1-4.6 tro, old 7.2 1.2 6,15
MS-201 1.99¢g EL5 S2 WwWo/1 Fs0.6 +£0.5 Fs0.1-2.2 tro, old 5.8 1.4 6,15
MS-MU-002 3.00g EL3 Fa0-1.5 Fs0-7 tro, old, ala, keil 1.4 Ol in chondrules this study
MS-MU-003 15.40¢g EL breccia tro, old, keil 1.7 this study
MS-MU-007 15.57g EL6 S2 Wwo/1 Fs0.3 tro, old, nin 7.3 0.9 graphite 6,8
aggregates, sinoite
MS-MU-009 14.30g EH4/5 S2 Wwo/1 Fs1.2 tro, old, nin 5.8 33 6,8

€51



Table 2 (Continued ).

Frag-No. Frag. Class Shock? wb Ol (av.) Ol (range) Px (av.) Px (range) Sulfides Metal Comments Refs.
Mass Ni (wt%) Si (wt%)

Ordinary chondrites

AHS 25 22195¢g H5 S3 Fa18.1+0.4 Fa17.7-18.2 Fs16.2+0.4 Fs16.7-28.4 tro martensite with 1,4
14.1 £5.0wt% Ni

AHS A100 11.356g L4 Fa24.2 Fa23.6-25.5 Fs21.6 Fs18.6-23.9 tro 1

MS-11 6.88g H5/6 S3 WO0/1 Fa16.5 Fs14 tro 7.6 <0.2 Co in metal: ~0.8; 5
shock-melted areas

MS-151 478¢g H5 S2 Wo/1 Fa20.5 Fs17.5 tro 8.2 <0.1 Co in metal: ~0.7; 5
shock-darkened

MS-197 245g LL4/5 S3 wo Fa29.9 Fs23.4 tro 15

Carbonaceous chondrite

MS-181 58.6g CB, W0 Fa3-4 Fs2.7+1.1 Fs0.9-5.9 Cr-bearing tro 6-8, rarely up troilite: 6,16

to 31 0.6-10.8 wt% Cr,

tiny Ni-rich metal
grains

Rumuruti-like chondrite

MS-CH 5.68¢g unique S2 WO0/1 mainly: Fa19-38 Fs144+75 Fs3-26 tro mainly:~38; <0.2 matrix: ~40vol% 17

Fa35-37 Co:~2

2 Shock metamorphism determined based on the classification schemes for ordinary and enstatite chondrites by Stoffler et al. (1991) and Rubin et al. (1997); recry. Ol =recrystallized olivine.

b Weathering grade W0/1 (Wlotzka, 1993) assigned based on the slight brownish taint in restricted areas of the thin section as observed in transmitted light.

¢ For the coarse-grained ureilitic fragments the grain size determination can only be a rough estimate, because of the limited sample size. In some cases only a few grains were available.
#) only Px cores;
*)Horstmann (2013) suggests a re-classification of at least some of these samples as non-IMR (see this reference for details).

§ Metal in MS-14 and MS-17 has small, micron-sized Ni-rich patches with Ni concentrations up to ~24 wt% and ~12 wt%, respectively.
Please note that ureilite samples characterized as “porous” and “compact” in Zolensky et al. (2010b) are listed here as fine-grained and coarse-grained, respectively. tro = troilite, ala=alabandite, old = oldhamite, keil = keilite,
nin = niningerite, dau=daubreelite, djer=djerfisherite. Sample locations: MS and MS-MU =Institut fiir Planetologie, Miinster; AHS = Collection Almahata Sitta Consortium; AS-H =Haberer-Meteorites; IM-UNM = Institute of
Meteoritics, Albuquerque. References: (1) Zolensky et al. (2010b); (2) Goodrich et al. (2010a); (3) Ross et al. (2011a); (4) Warren and Rubin (2010); (5) Bischoff et al. (2010b); (6) Horstmann et al. (2012a); (7) Roggon (2012);
(8) Treutler (2013); (9) Hutchins and Agee (2012); (10) Mikouchi et al. (2010b); (11) Herrin et al. (2010b); (12) Horstmann (2013); (13) Bischoff et al. (2013a); (14) Hoffmann et al. (2012b); (15) Hain (2012); (16) Bischoff et al.
(2012); (17) Horstmann et al. (2010).
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which the different fragments are bonded by gravitation, which is
negligible in the ~4 m sized asteroid 2008 TCj.

In addition to a detailed examination of the various Almahata
Sitta meteorites with respect to their (thermal) histories, the study
of meteoritic breccias such as Almahata Sitta - as reviewed by, e.g.,
Bischoff et al. (2006) - are of considerable importance for unrav-
eling the formation and evolutionary pathways of both meteorites
and asteroids. As noted by Bischoffetal. (2010b), “the existence and
abundance of foreign and exotic fragments in meteorites give some
measure on the degree of mixing among asteroids in the aster-
oidal belt.[...] The relative abundance of different types of material
in different meteorite breccias may reveal something about the
abundance of certain materials at different times and places in the
asteroid belt.” Mixing of chondritic and achondritic material fur-
ther allows to place constraints on (at least relative) time-scales of
asteroid formation, also hinting at the late accretion of such bodies.

The present review paper attempts to compile all research per-
formed on the Almahata Sitta meteorites and asteroid 2008 TCs.
However, particular emphasis will be placed on the mineralogical
and chemical characterization of the large variety of different types
of meteoritic material found among the Almahata Sitta individuals,
the division of which is partly adopted from earlier publications
(Bischoff et al., 2010b; Horstmann et al., 2010).

The compiled data will be used to extract information on the
formation and evolutionary pathway of asteroid 2008 TCs, its late
parent body accretion by mixing of different types of meteoritic
ingredients, and the ureilite parent body, in particular.

2. Discovery of asteroid 2008 TC3, studies in space, and its
atmospheric entry

After asteroid 2008 TC3 was detected in space on October 6th,
2008, numerous worldwide astronomical observations enabled
very precise determinations of its orbit and impact trajectory and
site on Earth (Table 1; Fig. 1a). This allowed to constrain the impact
location: the Nubian Desert of northern Sudan, North Africa (Fig. 1b;
e.g., McGaha et al., 2008; Jenniskens et al., 2009a,b; Shaddad et al.,
2010).

The impact was observed by several eyewitnesses in Wadi Halfa
at the Sudanese border to Egypt and at a train station, named
Station 6, in the Nubian Desert between Wadi Halfa and Khar-
toum (Figs. 1b and 2), that described a “rocket-like fireball with
an abrupt ending” (Jenniskens et al., 2009b). Some detailed reports
from eyewitnesses are given in Shaddad et al. (2010); e.g., atten-
dant Abdel Moniem Magzoub from Station 6 heard a sound about
2-3min after the fireball observation and saw the dust cloud pro-
duced by the fireball for 10-15 min. Additionally, the pilot of a
plane flying over Chad in more than 1000 km distance saw several
light flashes at the time the asteroid exploded (Kwok, 2009). Aster-
oid 2008 TCs3 traveled from the geodetic longitude of 31.80381°E
and latitude of +20.85787°N at an altitude of 50 km to 32.58481°E
and +20.70569°N at 20 km altitude (Jenniskens et al., 2009b). More
details on the approach trajectory are given by Shaddad et al.
(2010).

The more than 500 astronomical observations at about 60 differ-
ent locations on Earth before the asteroid entered the Earth’s umbra
revealed information on the object’s brightness variations. Its
absolute visual magnitude at the equatorial aspect in the Johnson-
V-band was determined, which is a measure of the asteroid’s size
(Pravecand Harris, 2007; Jenniskens et al., 2009b). Using the objects
Johnson-V-band geometric albedo of 0.046 & 0.005, measured for
the dark phase of the object, the determined absolute visual mag-
nitude of 30.9 £ 0.1 translates to an asteroid diameter of4.1+0.3 m
(Jenniskens et al., 2009b). If a low density of the meteorite samples
of about 2.3 g/cm?3 is assumed (see also below), a pre-atmospheric

Impact trajectory of 2008 TC, on October 7, 2008
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Fig. 1. (a) Calculated trajectory of asteroid 2008 TC; on October 7th, 2008,
as seen from the sun (redrawn after http://neo.jpl.nasa.gov/news/2008tc3.html;
accessed 08/12/2013). (b) Map of Sudan and adjacent countries (compiled from
maps.google.de and de.wikipedia.org/wiki/Sudan; accessed 08/12/2013). The black
box outlined (not to scale) shows the predicted impact area with the strewn field
of asteroid 2008 TCs. A detailed image of the strewn field is shown in Fig. 2. The
terrestrial globe inlay at the left bottom highlights Sudan in Africa.

mass of the bolide of 83 4+25t can be calculated, having a kinetic
energy of the impact in the range of (6.4 + 1.9) x 109 J at 50 km alti-
tude (Jenniskens et al., 2009b). Scheirich et al. (2010) constrained
the volume of the asteroid to 25 + 10 m3, corresponding to an aver-
age radius of 1.8 +0.2 m. Based on the measured concentrations
of cosmogenic radionuclides, Welten et al. (2010a) determined an
effective radius of 300 g cm~—2 (radius x density). With the absolute
radius of 1.8 m determined by Scheirich et al. (2010), this value cor-
responds to a bulk density of 1.66 +0.25 g/cm3, and a bulk porosity
of 50 & 7%, resulting in a total mass of about 41 t for asteroid 2008
TCs.

A calibrated light curve was obtained before the meteoroid
impacted Earth from over 1700 images of the asteroid (Kozubal
et al., 2011; Fig. 3). Using the light curve characteristics and tak-
ing several other physical parameters into account (e.g., kinetic
energy), Kozubal et al. (2011) estimated the asteroid to be ~4.1m
in diameter, 28 m3 in volume, and 51 t in mass. Further constraints
on the size, mass, and density can be found in Section 6.3.

Scheirich et al. (2010) studied the shape and rotation of aster-
oid 2008 TC3 and found that the rotational and precession periods
were 99.20 and 97.00s, respectively. These authors also found
“two approximately mirror solutions of orientation of its angular
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Fig. 2. Map of the fall location of asteroid 2008 TC3 in the Nubian Desert, northern Sudan. The black arrow represents the direction of the asteroid’s fireball and the position
of final detonation is shown with the star. Red spots indicate the exact positions of all meteorites recovered and listed with coordinates in Shaddad et al. (2010). The yellow
line shows the local train track with Station 6 labeled, after which the meteorite is named. Basic background image modified after Google Earth. Data from Shaddad et al.
(2010) were converted and imported into Google Earth. Figure based on Jenniskens et al. (2009b).
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Fig. 3. Unfiltered V-band light curve for asteroid 2008 TCs, corrected for atmospheric extinction. Figure modified after Kozubal et al. (2011).

momentum vector” and they revealed its shape using convex mod-
eling of photometric data: The shape of the asteroid had an axial
ratio of approximately 1:054:036.

Sensors onboard U.S. government satellites detected the impact
of the asteroid first at 02:45:40 UT (Brown, 2008; Chesley et al.,
2008). Borovicka and Charvat (2009) wrote that the fireball was
captured in the 2:45 UT images in four near infrared channels at a
height of 45 km and in eight mid-infrared channels at a height of
33 km. Based on satellite observations, the object was first discov-
ered at about 65 km altitude after its atmospheric entry and then
started to disintegrate at an altitude of ~46-42 km. The final deto-
nation that destroyed the bolide took place at an observed height
of about 37 km (Jenniskens et al., 2009a,b). The weather satellite
Meteosat 8 took a picture of the impact location right at the moment
of its final detonation and the coordinates were reported as 32.16°E
longitude and +20.97°N latitude (Fig. 4a; Borovicka and Charvat,
2008). The altitudes of detonation determined correspond to ram
pressures of only 0.2-0.3 MPa (~46-42 km) and 1MPa (~37 km),
respectively (Jenniskens et al., 2009b), pointing to rather fragile
material constituting asteroid 2008 TC3. Given the impact condi-
tions, it was not expected that any of the obviously very fragile
material would survive the flight through the atmosphere and
reach the Earth’s surface (Jenniskens et al., 2009b). According to the
fireball PE-criterion (Ceplecha and McCrosky, 1976), the object’s

final parameters would rather argue for cometary debris than aster-
oidal or meteoritical material. Jenniskens et al. (2009b) mentioned
that the unusual Tagish Lake C2 meteorite that fell in Canada in
2000 was similar in its parameters to asteroid 2008 TCs, but pene-
trated much deeper into the atmosphere, breaking up at 40-29 km
altitude, and continuing ablation until 27 km altitude (Brown et al.,
2002).

The mid-infrared channels of Meteosat 8 and 9 also detected
two dust clouds in the atmosphere at altitudes of 44 and 36 km,
resulting from the disruption of the asteroid in the atmosphere
(Fig. 4b; Borovicka and Charvat, 2009). Independently, Jenniskens
et al. (2009b) measured a dust cloud altitude of ~35-42 km. At 45
and 37.5 km heights the fireball had a brightness of —18.8 and —19.7
mag, respectively, and a color temperature of 36504+ 100K at an
altitude of 45 km (Borovicka and Charvat, 2009). It was also found
that at first the dust cloud (Fig. 4b) was made of re-condensed amor-
phous silicates and that some minutes later the silicates in the dust
cloud, having a total mass of 3100 + 600 kg, were largely crystalline.
Borovicka and Charvat (2009) suggested that at this time the sili-
cate smoke temperature exceeded 1000 K and that much more cold
dust particles totaling up to about 10 t were produced during the
atmospheric entry. From the radiated energy they estimated a total
mass of 35-65t and an asteroid 2008 TC3 bulk porosity of about
50%, based on the altitude of fragmentation.
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Fig. 4. (a) Meteosat 8 thermal photograph of the impact location of asteroid 2008
TCs in the Nubian Desert, Sudan. The bright yellow spot (highlighted with cir-
cle) illustrates that the image was taken right at the time the asteroid detonated
at an altitude of ~37km. The spectrum on the right gives the picture’s color-
code with the temperature in Kelvin (Figure modified after http://asima.seti.org/
2008TC3/images/Meteosat8impact.jpg, accessed 08/12/2013). (b) Photograph of
the lingering trail/dust cloud of asteroid 2008 TC; over northern Sudan taken at
early dawn October 7, 2008 (http://apod.nasa.gov/apod/ap081108.html, accessed
08/12/2013).

3. Recovery of fragments from Asteroid 2008 TC3
(=Almahata Sitta samples)

Several systematic field campaigns in the strewn field along
the calculated trajectory unexpectedly revealed numerous mete-
orite fragments that survived the explosion (Fig. 2). The strewn
field searched has a size of about 30 km x 7 km (Jenniskens et al.,
2009a; Shaddad et al., 2010). During the first of these campaigns
(December 5-8th, 2008), 15 fresh-looking meteorites with a total
mass of 563 g were found by a group of 45 students and staff from
the University of Khartoum (Jenniskens et al., 2009b). After only
2 hsearch, student Mohammed Alameen discovered the first mete-
orite fragment on December 6, 2008. A second search (December
25-30th, 2008) with 72 participants revealed 32 additional frag-
ments. The total of 47 meteorites had a weight of ~3.95 kg, with
individual samples weighing between 1.5 and 283 g, spread along
the approach path (Jenniskens et al., 2009b). In March 2009, a third
field campaign raised the total number of meteorite fragments to
about 250 (Zolensky et al., 2009). Later, official expeditions led to a
total of more than 600 fragment finds, most of which are typically
very small (0.2-379 g), totaling ~10.5 kg (Shaddad et al., 2010). The
~10kg meteoritic material represent about 0.012% of the aster-
oids initial mass, given the mass of about 83 425 t from Jenniskens
et al. (2009b). Meteorite fragments from the Almahata Sitta strewn
field were also found by independent search campaigns in July and

October 2009 and later. Eighty-two of these fragments were inves-
tigated at the Institut fiir Planetologie in Miinster (e.g., Bischoff
et al,, 2010a,b; Horstmann et al., 2012a; Horstmann, 2013).

All meteorite fragments are now designated as “Almahata Sitta”
(Weisberg et al., 2009), which is the Arabic name for Station 6
(20°45.207'N; 32°32.946'E), a railway station between Wadi Halfa
and Abu Hamad (Shaddad et al., 2010) and, thus, the closest named
locality in the fall region in the Nubian Desert (Fig. 2).

4. Mineralogy and petrology of Almahata Sitta fragments
4.1. General overview

After the first sample of Almahata Sitta was studied petro-
logically and chemically (sample No.7=AHS 7 in this study), the
meteorite was classified as a fine-grained, anomalous polymict
ureilitic breccia (Fig. 5, Jenniskens et al., 2009b). After additional
samples were studied, it soon emerged that abundant fragments of
typical coarse-grained ureilites and various types of different chon-
dritic lithologies were also among the fragments collected in the
strewn field (e.g., Bischoff et al., 2010a,b, 2012, 2013a,b; Zolensky
et al., 2010a,b; Horstmann et al., 2010, 2012a; Horstmann and
Bischoff, 2010a,b; Rumble et al., 2010a,b; Kohout et al., 2010a,b;
Shaddad et al., 2010). Considering the physical, chemical, and
mineralogical-textural properties of these samples, it was found
that they are remarkably heterogeneous - as a collection of mete-
orites from a single asteroid impact. All samples, both chondritic
and ureilitic recovered, showed a fresh and unweathered appear-
ance. Furthermore, short-lived cosmogenic radionuclides of two
chondritic fragments (MS-D and MS-CH) from the strewn field
proved that these meteorites also belong to the Almahata Sitta
meteorite shower (Bischoff et al., 2010a). This led Bischoff et al.
(2010a) to call Almahata Sitta a polymict “breccia containing many
different ureilitic and chondritic lithologies”. The results of Bischoff
etal.(2010a,b) were confirmed by other workers (e.g., Kohoutetal.,
2010b; Shaddad et al., 2010; Zolensky et al., 2010b; Welten et al.,
2011; Meieretal.,2010,2012). Kohout et al. (2010b) estimated that
about 50% of their 60 samples studied could be of non-ureilitic ori-
gin, whereas, considering hand specimen properties, Shaddad et al.
(2010) estimated ~20-30 mass% non-ureilitic samples among the
collected rocks. They found that this percentage is similar among
the large (~100 g) as well as among the small (~1 g) fragments. 30
chondrites (~36%) were found among the 82 samples examined
at the University of Miinster (e.g., Bischoff et al., 2010a,b, 2013a,b;
Horstmann et al., 2010, 2012a).

Considering the main data sets on the mineralogical classifica-
tions (110 samples compiled in Table 2), which may not be totally
representative (e.g., Bischoff et al., 2010b, 2013a,b; Zolensky et al.,
2010b; Horstmann et al., 2010, 2012a), the different lithologies will
be briefly described according to their abundances.

Most abundant are coarse-grained (compact) ureilitic litholo-
gies (38 samples), followed by fine-grained, porous ureilitic rocks
(19 samples). Eight of the fine-grained ureilites show variable grain
sizes and often appear dark, similar to AHS 7. Another seven ureilite
samples have unspecified textures. In two fragments described as
“metal-sulfide assemblages with enclosed ureilitic portions”, sul-
fide and metal are the dominating constituents (Bischoff et al.,
2010b). One sample with ureilitic oxygen isotope characteristics
is a plagioclase-rich rock, an andesite, most likely representing a
crustal rock of the ureilite parent body (Bischoff et al., 2013a,b).
Enstatite chondrites of both types (EH and EL of different petro-
logic type) and with highly variable textures are the most abundant
chondritic samples (28 specimens; EL: 21;EH: 7; Table 2). Subor-
dinate, several H, L, and LL group ordinary chondrites (5 samples)
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Fig. 5. Overview of the first fragment no.7 of Almahata Sitta (AHS 7) analyzed and characterized by Jenniskens et al. (2009b). (a) BSE image of the fragment showing high- and
low-porosity lithologies, and large carbonaceous inclusions (white arrows). (b) Low-porosity area with rounded grains, carbonaceous areas (C) and pores (P). (c) Close-up of
a pore containing euhedral to anhedral olivine and pyroxene grains that are presumably vapor-phase deposits. (d) Large carbonaceous aggregate (C) with small troilite and
kamacite grains (bright spots) surrounded by high-porosity (P) silicates. Figure modified after Jenniskens et al. (2009b).

have been recognized, as well as one carbonaceous (CB;) and one
Rumuruti (R)-like chondrite (Table 2).

4.2. Mineralogy and petrology

4.2.1. Ureilitic fragments — textural aspects

Ureilites are typically coarse-grained asteroidal mantle restites
dominated by olivine and pyroxene (e.g., Mittlefehldt et al., 1998).
Almahata Sitta ureilites (Figs. 6 and 7) comprise a wealth of
grain sizes, textures, and mineral compositions, and several dis-
tinct samples were examined (e.g., Zolensky et al., 2009, 2010a,b;
Jenniskens et al., 2009b; Herrin et al., 2009, 2010a,b; Bischoff et al.,
2010a,b; Horstmann and Bischoff, 2010a, Warren and Rubin, 2010;
Mikouchi et al.,2010a,b; Horstmann et al.,2011a,b, 2012a; Table 2).
Jenniskens et al. (2009b) described AHS 7 (Fig. 5) as an anomalous
polymict ureilite, which served as a basis for the Almahata Sitta
meteorite classification (Jenniskens et al., 2009b; Weisberg et al.,
2009). In addition, Zolensky et al. (2009, 2010b) and Herrin et al.
(2009) described “black” and “white” lithologies. The black lithol-
ogy comprises porous and friable, fine-grained stones addressed
as fragmental (polymict) breccias with subrounded mineral frag-
ments, and olivine- and pyroxene-dominated clasts embedded
in a cataclastic matrix (Zolensky et al., 2009), which will collec-
tively be referred to as fine-grained here, following Bischoff et al.
(2010a,b). The white lithology is more compact and coarse-grained
and also described as coarse-grained by Bischoffetal.(2010a,b) and
Horstmann et al. (2012a).

Zolensky et al. (2010a) reported initial ranges of silicate com-
positions from 19 different Almahata Sitta ureilites (Note that they
were unspecified with respect to specimen number at that time,
but later detailed in Zolensky et al., 2010b) and found a large
range of chemical compositions, forming a single trend of near

constant molar Mn/Fe-ratio at low Fe compared with other ure-
ilites. Zolensky et al. (2010b) found that the abundance of pyroxene
(mainly pigeonite) is generally larger than that of olivine and sug-
gest to call Almahata Sitta a pigeonite-olivine ureilite.

The remaining paragraph will be further subdivided to sep-
arately describe (a) coarse-grained ureilites, (b) fine-grained
ureilites, (c) dark ureilites and/or those with variable grain size,
(d) ureilitic metal-sulfide assemblages, and (e) a ureilite-related
andesite.

4.2.1.1. Coarse-grained ureilites. Coarse-grained ureilites in Alma-
hata Sitta (Fig. 6) have been mineralogically examined by,
e.g., Zolensky et al. (2009, 2010a,b), Herrin et al. (2009,
2010a,b), Bischoff et al. (2010a,b), Horstmann et al. (2012a), and
Hutchins and Agee (2012). They were found with variable modal
(olivine/pyroxene ratios) and chemical compositions (Table 2).
Both olivine-rich (the majority of samples) and pyroxene-rich ure-
ilitic fragments (e.g., MS-16, MS-169, MS-MU-004) were identified.
[Please note that the apparent modal proportions may be signif-
icantly biased by limited sample size. Hence, they might not be
entirely representative of the host lithology.] Olivine-rich coarse-
grained ureilites (Fig. 6) show grain-sizes up to several millimeters,
whereas pyroxene-rich samples typically have grain sizes signifi-
cantly below 1 mm (Table 2). Similar to other ureilites, Almahata
Sitta coarse-grained ureilites are often characterized by reduction
rims around olivine (and sometimes pyroxene), sprinkled with
numerous tiny Fe metal grains (Fig. 6e, f). Chemically, the coarse-
grained Almahata Sitta ureilites cover much of the full composi-
tional spectrum previously known from ureilites (e.g., Mittlefehldt
et al.,, 1998; Goodrich et al., 2004) and range from Mg-rich (e.g.,
MS-16: Fas_g; MS-182: Fs3_45) to much more Fe-rich silicate core
compositions (e.g., MS-167: Faygs5_22; MS-170: Fs17_19; Table 2).



M. Horstmann, A. Bischoff / Chemie der Erde 74 (2014) 149-183 159

Fig. 6. Almahata Sitta coarse-grained ureilites. (a) MS-204, (b) MS-178, and (c) MS-180 have the typical coarse-grained ureilite texture of large olivine (and pyroxene) grains.
Individual olivine grains can reach sizes up to several millimeters. (d) Ureilite MS-202 has an unusual internal texture with worm-like inclusions of metal and minor sulfide.
Olivine is zoned from ~Fayp_; to ~Fas next to the metal inclusions. (a-d) Optical photomicrographs, crossed polarizer. (e) and (f) BSE images of coarse-grained ureilites
MS-169 and MS-170 illustrating the reduction textures typical of ureilites. Olivine is commonly characterized by reduced, Fo-rich rims (arrows) sprinkled with numerous

tiny metal grains originating from reduction of FeO from the silicate.

Among the coarse-grained rocks, several unique textures were
found. MS-156 and MS-202, for example (Bischoff et al., 2010b;
Horstmann et al., 2012a), show zoned olivine (Fa.g_19) hosting
a complex network of sulfide and metal in the reduced portions
(Fig. 6d). MS-171 (Bischoff et al., 2010b) exhibits a highly mosai-
cized texture, similar to textures in LaPaz Icefield (LAP) 03587 and
Larkman Nunatak (LAR) 04315 (Warren and Rubin, 2010).

4.2.1.2. Fine-grained ureilites. Fine-grained ureilites from the
Almahata Sitta collection (Fig. 7a-d) have been studied by, e.g.,
Jenniskens et al. (2009b), Bischoff et al. (2010a,b), Zolensky et al.
(2009, 2010a,b), Herrin et al. (2009, 2010a,b), Mikouchi et al.
(2010a,b), Warren and Rubin (2010), Horstmann and Bischoff
(2010a), Ross et al. (2011a), Hutchins and Agee (2012), Horstmann
(2013), and Horstmann et al. (2013b). This type of rock is
characterized by strongly recrystallized (polycrystalline) and typ-
ically strongly reduced mineral assemblages for both olivine
and pyroxene, and considerable porosity (up to ~40%). Some
of the fine-grained, porous rocks are dominated by pyroxene
(Zolensky et al., 2010a), others are rich in olivine (Bischoff et al.,
2010b; Warren and Rubin, 2010). The textures were described as

granoblastic and mosaicized (Zolensky et al., 2010a,b; Mikouchi
et al., 2010b) with very small (10-20 wm) grains of olivine and
pyroxene. In addition, pyroxene is present as an interstitial phase
between euhedral olivine grains. In AS-H109, Warren and Rubin
(2010) described texturally similar areas with an olivine microp-
orphyritic melt texture in which individual, recrystallized olivine
grains are typically <30 wm in size, and in many cases even
<20 wm, showing an interstitial filling of Ca-rich pyroxene (Fig. 7d).
Frequently, some relic grains of olivine and/or pyroxene can
be found, with olivine showing the typical zoning known from
coarse-grained ureilites. Mikouchi et al. (2010a,b) refer to other
polycrystalline ureilites such as Havero, Y-74154, and ALH81101
for similar textures. Chemically, the fine-grained ureilites com-
prise arange of silicate compositions, which are generally similar to
those in coarse-grained ureilites (Table 2). However, the reduced
compositions down to Fag are prevailing. One ultra-fine-grained
rock (MS-185: <10 wm grain size) was found with strongly reduced
olivine giving maximum fayalite of 1.5 mol% (Table 2; Horstmann
etal., 2012a).

Jenniskens et al. (2009b) described rare zoning in olivine,
larger-sized carbonaceous aggregates, a fine-grained texture, high
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Fig. 7. Almahata Sitta fine-grained ureilites. (a) MS-186, (b) MS-195, and (c) MS-205 are typical examples of recrystallized fine-grained ureilites, which are believed to
have formed via so-called impact smelting (Warren and Rubin, 2010). MS-186 and MS-195 are characterized by very small grain sizes (typically <30 wm), often showing an
olivine microporphyritic texture as in (d): Rounded olivine grains with an interstitial Ca-rich pyroxene-like filling and opaques (metal and minor FeS, white) are common,
replacing former coarse-grained olivine as shown in Fig. 6. MS-205 is a fine-grained ureilite showing variable grain sizes (<30-100 wm), resulting from different degrees of
overprinting of the host rock (see text for details). (a-c) Optical photomicrographs, crossed polarizer; (d) BSE image. (e) Optical photomicrograph (crossed polarizer) of the
MS-188 “dark” ureilite. Islands of relic silicate (mainly pyroxene) occur in a “matrix” of strongly reduced and recrystallized olivine. This is further illustrated in (f) showing
the high abundances of numerous tiny metal grains dispersed in olivine and almost metal-free pyroxene in MS-25 of similar textural type.

metal content, and high porosity with possible vapor-phase min-
eral growth of olivine in the AHS 7 fine-grained ureilite (Fig. 5).
Polycrystalline olivine has Fag_15 and minor CaO (0.15-0.51 wt%)
and Cr,03 (0.03-1.58 wt¥%), low-Ca pyroxene (Fs;Wos-Fs17Woy)
with 0.33-1.02 wt% Cr,03, pigeonite (Fs15Wo05-Fs;gWo1q; Cry03:
0.72-1.11wt%), and kamacite (FeggyNiggg-FeggsNig4). Further
phases include troilite having up to 4.3 wt% Cr and rounded pyrox-
ene grains containing an abundant Fe-rich nanophase (Jenniskens
et al., 2009b; Zolensky et al., 2009, 2010a).

Zolensky et al. (2009, 2010a) and Herrin et al. (2009) described
fine-grained ureilites (their black lithology) as consisting of mm-
scale clasts or enclaves of fine-grained (10-40 wm) porous (up to
40%) olivine-dominated and pyroxene-dominated sublithologies.
The former are more homogenous in their mineral composi-
tions than the latter. Their boundaries are sometimes only poorly
defined, but often separated by assemblages of metal, sulfide,
and a carbon-phase and/or voids (Herrin et al., 2009). Zolensky

et al. (2009) noted that although the range of silicate compo-
sitions is characteristic of ureilites, it is unusually broad for an
individual ureilite. Furthermore, they reported that olivine does not
exhibit prominent zoning (as in coarse-grained ureilites), whereas
pyroxene shows reduced rims where it is in contact with silica
(Herrin et al., 2009). The pores in, e.g., AHS 7, were found coated
with anhedral to euhedral crystals of olivine (Faj;_15), similar in
composition to the remaining fragments (Fig. 5c¢; Zolensky et al.,
2010a). Additionally, spherules of kamacite and botryoidal masses
of troilite can occur in the pores. Tomographic analyses revealed
that “the pores define thin, discontinuous ‘sheets’ connected in
three dimensions” (Zolensky et al., 2009, 2010b). They probably
outline grains that have been incompletely welded together with
the crystals in the pores, possibly being vapor phase deposits. In
consequence, Almahata Sitta could represent “an agglomeration of
fine-grained, incompletely reduced pellets formed during impact,
and subsequently welded together at high temperature” (Zolensky
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etal., 2009). Zolensky et al. (2010a) found a foliation in AHS 7 based
on a preferred orientation of metal and suggested that it is probably
related to the genesis of this fragment.

Mikouchi et al. (2010a,b,c) performed FIB-TEM investigations
of pyroxene (mg#=~92) in the fine-grained ureilite AHS 7. They
conclude that the fine-grained pyroxenes (10-20 p.m), both low-Ca
and high-Ca, showing a mosaicized texture must have crystallized
at very high equilibration temperatures (1240-1280°C). Addition-
ally, some areas in the pyroxene show augite exsolution lamellae
(10-15nm wide) in pigeonite (see also below).

The fine-grained ureilites (e.g., AS-H109, MS-20, MS-165, MS-
168) were also found to host large Si-bearing metal grains (up to
~4.5wt% Si; Warren and Rubin, 2010; Horstmann et al., 2013b),
in addition to low-Si Fe,Ni and Fe metal, and niningerite (Mg-rich
sulfide), compositionally similar to those typical of E chondrites and
enstatite achondrites (Bischoff et al., 2010a,b; Warren and Rubin,
2010; Horstmann et al., 2013b).

Herrin et al. (2009) concluded that the textures observed in
Almahata Sitta fine-grained ureilites (e.g., Fig. 7a and b) result
from reduction processing. Warren and Rubin (2010), in provid-
ing a detailed examination of fine-grained ureilites, concluded
that this type of lithology with its variable but distinct texture
and mineralogy formed via so-called impact smelting of a former
coarse-grained ureilite along with the final catastrophic disrup-
tion of the ureilite parent body (UPB). Horstmann et al. (2013b)
found evidence for metallic melt fractionation in fine-grained ure-
ilites (see below) and concluded that niningerite was formed via
sulfidation of silicates during impact smelting.

4.2.1.3. Dark ureilites and ureilites with variable grain sizes.
Zolensky et al. (2009, 2010b) and Jenniskens et al. (2009b)
described AHS 7 as a breccia having mafic silicate fragments of
variable grain sizes. Also, Bischoff et al. (2010b) and Horstmann
et al. (2012a) described several ureilites showing variable grain
sizes (an example is shown in Fig. 7c): some domains are variably
fine-grained (generally <50 wm). Some domains exhibit larger crys-
tals (up to ~700 wm). Some of these rocks were also classified as
breccias (MS-190, MS-191, and MS-205; Horstmann et al., 2012a),
similar to the original classification routine (e.g., Zolensky et al.,
2009, 2010a,b; Jenniskens et al., 2009b). However, these ureilites
are more likely heterogeneously overprinted (impact-smelted?)
former coarse-grained ureilites, resulting in variable grain size and
relic (coarser-grained) minerals.

Some ureilites (e.g., MS-25 and MS-190) appear dark in trans-
mitted light and mainly exhibit a strongly reduced mineralogy (e.g.,
MS-25: down to Fag 5; Fig. 7e and f) sprinkled with numerous tiny
inclusions of mainly Fe metal and minor FeS (Horstmann et al.,
2012a; Roggon, 2012). Only some pyroxene and olivine grains of
variable size appear as relics in the reduced ground mass, often
largely unaffected by reduction (highest Fa and Fs values). The
reduced minerals also show smaller grain sizes (down to ~50 wm)
than the relic grains (up to ~700 wm; Fig. 7e and f). However,
we cannot completely exclude that some of the samples have a
monomict fragmental character due to re-processing (e.g., frag-
mentation) upon impact.

4.2.1.4. Ureilitic sulfide-metal assemblages. Unusual sulfide-metal
assemblages (Fig. 8) with fine-grained ureilite material (MS-
158, MS-166, and AHS 33) have been described and analyzed
(Bischoff et al., 2010a,b; Horstmann et al.,, 2011b; Ross et al,,
2011a,b; Horstmann, 2013). These samples are dominated mainly
by rounded metal grains several hundred microns across that often
form clusters embedded in large masses of FeS (Fig. 8; Bischoff
et al,, 2010a,b). Hence, they are texturally generally similar to
metal-sulfide objects in chondrites and sulfide-rich meteorites.
Fine-grained ureilite material is typically enclosed in FeS and only

Fig. 8. Almahata Sitta sulfide-metal assemblages (a) MS-158 and (b) MS-166 shown
in BSE images. Both samples are fully crusted individuals showing rounded (zoned)
metal grains (M) sometimes forming clusters, embedded in large masses of troilite
(S). Minor fine-grained silicate material (Sil) with ureilite composition can be found
enclosed in predominantly troilite and subordinate in metal as shown in the upper
left of (a).

rarely in metal (Fig. 8). The metal grains show Ni zoning: typi-
cally low-Ni cores (~8-10wt% Ni) are surrounded by a sharply
developed Ni-rich rim (up to ~39wt%). Some grains, however,
were found with somewhat continuous, though not ideal concen-
tric zoning. Horstmann et al. (2011b) concluded that the zoned
metal formed via fractional crystallization with the large masses
of FeS representing the remaining metallic liquid. However, fur-
ther detailed in situ siderophile trace element measurements of
metal and FeS in combination with bulk chemical analyses of one
fragment (MS-166) revealed a rather complex history for MS-158
and MS-166 (Horstmann, 2013). It appears that mainly residual
metal (with some domains related to fractional crystallization) was
invaded by a S-rich metallic melt and reacted with each other
forming the Ni-rich rims via diffusion. Hence, MS-158 and MS-
166 cannot represent the missing S-rich metallic melt thought
to be involved in ureilite petrogenesis, although they might con-
ceivably be matched with mixed metallic melt on the UPB or as
successor body (Horstmann, 2013). However, atmospheric repro-
cessing affecting the texture of the sample during atmospheric
passage cannot be excluded. Ross et al. (2011a,b) examined another
sulfide-metal assemblage, AHS 33. The siderophile trace element
systematics yield highly variable and grain-dependent results.
The fully crusted MS-166 fragment was found with an unusual,
highly porous fusion crust rich in wiistite (Fe;_,0) that formed by
oxidation/desulfurization mainly of FeS during atmospheric pas-
sage (Horstmann et al., 2012b,c, 2013a). In situ siderophile trace
element systematics revealed an imprint of elemental partitioning
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Fig. 9. Almahata Sitta MS-MU-011 andesite. (a) Optical photomicrograph of a thin
section with crossed polarizer. The rock is dominated by feldspar (~70 vol%, mainly
gray)and subordinate Ca- and low-Ca pyroxene (colored domains). Feldspar appears
as large, often lath-shaped grains, but also more anhedral grains occur. (b) BSE
image showing details of the typical texture of MS-MU-011. Feldspar (Fsp, fre-
quently zoned) dominates with domains of Ca-pyroxene (Cpx) associated with
low-Ca pyroxene (Px). Ca-rich pyroxene is typically characterized by many inclu-
sions, whereas these are rare in low-Ca pyroxene. Nicely developed Cl-apatite laths
(Ap) occur as one type of accessory phase. Among the remaining bright phases in
(d) are mainly ilmenite and Fe, Cr, Ti-spinel.

influenced by oxygen in a metallic melt, previously undocumented
by laser ablation-inductively coupled plasma-mass spectrometry
(Horstmann et al., 2012b,c, 2013a).

4.2.1.5. Ureilite-related andesite. First results on the mineralogy,
mineral chemistry, and oxygen isotope composition of a feldspar-
rich fragment, MS-MU-011, Fig. 9) were presented by Bischoff et al.
(2013a), describing the rock as a basalt based on its texture. How-
ever, the bulk chemistry revealed that it is an andesite (Bischoff
et al., 2013b; submitted).

On the basis of its greenish color, this 24.2 g specimen was,
although having a fusion crust, at first considered as a doubt-
ful meteorite specimen. Thin section inspection (Fig. 9) revealed
abundant feldspar (anorthoclase, plagioclase; ~70vol%) includ-
ing subhedral, zoned plagioclase laths (~Anjg_s5) embedding
Cr-bearing Ca-pyroxene (~Fs3g_21Wo03g_37, Cry03: ~1 wt¥%), and Ca-
poor pyroxene (~Fs35_37Wo07_19; Bischoff et al., 2013a). In most
cases the molar Fe/Mn ratio of pyroxene was 15-20 (Bischoff
et al., 2013a). As minor phases, euhedral laths of Cl-apatite, whit-
lockite, ilmenite, Ti, Cr, Fe-spinel, FeS, and metal were identified.
The metal grains are basically Ni-free. Bischoff et al. (2013a) also
described rare pockets of fine-grained FeS-Fe-metal intergrowths
(up to ~30 pm). Due to fast cooling, SiO,-normative meltinclusions

(~4.5 wt% K,0) were formed within large crystals (e.g., pyroxene;
Fig. 9b). Fine-grained intergrowths of albitic plagioclase (An_1g),
skeletal pyroxene, and a SiO,-normative melt (with up to 4.5 wt%
K,0; perhaps glassy) occur in the interstices between the major
minerals and can also be ascribed to fast cooling. Cohen et al. (2004)
described feldspathic fragments in polymict ureilites which, based
on texture, mineralogy, and mineral chemistry, are similar to MS-
MU-011. Bischoff et al. (2013a) suggest that MS-MU-011 is the first
large sample representing material from the crust of the ureilite
parent body.

4.2.2. Ureilitic fragments — mineralogical and chemical aspects
4.2.2.1. Opaque phases. Ross et al. (2011a) performed 2D analyses
of Almahata Sitta ureilite thin sections and 3D X-ray computed
tomography scanning of probe blocks to study the modal abun-
dance and appearance of metal, including grain boundary metal,
metal inclusions in silicates, and secondary reduction metal. They
found that metal shows a large variation in both modal abundance
and textural appearance between different samples: AHS 22, for
example, has ~1.8 vol% metal (grain boundary metal <35 wm in
width), whereas AHS 44 has ~3.4 vol% metal of much larger grain
size (>250 wm). Welten et al. (2010a) estimated 0-13.5 wt% metal
in six ureilites (AHS 1, 4, 15, 36, 44, and 47) based on the correlation
of bulk Fe and Ni.

Metal in ureilitic samples AHS 15 and 44 was investigated by
Goodrich et al. (2010a). The textures suggest that metal was shock
(s)melted in AHS 44, but not in AHS 15. Metal in AHS 44 is com-
positionally relatively homogeneous (Ni: 4.9 + 0.3, Co: 0.38 +£0.03,
P: 0.35+0.09, Si: 1.5+ 0.4, in wt%) and in the range of other ure-
ilites. AHS 44 reveals internal crystalline textures: Schreibersite
occurs as pm to sub-pm grains on the edges of metal that itself
is depleted in P (by ~0.2%) near these gains. Metal also contains
many rounded pits. Electron backscatter diffraction (EBSD) of one
metal area shows elongated laths of kamacite with an unidentified
interstitial phase. In the olivine-augite-orthopyroxene assemblage
of AHS 15, metal (1.6 wt% Ni, 0.12 wt% Co, 0.8 wt% P, 0.03 wt% Si)
contains many large (~10-60 pwm) schreibersite grains (~2.5 wt%
Ni). Calculation of equilibrium temperatures in the Fe-Ni-P sys-
tem from coexisting metal and schreibersite suggest ~700 °C from
Niand Pin AHS 15 and ~550 °C from P in AHS 44, but Ni contents in
the latter were not on equilibrium tie lines (Goodrich et al., 2010a).
Siderophile trace element patterns are similar to those in other
ureilites.

Mikouchi et al. (2011, 2013) analyzed metal in AHS 1, AHS 7,
and AHS 44 by means of EBSD and TEM. In AHS 1 and AHS 7, large
vein and small scattered Fe-metal grains were studied and revealed
that almost all metal is bbc kamacite («-Fe) of variable grain size
(5-100 wm). Vein metal along silicate grain boundaries (~500 pm
long)in AHS 44 shows a large diversity of textures and phase assem-
blages (see above). Some intergrowths for example show elongated
laths (up to 30 wm long) of cohenite, confirmed via EPMA and EBSD.
Fe-metal in this type of intergrowth shows small amounts of y-Fe
(fcc) in addition to kamacite, not resolvable by SEM-BSE. Mikouchi
etal. (2011) attribute the small amount of y-Fe in AHS 44 either to
fast cooling by shock melting or shock re-melting of pre-existing
metal and graphite forming eutectic-looking textures. Mikouchi
et al. (2013) performed TEM studies on one grain boundary metal
from AHS 44 and found laths of a-Fe (with a tweed-like texture),
whereas interstitial areas are y-Fe, suggesting the formation of two
iron phases by the martensite transformation. In contrast, metals
in AHS 1 and AHS 7 show no cohenite and y-Fe; these might have
experienced different thermal histories (Mikouchi et al., 2011).
Additionally, Aoyagi et al. (2013a,b) studied metal grains in AHS 44,
AHS S138, and AHS H1 and observed the parageneses of a-Fe and
v-Fe (+ schreibersite) as well as the assemblage of a-Fe, y-Fe, and
cohenite (+ schreibersite). So far, cohenite has never been observed
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in grain boundary metal in typical coarse-grained ureilites and,
therefore, Aoyagi et al. (2013a) suggest that local re-melting of
different amounts of primary metal + graphite + Fe phosphide (+ Fe
sulfide) would be responsible for the observed assemblages in AHS
44 and AHS S138. The large metal studied in AHS H1 has a core of
pure a-iron and a periphery consisting of a complex combination
of multiple phases (Aoyagi et al., 2013b).

Ross et al. (2011b) studied different types of metal in ureilites
AHS 7,15, 22, 27, 36, and 44 with respect to petrography and geo-
chemistry. They also examined one H5 chondrite (AHS 25) and
one sulfide-metal assemblage (AHS 33). Texturally, EBSD mapping
revealed that metal in AHS 7, 22, and 44 is made up of differ-
ent sub-grains, some of which show internal deformation. In situ
siderophile trace element systematics in AHS 7, 36, and 44 are in
accordance with high degrees of metallic melt extraction (60-80%),
similar to other ureilites. AHS 15, 22, and 27 metal differs from other
ureilites by indicating lower degrees of metallic melt extraction.
AHS 27 metal additionally has unusually high Ni (up to 11.3 wt%)
and almost chondritic highly siderophile element ratios, distin-
guishing it from any other previously measured ureilite.

Warren and Rubin (2010) described and analyzed large Si-
bearing metal grains in AS-H109 (up to ~4 wt% Si), and Horstmann
etal. (2013b) studied in detail large Si-bearing metal grains in fine-
grained ureilites MS-20, MS-165, and MS-168. Following Warren
and Rubin (2010), they concluded that the metal largely formed
along with impact smelting of the parent lithologies. In situ
siderophile trace element analyses revealed two distinct metal
populations in MS-20 and MS-168: residual metal as observed
in many other coarse-grained ureilites (MS-168), and metal with
a partial melt signature previously unknown from any ureilite
(MS-20). Horstmann et al. (2013b) concluded that this most likely
indicates solid metal-liquid metal fractionation along with the final
catastrophic disruption of the ureilite parent body, but they cannot
rule out that this is a primary feature from ureilite petrogenesis.

Hochleitner et al. (2010) examined the mineralogy of opaque
phasesin AHS 39 and found up to five metal phases of different com-
positions, mainly showing variations in Fe, Ni, Si, and Co. Hoffmann
et al. (2011a) reported four different types of kamacite in AHS
39 (Fe: 90.95-95.24 wt%, Ni: 1.22-4.31 wt%, Si: 0.22-3.86 wt%, Cr:
0.13-0.18 wt%, P: 0.37-0.52 wt%). One type of kamacite (kamacite
I; Fe: 90.95wt%, Ni: 4.31wt%, Si: 3.86 wt%, Co: 0.20 wt%, minor
P and Cr), “builds up the large sheets between silicate grains”
(Hochleitner et al., 2010; Hoffmann et al., 2011a). They conclude
that the high Co in this type of kamacite distinguishes it from all
other metal phases they analyzed, having Co below detection limit;
it might be of extraneous origin and was probably introduced by a
Ni-poor iron meteorite impactor. Troilite (Cr: 1.20 wt%, Si: 0.86 wt’%,
Mn: 0.22 wt%, Ni: 0.04 wt%) and Cr-rich troilite (up to 6.8 wt% Cr,
0.39wt% V) have been indentified in AHS 39 carbon-rich veins,
and daubreelite (2.27 wt% Mn, 0.42 wt% V) was also found in the
carbon-rich veins intergrown with troilite and some tiny troilite
grains occur within olivine.

4.2.2.2. Diamonds and other C-rich phases. Diamond and aliphatic
carbon were found in AHS 7 (Jenniskens et al., 2009b). Miyahara
et al. (2013) described a huge single diamond crystal (~100 pwm)
intergrown with graphite based on SEM-EBSD studies. Also, dia-
monds and related phases were further investigated by Ross et al.
(2010, 2011c) using microRaman map images and single spec-
tra. They compared the change in peak center wave number and
full-width at half-maximum to terrestrial diamond to infer the
formation style and history of diamond in Almahata Sitta. The pres-
ence of lonsdalite (hexagonal diamond) might be indicated by the
larger peak shift away from terrestrial kimberlite diamond. Raman
spectra of diamond in brecciated and unbrecciated ureilites are
undistinguishable. However, diamond in Almahata Sitta is different

from other, both brecciated and unbrecciated ureilites. Ross et al.
(2011c) found that diamond in AHS 7 shows a peak center range
0f 1318.5-1330.2 cm~! and a full width at half maximum (FWHM)
range of 6.6-17.4cm~!, which would represent a shock pressure of
at least 60 kbar. Shock processes have been discussed as the most
likely origin of ureilite diamond formation (e.g., Vdovykin, 1972;
Bischoff et al., 1999; Grund and Bischoff, 1999). Ross et al. (2011c¢)
also found amorphous carbon in Almahata Sitta and graphite that
shows a G-band peak center range of 1569.1-1577.1cm~! and a
G-band FWHM range of 24.3-41.6 cm~!. They suggest that these
data would represent formation temperatures of 990+ 120°C.

4.2.3. Chondritic fragments - textures and mineral characteristics

A highly variable collection of chondritic meteorites covering
various chondrite classes was identified among the finds in the
asteroid 2008 TCs-Almahata Sitta strewn field (Figs. 10-12). Overall
35 rocks were described in more detail regarding mineralogy and
chemistry (Bischoff et al., 2010a,b; Horstmann et al., 2010, 2011a,
2012a; Horstmann and Bischoff, 2010a,b; Zolensky et al., 2010b;
Warren and Rubin, 2010; El Goresy et al., 2011, 2012). The results
are compiled in Table 2.

4.2.3.1. Enstatite chondrites. A wealth of different enstatite (E)
chondrites was found among the Almahata Sitta samples repre-
senting distinct lithologies (Fig. 10). Both ELand EH chondrites were
identified; petrologic types range from primitive type 3 (e.g., MS-14
EH3) to highly metamorphosed rocks (e.g., MS-D EL6) (Table 2).

Bischoff et al. (2010a,b) and Horstmann et al. (2012a) described
various E chondrites covering almost all petrologic types (types 3,
3/4, 6, impact melt rocks and breccias), showing diverse textures of
their silicate and especially opaque constituents (Fig. 10). Several
rocks were found with metal nodules (described previously from
other E chondrites) that are either complex intergrowths of metal
and minor sulfide, perryite/schreibersite, and/or silicates, or metal-
silicate assemblages in which euhedral enstatite and/or sinoite
laths are intergrown with metal (Si-bearing kamacite; Bischoff
etal.,2010a,b; Horstmann, 2013; Fig. 10b and d). Numerous sulfide
(e.g., niningerite, alabandite, keilite, oldhamite, troilite) and metal
chemistries in various E chondrites are listed in Horstmann (2010,
2013). Zolensky et al. (2010b) also briefly mentioned one EL6 and
one EH5/6 chondrite among their samples examined.

El Goresy et al. (2011, 2012) and Lin et al. (2011) performed a
detailed mineralogical and chemical study of EL3 chondrites MS-
17 and MS-177. [Note that these works listed the classification
of MS-17 more precisely as EL3, compared to EL3/4 in Bischoff
et al. (2010b).] Two distinct oldhamite populations were identified
in MS-17: (a) matrix oldhamite with schreibersite inclusions and
(b) amoeboid grains in chondrules. Oldhamite rare earth element
patterns have a negative Eu anomaly and are distinct from EH3 old-
hamite. El Goresy et al. (2011) conclude that the different settings
and appearances of oldhamite (with and without inclusions) indi-
cate different fO, at their formation via condensation reactions. Lin
et al. (2011) explained the paragenesis of oldhamite, sinoite, and
graphite in MS-17 as the earliest solid condensate. El Goresy et al.
(2012) studied similar assemblages of sinoite, graphite, and old-
hamite associated with metal nodules in MS-17 and MS-177. Based
on C and N isotopic compositions, and rare earth element system-
atics of oldhamite, they concluded that these assemblages formed
via condensation (sequence: oldhamite — sinoite — graphite) and
are clearly not products of impact melting. This conclusion was
challenged by Horstmann (2013) who showed that the metal in
primitive EL3 MS-17 is of melt origin (see below).

Horstmann et al. (2011a) and Horstmann (2013) reported on
rare earth element abundances in oldhamite and keilite from E
chondrites MS-14, MS-17, MS-52, MS-155, MS-159, MS-164, and
MS-D. Oldhamite in MS-14 (EH3) is similar to that in other EH3
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Fig. 10. Almahata Sitta enstatite chondrites. (a) Optical photomicrograph of the MS-189 EL3 chondrite showing the primitive, chondritic texture. (b) BSE image of MS-14
(EH3) showing the high abundance of opaque phases and its complex texture. Various sulfides (S, medium gray phases) such as troilite, oldhamite, niningerite, and daubreelite
occur in addition to metal nodules (M, white). The nodules show complex internal textures with inclusions of, e.g., perryite, schreibersite, and/or troilite. (c) Overview of
the MS-79 EL 6 chondrite (optical photomicrograph, crossed polarizer). The rock is metamorphosed and recrystallized blurring the chondritic fabric. (d) BSE image of the
MS-13 EH IMR. Similar to MS-14, various sulfides (S) occur. Metal (M) typically occurrs as compact objects of kamacite with lath-shaped enstatite enclosed or apparently
growing into the metal from the matrix, forming so-called metal-silicate intergrowths. (e) Detailed image of one fragment in the MS-179 EL3-5 breccia (optical photograph).
(f) Overview (optical photomicrograph) of one MS-179 thin section illustrating the various lithologies/fragments in this rock. Some fragments appear recrystallized (e.g.,

white areas), other domains show a chondritic fabric.

chondrites and has positive Eu and Yb anomalies or rather flat pat-
terns. MS-17 (EL3/4), MS-164 (EL3/4), MS-52 (EL6), MS-D (EL6),
and MS-159 (EL IMR) all show negative Eu anomalies in oldhamite,
with the difference of an overall flat pattern in the case of EL3/4s
and a convex-upward pattern for EL6 and EL IMR samples. Enrich-
ments of REE in oldhamite range from ~30 to 200 x CI, but are
typically around 100 x CI. Oldhamite in MS-155 (EH IMR) has a flat
REE pattern without any anomalies. Keilite in MS-159 (EL IMR) and
MS-D (EL6) exhibits a fractionated pattern (heavy REE enriched
to ~15-20 x CI) with negative Eu anomaly (<1.5 x CI) and light
REE depletion (<4 x CI). Horstmann (2013) analyzed metal grains
of different textural appearance in nine E chondrites by means
of laser ablation-inductively coupled plasma-mass spectrometry.
He found that with progressive metamorphism, metal composi-
tional variability generally approaches the average bulk E chondrite
metal compositions of Kong et al. (1997). Several, samples (e.g.,
MS-14, MS-155, and MS-164) were found with clear indications
for a partial melt origin. Particularly for MS-14 (EH3) and MS-164

(EL3/4), this is an interesting observation because it argues against
the condensation origin of metal in primitive E chondrites, as sug-
gested by El Goresy et al. (2012) and Weisberg et al. (1997, 2013).
Basically, Horstmann (2013) showed, based on Almahata Sitta E
chondrites, that metal nodules in E chondrites, irrespective of its
textural appearance and petrologic type of the host rock, are dis-
tinct from metal condensate signatures. Furthermore, textural and
mineral chemical constraints also argue against the preferred in situ
impact melt origin of metal-silicate assemblages found in many
primitive EL chondrites (e.g., Van Niekerk and Keil, 2011, and refer-
ences therein), but argues in favor of a pre-accretionary melt origin
of these objects. This suggests that at least some Almahata Sitta
fragments earlier described as impact melt rocks (IMR; Bischoff
et al., 2010b) might be re-classified as unmelted rocks.

4.2.3.2. Ordinary chondrites. Several ordinary chondrites were
recovered from the Almahata Sitta strewn field (Fig. 11a and
b), which some authors originally considered to be unrelated to
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Fig. 11. Almahata Sitta ordinary and Rumuruti-like chondrites. (a) MS-197 LL4/5
chondrite (optical photomicrograph, crossed polarizer). (b) BSE image of the MS-
11 H5/6 chondrite containing large metal grains (white). (¢) Unique Rumuruti-like
chondrite MS-CH (type 3.8), showing abundant chondrules and high matrix abun-
dance (~45 vol%). Optical photomicrograph of a thin section.

Almahata Sitta (e.g., Rumble et al., 2010a). Bischoff et al. (2010b)
reported mineral compositions of one shock-darkened H5 (MS-
151) and one H5/6 chondrite (MS-11, Fig. 11b) containing
shock-melted areas. AHS 25 was identified as another H5 chondrite
showing metal with martensite composition (~14 wt% Ni; Zolensky
et al.,, 2010b; Warren and Rubin, 2010). MS-197 is an LL4/5 chon-
drite (~Fazg, ~Fso3; Fig. 11a, Table 2), but note that the MS-197
sample was mislabeled in Horstmann et al. (2012a) as L4/5. Frag-
ment AHS A100 was classified as L4 (~Fayg4, ~Fs1g; Zolensky et al.,
2010b).

4.2.3.3. Rumuruti-like chondrite fragment. A unique fragment (MS-
CH; Fig. 11c; Table 2, Horstmann et al.,, 2010; Horstmann and
Bischoff, 2010a) was discovered showing many characteristics typ-
ical of Rumuruti (R) chondrites (Bischoff et al., 1994, 2011). It is
an olivine-rich rock (Fass_37) of petrologic type 3.8 +£0.1, weighing
5.68 g. The average oxygen isotope composition is close to the range
of R chondrites (see below; Horstmann et al., 2010). The matrix
abundance is ~45vol% and the mean chondrule size is ~450 pwm.

a metal

.

sil

Fig. 12. Almahata Sitta Bencubbin-like chondrite MS-181 (CB,). (a) Overview of a
MS-181 slice illustrating the high abundances of metal (total metal ~60 vol%). Inter-
stitial portions (mix) show silicates in complex intergrowths with smaller metal
grains [see (c) for details]. Silicates also occur as larger polymineralic grains of differ-
ent textural type (total silicates ~40 vol%). (b) Reflected light image showing a typical
close-up of the metal-rich portion of MS-181. Metal commonly appears with inter-
stitial FeS containing variable amounts of Cr (arrows). Dark areas are silicates. (c)
BSE image of a typical portion of the material interstitial to the large metal globules
and the silicate portions. Silicate fragments and chondrules are mainly surrounded
by a silicate-rich rim dispersed with numerous metal spherules. Metal shows again
interstitial FeS (arrows).

Several altered spinel-rich Ca,Al-rich inclusions were identified.
The equilibrated R chondrites are characterized by a lack of metal
and high FeO-concentrations in silicates (e.g., olivine with Fasg_40;
Bischoff et al., 2011). Several characteristics, however, distinguish
MS-CH from this class of highly oxidized chondrites, e.g., the higher
abundances of metal (~2.5vol%) or the absence of magnetite and
platinum-group element-rich phases such as sulfides, tellurides,
and arsenides, making it a unique chondrite with affinities to R
chondrites.

4.2.3.4. Carbonaceous chondrite. The CB, chondrite MS-181 weigh-
ing 58.6¢g is a metal-rich rock (~60vol%) and contains silicates
(~40vol%; Bischoff et al., 2012; Fig. 12) of various textures similar
to those described by Krot et al. (2007) and Rubin et al. (2003) for
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CB-chondrites. Large kamacite globules (up to ~8 mm) have highly
variable abundances of Cr-bearing FeS-inclusions (0.6-10.8 wt% Cr)
of different morphologies (Fig. 12a and b). The sub-textures in metal
are similar to those in Gujba (Krot et al., 2007). Kamacite has mainly
6-8 wt% Ni, ~0.5-0.9wt% Co, and traces of P (~0.4wt%), and Cr
(<0.4 wt%); rarely, tiny metal grains contain up to ~31 wt% Ni. Sil-
icates also occur as spheroidal or ellipsoidal globules in complex
intergrowths with smaller metal grains interstitial to the large ones.
The silicates occur as chondrules of different textural type (e.g.,
cryptocrystalline, barred, and porphyritic) and fragments that are
mainly surrounded by a silicate-rich rim dispersed with numerous
metal spherules (Fig. 12¢). MS-181 pyroxene is Fs; 7.1.1Wo03.1129 0N
average with a total range of Fsgg_59W0q7-108, olivine has Faz—4,
and Ca-pyroxene gives Fsi1.35W0350_468. Ca-pyroxene shows
variable Al contents (7.6-12.8 wt% Al,03).

5. Bulk chemical and isotopic compositions of Almahata
Sitta subsamples

5.1. Bulk composition

Based on the occurrence of different types of chondritic and
achondritic fragments and their variety of lithologies, a reliable
bulk composition of asteroid 2008 TC; and of the Almahata Sitta
meteorite cannot be obtained. Instead, only the bulk compositions
of individual fragments can be determined. So far, only a few frag-
ments have been analyzed (Jenniskens et al., 2009b; Friedrich et al.,
2010; Meadni and Taha, 2011; Table 3). Jenniskens et al. (2009b)
found that AHS 7 has bulk trace element compositions similar to
those of many ureilites, with REE patterns possessing a distinct neg-
ative Eu anomaly and general abundances between 0.1 and 0.6 x CI.
Fragment AHS 7 is one of four samples analyzed (AHS 4, 7, 15, 47),
all of which have ureilitic compositions (Friedrich et al., 2010): The
highly refractory siderophile elements are similarly enriched in the
four samples, whereas the more volatile elements indicate larger
variability (Table 3). In fragment AHS 15, the heavy REE concentra-
tions reach ~Cl-values. In all patterns which show a negative Eu
anomaly, the light REE are depleted relative to the heavy REE and
the abundances are typically between 0.01 and 0.3 x CI. Further-
more, the Cl-normalized siderophiles and moderately siderophile
elements typically fall in the same range as those of ureilites pre-
viously analyzed, with a greater variability of the more volatile
siderophile elements. Considering other trace elements, the mean
Cl-normalized concentrations of the four highly volatile elements
Bi, Te, Se, and Cd show a relatively flat trend with a mean value
of 0.050+0.002 x CI, and that Zn is significantly enriched relative
to the other volatile elements, approaching CI concentrations in
fragment AHS 47 (mean Cl-normalized Zn of all four fragments:
0.53+0.32). The analysis of AHS 27 by Meadni and Taha (2011)
revealed a very high Fe concentration of 44.6 wt%, which certainly is
not consistent with the characterization of AHS 27 being an ureilitic
rock (Shaddad et al., 2010).

5.2. Oxygen isotopes

Oxygen isotope compositions of 35 different Almahata Sitta
fragments and mineral phases in several samples were determined
by Jenniskens et al. (2009b), Bischoff et al. (2010b, 2012, 2013a,b),
Rumble et al. (2010a,b), Horstmann et al. (2010, 2012a), and
Kita et al. (2011). The results of the bulk samples are listed in
Table 4 and illustrated in Fig. 13. Many of the samples analyzed
clearly fall along the same trend as known ureilites (parallel to the
CCAM line, Fig. 13), but others have oxygen isotope compositions
more similar to those of E chondrites. As shown above, these
data mirror the EL and EH groups. Some oxygen isotope analyses

Table 3
Bulk composition of four fragments of Almahata Sitta ureilite meteorites. Data from
Friedrich et al. (2010).

Element Unit AHS 7¢ AHS 4 AHS 15 AHS 47
Li pgg! 17 1.0 0.95 1.3
Na mgg! NA 0.26 0.76 0.26
Mg wt% NA 245 20.9 211
Al wt% NA 0.262 0.477 0.148
P mgg! NA 0.74 16 0.49
K mgg! NA <0.03 <0.03 <0.03
Ca wt% NA 1.05 423 0.87
Sc pgg! 9.0 9.2 202 7.8
Ti negg! 274 175 676 126
\Y ngg! 84 87 118 88
cr mgg! NA 418 3.34 5.02
Mn mgg! 3.06 3.72 3.66 2.7
Fe wt% NA 10.7 9.99 16.3
Co ngg! 240 35 55 150
Ni negg! NA 604 828 1890
Cu pgg! 12 11 8.2 8.2
Zn pgg! 105 154 88 307
Ga pgg ! 42 1.9 35 3
As negg! 1.0 1.0 <0.3 1.1
Se pgg ! 1.0 15 0.9 08
Rb ngg! 255 19 <15 37
Sr ngg! 551 613 1900 104
Y ngg! 610 380 2600 180
zr ngg! 470 100+ 20 1500 100
Nb ngg-! 180 20 30 30
Mo ngg! 1600 110 300 300
Ru ngg! 300 <1340 380 NA
Ag ngg! 30 40+10 20 30
cd ngg! NA 35 NA NA
In ngg! NA <3 NA NA
Pd ngg! 140 30 60 60
Sn ngg-! 210 30+10 20 60
Sb ngg! 100 <25 20 <18
Te ngg! 120 140 70 120
Cs ngg! 19.2 0.4 2 2.5
Ba ngg! 247 43+12 421 273
La ngg! 27 5.1 50 4.2
Ce ngg! 58 17 130 10
Pr ngg! 9.5 3.9 35 1.5
Nd ngg! 48 27 254 6.7
Sm ngg! 24 16 160 4
Eu ngg! 5.6 5.1 22 0.8
Gd ngg! 43 29 270 8.6
Tb ngg! 10 71 62 2.5
Dy ngg-! 66 50 347 17.9
Ho ngg! 19 13 90 5.8
Er ngg! 65 42 259 21
Tm ngg! 13 8.1 42 4.7
Yb ngg! 81 54 256 35
Lu ngg! 18 12 47 8.1
Hf ngg! 14 5 53 3
Ta ngg! 0.5 0.08 0.6 0.1
w ngg-! 300 1145 35 24
Re ngg! 65 5 7 48
Ir ngg-! 700 50 90 340
Pt ngg! 1000 70 100 500
Tl ngg! NA <9 NA NA
Bi ngg! <2 <8 6 NA
Th ngg! 2.5 0.3 8.2 12
U ngg! 0.9 0.2 8.4 0.6

2 Trace element results reproduced from Jenniskens et al. (2009b) for comparison.
NA =not analyzed.

clearly fall in the fields of ordinary H and L chondrites (Fig. 13).
One fragment revealed oxygen isotope compositions similar to
those of the highly oxidized R chondrite group (sample MS-CH;
Horstmann et al., 2010); another can be attributed to the reduced
carbonaceous chondrite group CB (MS-181; Bischoff et al., 2012).
The oxygen isotope compositions of two aliquots from the andesite
MS-MU-011 give 8'180=8.08%., 8'170=3.23%, A170=-1.061%.
and 8180 =7.96%., 8170 =3.19%., A170=—1.040%., clearly consis-
tent with a ureilitic origin. The data plot on the CCAM line with
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Table 4
Oxygen isotope compositions [in %.] of all Almahata Sitta fragments analyzed to
date. In case of multiple analyses from one fragment, the average was calculated.

Sample A0 370 3180 Ref.
AHS 4 —1.02 2.63 6.95 2
AHS 7 —0.40 3.52 7.44 1,2
AHS 15 —0.95 2.63 6.80 2
AHS 25 0.92 3.14 422 2
AHS 27 —1.28 1.82 5.88 2
AHS 36 —1.53 1.31 5.40 2
AHS 44 -1.04 2.74 7.18 2
AHS 47 —-0.94 3.27 8.00 2
AHS 49 -0.99 2.63 6.89 2
AHS 51 -1.87 0.93 5.32 2
AHS 54 —2.26 0.43 5.10 2
MS-D —0.01 3.06 5.85 3
MS-CH 1.76 4.35 4.94 3
MS-11 0.80 3.08 435 3
MS-16 —1.05 2.28 6.28 3
MS-20 -0.23 3.99 7.99 3
MS-52 0.02 3.31 6.27 3
MS-61 —0.60 3.57 7.94 3
MS-79 0.07 331 6.17 3
MS-124 -0.59 3.42 7.59 3
MS-151 0.75 2.98 4.26 3
MS-168 —0.48 3.80 8.10 3
MS-169 -1.69 1.55 6.16 3
MS-170 -0.82 3.40 7.97 3
MS-175 -0.89 2.97 7.30 3
MS-181 —2.18 —1.57 1.15 4,5
MS-183 -1.33 1.94 6.21 5
MS-184 —-0.91 3.17 7.77 5
MS-188 -0.94 2.97 7.44 5
MS-189 —0.04 3.08 5.95 5
MS-190 —0.75 3.59 8.25 5
MS-197 1.23 3.96 5.19 5
MS-200 0.13 3.37 6.18 5
MS-201 0.31 3.50 6.08 5
MS-MU-011 —1.05 3.21 8.02 6

1: Jenniskens et al. (2009b); 2: Rumble et al. (2010b); 3: Bischoff et al. (2010b); 4:
Bischoff et al. (2012); 5: Horstmann et al. (2012a); 6: Bischoff et al. (2013a).
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Fig. 13. Three oxygen isotope diagram (8'80 vs. 8'70) showing the oxygen isotope
compositions of all Almahata Sitta fragments analyzed to date (35 samples). The blue
points represent two analyses of a ureilitic andesite (Bischoff et al., 2013a,b). Data
are compiled from Jenniskens et al. (2009b), Bischoff et al. (2010b, 2012, 2013a,b),
Rumble et al. (2010b), and Horstmann et al. (2010, 2012). In case of multiple analy-
ses from one fragment, the average was calculated. CCAM = carbonaceous chondrite
anhydrous mineral mixing line; TFL = terrestrial fractionation line.

3170=0.94 x 3'180-4.3%, (Fig. 13) (Bischoff et al., 2013a,b) and
are similar to several feldspathic fragments in ureilitic breccias
(Cohen et al., 2004; Goodrich et al., 2004; Kita et al., 2004).

Kita et al. (2011) studied the oxygen isotopes of mineral phases
(olivine and pyroxene) from ureilitic lithologies AHS 15, 36, 44, 51,
54, and one H chondrite (AHS 25). The data from the five ureilites

are generally consistent with the bulk rock data obtained earlier by
Rumble et al. (2010a,b), and the analyses of olivine and pyroxene
from various constituents of the H chondrite show resolvable vari-
ations. Based on the compositional range determined, Rumble et al.
(2010b) concluded that the oxygen isotope compositions of the ure-
ilites in Almahata Sitta are representative of all known monomict
and polymict ureilites.

5.3. Light noble gases (and Ar-Ar)

The noble gases were analyzed in fragments AHS 1, 4, 36, 44,
47 (Welten et al., 2010a; Murty et al., 2010a; Ott et al., 2010) and
in two chondritic fragments, AHS 25 and AHS A100 (Meier et al.,
2012). Some selected data are summarized in Table 5. Preliminary
data had been published in Meier et al. (2010), Murty et al. (2010b),
and Welten et al. (2010b, 2011).

Welten et al. (2010a) determined the concentrations and iso-
topic compositions of noble gases in ureilitic samples AHS 4, 36,
44, and 47. They found He and Ar to be a mixture of cosmogenic,
trapped, and radiogenic components, whereas Ne only consists
of cosmogenic and trapped components. In addition, Meier et al.
(2012) also studied the noble gases of the H (AHS 25) and L
chondritic (AHS A100) samples and assumed that 3He is entirely
cosmogenic, while 4He is mostly radiogenic with a small cos-
mogenic component. Based on the analyzed 2°Ne/22Ne ratios of
0.84-0.86, these authors further suggest that Ne is also almost
entirely cosmogenic, whereas the 36Ar/38Ar ratios of 3.3-4.3 would
indicate significant amounts of trapped Ar. Interestingly, they
concluded that this component is probably ureilitic Ar, suggest-
ing that some transfer of noble gases occurred from the ureilite
host to the chondritic lithologies. Contrary to the AHS ureilites,
which have very low 4%Ar, the measured 4Ar concentrations in
AHS 25 and A100 are entirely radiogenic, indicating old K-Ar
ages of ~4.6 Ga. Based on the lower 22Ne/2!Ne ratios and lower
radionuclide concentrations in the metal phase, Meier et al. (2012)
concluded that AHS 25 experienced higher shielding than AHS A100
(80-150gcm~2 vs. 30-50gcm2).

Murty et al. (2010a) analyzed trapped nitrogen and noble gases
in two ureilite samples [AHS 36 (a bulk sample) and 44 (a residue);
see classification in Table 2]. Some data on noble gases are given in
Table 6. The He and Ne isotopic ratios of the bulk samples clearly
show that they are a mixture of trapped and cosmogenic compo-
nents and that the temperature steps fall along the mixing line
between cosmogenic and a trapped component (Ne-U) in the Ne
three isotope plot. Ar, Kr, and Xe in both the bulk and the residue
are dominated by a trapped component and the isotopic compo-
sitions of Kr and Xe are similar in all temperature steps for both
samples. The isotopic signatures of N and Ar show a clear distinction
between two fractions: a low temperature fraction (up to 500°C)
showed normal 38Ar/36Ar and heavy 8'°N that may have been
hosted by amorphous C, and a high temperature fraction (>500°C)
with higher 38Ar/36Ar and lighter 3!°N. The latter was presum-
ably carried by diamond. Obviously, two populations of diamonds
exist, which is indicated by different combustion temperatures: a
sub-wm sized fraction combusts at ~700 °C, and a coarser-grained
population with grain sizes of several wm is combusting at ~900 °C.

Ott et al. (2010) showed that the 3He and Ne isotopes for AHS
1 and AHS 47 are essentially of pure cosmogenic origin and that
no evidence for the presence of solar wind-implanted noble gases
could be found. Both samples contain abundant trapped heavy
noble gases (36Ar, 84Kr, and 132Xe).

Beard et al. (2013) and Turrin et al. (2013) performed Ar-Ar
analyses for the AHS 25 and A100 ordinary chondrite fragments.
Based on their preliminary results, Beard et al. (2013) suggest that
no hint of any strong thermal event on the Almahata Sitta parent
body more recently than 4100 Ma ago could be found. In detail, the
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Table 5

Concentrations (in 10-8 cm? STPg~') and isotopic ratios of light noble gases in Almahata Sitta (AHS) ureilites. For details see Welten et al. (2010b) and *Ott et al. (2010).
Sample Mass (mg) 3He 4He 21Ne 22Ne 20Ne/%2Ne 36Ar AP 4He 20Ney,
AHS 1* ~15 143+04 118+3 5.20+0.07 0.8572+0.0041 23.8+0.6
AHS 4a 29.0 22.0 144 6.93 7.37 0.870 324 139.0 12 0.3
AHS 4b 52.2 22.0 144 7.09 7.53 0.872 29.0 84.0 11 0.3
AHS 36 47.0 24.2 171 7.25 7.73 0.870 131 97.7 25 0.3
AHS 44 714 27.0 315 5.80 7.08 1.752 1390 84.1 152 71
AHS 47* ~15 252+05 230+5 7.40+0.11 1.0041 +£0.0045 1154+2.8
AHS 47a 32.0 27.6 251 7.66 8.26 1.041 108 154.0 85 19
AHS 47b 147.7 28.1 222 8.01 8.42 0.964 84 126.0 53 1.1

Table 6

Noble gas data for Almahata Sitta AHS A100 (L4) and AHS 25 (H5) chondrites. Table modified after Meier et al. (2012).

AHS A100 L4 AHS 25 H5
#A100-1 #A100-2 #25-1 #25-2

Mass (mg) 162.3 65.84 183.2 67.80
Measured concentrations (10-8 cm3 STPg~1)
4He 1821 1671 1494 1663
22Ne 7.98 9.03 6.90 7.14
36Ar 23.1 21.6 6.01 8.48
Measured isotopic ratios
3He/*He 0.0155 0.0188 0.0152 0.0141
20Ne/22Ne 0.856 0.863 0.842 0.845
21Ne/%2Ne 0.907 0911 0.924 0.928
36Ar/38Ar 4.26 4.22 2.99 3.18
40Ar/3Ar 350 332 1250 896
Cosmogenic concentrations (10-8 cm3 STPg~1)
3Hecos 274 30.7 22.0 22.8
2TNecos 7.24 8.22 6.38 6.63
38 Arcos 1.26 1.22 1.02 1.24
Radiogenic concentrations (10~ cm3 STPg~1)
4Heyaq 1650 1480 1360 1520
40AT, 24 = %Al meas 8094 7167 7480 7593

lon counting errors, uncertainties of the blanks and of sample mass are about 0.1%. The uncertainty of the mass spectrometer sensitivity is <1% for ratios and <5% for

concentrations.

AHS A100 L4 chondrite does not record any thermal event after
its formation and early metamorphism on the parent body (Beard
et al., 2013). These results are generally confirmed by Turrin et al.
(2013).

Murty et al. (2010a) found that the N (and §!°N) in the AHS 36
bulk sample and the AHS 44 acid residue are 21.1 ppm (—36.8%o)
and 249.5 ppm (—74.3%,), respectively. They concluded that AHS
36 and 44 do not contain either an amorphous C phase with
315N > 50%. carrying noble gas, or a C phase carrying noble gases
and N with 815N > 153%, combusting at <700 °C, both of which are
observed in some other polymict ureilites. Feng et al. (2012) mea-
sured 815N = —24.9 + 15%. in sinoites from the EL3 fragment MS-17,
which s similar to sinoite from an EL6 chondrite. They infer that this
indicates no significant fractionation of N isotopes during thermal
metamorphism.

5.4. Cosmic ray exposure ages

Cosmic ray exposure (CRE) ages were obtained for several ure-
ilitic samples: AHS 36 (Murty et al., 2010a); AHS 4, 36, 44, and 47
(Welten et al., 2010a); AHS 1 and 47 (Ott et al., 2010), and two
chondritic samples, AHS 25 and A100 (Meier et al., 2012; Table 7).
For the ureilitic fragment AHS 36, Murty et al. (2010a) determined
CRE ages of 13.8 and 16.0 Ma, based on 3He and 2!Ne, respectively.
Ott et al. (2010) came to a similar result and reported 2'Ne CRE
ages of 13.2 and 14.2 Ma for the ureilitic samples AHS 1 and 47,
respectively. Welten et al. (2010a) determined an average 2!1Ne
CRE age of 14.5 £ 0.9 Ma for four ureilite fragments, but they con-
cluded that the 22Ne/2!Ne ratio is not a reliable shielding indicator
for large objects such as asteroid 2008 TC3, so they also determined
shielding-corrected CRE ages based on the 2! Ne/26Al method. This

Table 7

Cosmic ray exposure ages [in Ma] of Almahata Sitta (AHS) samples.
Sample T3He T2'Ne T(?'Ne-26Al) TCEAr)pre-exp Class Ref.
AHS 1 13.2 Ureilite 1
AHS 4a 12.9 13.9 19.3+1.9 Ureilite 2
AHS 4b 12.9 14.0 Ureilite 2
ASH 25 21+3 >16+3 H5 3
AHS 36 141 133 18.0+1.8 Ureilite 2
AHS 36 13.8 16.0 Ureilite 4
AHS 44 16.3 15.0 19.6+2.0 Ureilite 2
AHS 47 14.2 Ureilite 1
AHS 47a 16.5 15.6 Ureilite 2
AHS 47b 16.7 15.1 21.1+2.1 Ureilite 2
AHS A100 22+4 >8+2 L4 3

For details see 'Ott et al. (2010), 2Welten et al. (2010a,b), 3Meier et al. (2012), and *Murty et al. (2010a,b).
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Table 8

Data summary for cosmogenic radionuclides in three Almahata Sitta samples. For details see Bischoff et al. (2010b) and Taricco et al. (2010).

Radionuclide Half-life Activity concentrations in [dpmkg~]
MS-CH (5.1g) MS-D (8.65g) AHS 15

26A] 717,000 years 57 (12) 75(8) 62.1 £ 0.8
60Co 5.2710 years 22 (5) 84 (6) 27.7 £ 0.8
54Mn 312.13 days 114 (19) 134 (14) 83.5+09
22Na 2.6027 years 78 (15) 104 (12) 105.4 + 1.0
465¢c 83.788 days 19(8) <22 71+1.0
57Co 271.8 days 22 (10) 16 (3) 34 +05

approach yielded an average CRE age of 19.5 + 2.5 Ma for the four
ureilite fragments.

Meieretal.(2012) calculated 2'Ne/26Al ages of 21-22 Ma for two
chondritic fragments, AHS 25 and AHS A100. These ages overlap
with the average CRE age of 19.5 4 2.5 Ma for the ureilites obtained
by Welten et al. (2010a). The ages of chondrites and ureilites are all
within the same range and represent the transfer time of asteroid
2008 TC3 fromits parent body in the asteroid belt to Earth (~20 Ma).
The CRE ages of the non-ureilite samples AHS A100 and 25 confirm
the conclusions of Bischoff et al. (2010a) that the chondritic sam-
ples are “likely derived from the same parent body [asteroid 2008
TCs5] as the other AS [Almahata Sitta] meteorites, not representing
a separate fall” (see also Section 5.5.2).

Meier et al. (2012) also report 33Ar CRE ages for AHS 25 and
100 and find these to be higher than the 2'Ne/26AI CRE ages. They
conclude that both chondrites were pre-irradiated, prior to their
last exposure to galactic cosmic rays as parts of asteroid 2008
TCs. This scenario requires that they suffered cosmogenic He and
Ne loss before (or during) incorporation into the ureilite host and
were then shielded deep enough to avoid cosmic-ray exposure until
the ejection of asteroid 2008 TC3 from its parent asteroid ~20 Ma
ago. Minimum pre-irradiation CRE ages were given as 16 +3 and
8 +2 Ma for AHS 100 and 25, respectively.

5.5. Terrestrial ages and cosmogenic radioisotopes

5.5.1. Terrestrial ages

The short-lived cosmogenic radioisotopes of two chondritic
fragments (MS-CH, MS-D) were analyzed by means of y-ray spec-
troscopy. The measured activity concentrations for the detected
cosmogenic radionuclides (%2Na, >*Mn, 46Sc, 26Al, >7Co, 60Co) are
given in Table 8 (Bischoff et al., 2010a,b). These authors could show
that the detection of 46Sc (half life: 83.8 days [d]) in MS-CH, and
54Mn (half life: 312.2 d) and >7Co (half life: 271.8 d) in both sam-
ples clearly indicates that these fragments result from a very recent
meteorite fall consistent with the Almahata Sitta event. In partic-
ular, the value for 46Sc in MS-CH (see also Horstmann et al., 2010)
clearly indicates that this fragment results from a very recent mete-
orite fall, about 335-420 d prior to the measurement. Bischoff et al.
(2010Db) state that for the sample MS-D one can give only a much
weaker estimate of the date of fall, using the 57Co and the >*Mn
data, resulting in a range of 300-600 d. Taricco et al. (2010) stud-
ied the radioisotopes of the ureilite AHS 15 (Shaddad et al., 2010),
and measured the activities of the short-lived nuclides 22Na, *Mn,
465c, 2671, 57Co, 69Co (Table 8). The cosmogenic nuclides of a 37 g
piece of MS-181 were also determined by Bischoff et al. (2012) and
the detection of *Mn (halflife: 312.14d), 22Na (2.602 years), and
60Co (5.27 years) is also characterizing this carbonaceous sample
as a fresh meteorite fall consistent with the asteroid 2008 TCs-
Almahata-Sitta event from October 2008.

These data convincingly demonstrate that the ureilitic and
the various different groups of chondritic samples all belong to

Table 9

Concentrations of cosmogenic 1°Be, 26Al, and 36Cl (in dpm kg~') in Almahata Sitta
(AHS) ureilites (Welten et al., 2010a) and chondrites (#, Meier et al., 2012). The
last column shows normalized 36Cl concentrations (in dpm kg=! [Fe*]), in which
Fe*=Fe +12Ca. For details see Welten et al. (2010a).

Sample 10Be 26A1 36¢] Fe* 36+

AHS 1 19.0 + 0.4 43.8 £ 0.9 59 +0.2 31.8 18.6 + 0.6
AHS 4 225+ 09 56.6 + 1.9 54 +0.1 303 17.8 £ 0.4
AHS 15 19.6 £ 04 60.0 + 2.0 153 £ 0.5 84.2 18.2 £ 0.6
AHS 25% 17.1 £ 0.5 550+ 24 9.2 +0.2

AHS 36 219+ 04 55.1 £ 2.3 3.6 £0.1 21.0 173 £ 0.5
AHS 44 214+ 04 49.0 £ 1.9 6.1 +£0.1 354 172 +£ 04
AHS 47 241 +09 558 + 1.6 5.6 £ 0.1 27.7 20.1 £ 0.5
AHS 100* 20.5 + 0.6 63.7 + 24 11.2 £ 0.2

the same meteoroid impacting Earth over Sudan, which was also
inferred from the cosmogenic noble gases and radionuclides (Sec-
tion 5.4).

5.5.2. Radionuclides

Welten et al.(2010a,b) measured the 1°Be, 26 Al, and 36Cl concen-
trations in six ureilite fragments from Almahata Sitta (Table 9). They
found '9Be concentrations of 19-24 dpmkg~!, and concluded that
these variations are due to variations in shielding as well as in bulk
carbon, which is a major target element for '9Be production. The
36(l1 concentrations, which vary from 3.6 to 15.3 dpmkg~1, show a
strong correlation with the bulk concentrations of Fe and Ca, the
two major target elements for 36Cl production. After normalizing
for variations in bulk Fe and Ca, the six samples show a relatively
constant 36Cl concentration of 18.2 + 1.1 dpm kg[Fe + 12Ca]~!. The
26 A] concentrations vary from 44 to 60 dpm kg~! and are negatively
correlated with the 22Ne/2!Ne shielding parameter, indicating
that AHS 1 and AHS 44 represent samples from near the pre-
atmospheric surface, while AHS 4, 15, 36, and 47 represent samples
from greater shielding depth. The combined radionuclide data are
best explained by irradiation in an object with an effective radius of
approximately 300 g cm~2. Assuming an absolute pre-atmospheric
radius of 180 cm for asteroid 2008 TCs (Scheirich et al., 2010), this
radius corresponds to a density of 1.66gcm—2. This is also con-
cluded by Meier et al. (2012) when analyzing AHS 25 and A100,
reporting similar results as Welten et al. (2011). Meier et al. (2012)
report 1%Be, 26Al, and 36CI activities near equilibrium values for
moderately shielded ordinary chondrites (Table 9). Hence, this also
confirms the suggestion of Bischoff et al. (2010a,b) that the chon-
dritic lithologies represent xenolithic clasts of the asteroid 2008
TC5. Note, however, that there is still a chance that some of the
collected non-ureilitic fragments for which no terrestrial or cosmic
ray exposure ages exist may derive from earlier (though still recent)
falls.

Based on the activities of 6°Co and 26Al in AHS 15, Taricco
et al. (2010) calculated that the sample was located at a depth of
414 14 cm inside the asteroid with a 1.5-2 m radius.
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Table 10
Crisotopic compositions of Almahata Sitta (AHS) fragments. For details see Qin et al.
(2010Db).

Sample e3Cr e%Cr 5>Mn/>2Cr
AHS 4 0.22 + 0.06 —-0.72 £ 0.11 0.729
AHS 4 Magnetic 0.41 + 0.08 —1.86 + 0.20 1.41
AHS 15 0.26 + 0.05 —0.76 + 0.14 0.591
AHS 27 0.18 + 0.04 —0.81 + 0.18 0.572
AHS 27 Magnetic 0.20 + 0.09 —0.80 + 0.19 0.811
AHS 36 0.31 + 0.04 —0.69 + 0.07 0.847
AHS 36 Magnetic 0.33 + 0.07 —0.80 + 0.20 1.23
AHS 44 0.15 + 0.03 —0.80 + 0.10 0.561
AHS 47 0.18 + 0.05 —0.78 + 0.08 0.548
AHS 47 Magnetic 0.21 £ 0.07 —-0.75 £ 0.26 0.725
AHS 49 0.19 + 0.05 —0.79 + 0.13 0.591
AHS 51 Magnetic 0.23 + 0.06 —0.85 + 0.20 1.06
AHS 54 0.34 + 0.04 —0.67 £ 0.12 1.20
Average —0.77 £ 0.10

5.6. Other isotopes

Nine ureilitic fragments were studied for their Cr isotope com-
positions (Qin et al., 2010a,b; Table 10). Qin et al. (2010b) found
that all samples essentially show the same &>*Cr deficit relative
to the terrestrial Cr standard, which contrasts with the positive
54Cr anomalies observed for carbonaceous chondrites. A positive
correlation between the oxygen isotope composition (A70) and
the £>*Cr has been proposed for carbonaceous chondrites (e.g.,
Trinquier et al.,, 2007; Yin et al., 2009). Carbonaceous chondrites
have been suggested as ureilite precursor material, but Qin et al.
(2010a,b) proposed that the Cr isotope compositions of Almahata
Sitta samples indicate that the ureilite precursor material was dis-
tinct from known carbonaceous chondrites. Instead, the e>4Cr value
is similar to that of the HED parent body, suggesting that their pre-
cursors may have accreted in a similar nebula region/environment.
Additionally, these authors propose that variations of £>3Cr pre-
sumably reflect live >3Mn at the time of last isotopic equilibration.

Qin et al.(2010b) also studied the Mn/Cr-systematics and found
that the samples are showing resolvable variations in €33Cr cor-
related with Mn/Cr ratios which suggest that >>Mn was still alive
at the time of the formation of Almahata Sitta constituents. They
report an initial >>Mn/>>Mn value of 3.1 (+1.1) x 10~6, correspond-
ing to an age of 4563.6 +(2.2) Ma. Similar ages were obtained for
fragments in polymict ureilites (Goodrich et al., 2010b).

Within the EL3 fragment MS-17, Lin et al. (2011) report
the identification of several lawrencite grains with signifi-
cant excesses of 36S having large inferred 36C1/3°Cl ratios of
0.92 x 1074-1.42 x 104, Further data are presented by Feng et al.
(2012), who noted that “the higher the Cl/S ratios of lawrencite, the
lower inferred 36Cl/3>Cl ratios”.

5.7. Organic components

Glavin et al. (2010a,b) carried out analyses of extraterrestrial
amino acids in fragment AHS 4 (Table 11). These revealed a com-
plex distribution of two- to seven-carbon aliphatic amino acids and
one- to three-carbon amines with abundances ranging from 0.5 to
149 ppb. Glavin et al. (2010b) clearly found that “the enantiometric
ratios of the amino acids alanine, -amino-n-butyric acid, 2-
amino-2-methylbutanoic acid (isovaline), and 2-aminopentanoic
acid (norvaline) in the meteorite were racemic (D/L ~1), indicat-
ing that these amino acids are indigenous to the meteorite and not
terrestrial contaminants”.

Burton etal.(2011a,b) determined the amino acids of fragments
AHS 25 and 27 (Table 11). While AHS 27 is a ureilitic sample, AHS
25 is a H5 chondrite. All samples contain amino acids. They found
the 4-carbon (C4) amino acids B-aminobutyric acid (3-ABA) and

a-aminoisobutyric acid to be present in 1.5-fold or greater abun-
dances in the meteorite samples compared to the sand sample of
the strewn field. They also identified other indigenous 5-carbon
(Cs) amino acids including isovaline, 3-aminopentanoic acid,
3-amino-2,2-dimethylpropanoic acid, 4-amino-2-methylbutanoic
acid, and 4-amino-3methylbutanoic acid. An interesting point con-
cerning the Cs amino acid data is the distribution of amine positions
among the different meteorites (i.e., &, 3,y or 8) leading to the con-
clusion that the variable acid compositions between the ureilitic
fragments may argue for the presence of more than one parent ure-
ilite in asteroid 2008 TC3 (Burtonetal.,2011a). Burtonetal.(2011b)
summarized that despite the genetic (?) differences of fragments
AHS 25 (H5) and AHS 27 (ureilite), similar amino acid compositions
were obtained; on the other hand, in the two ureilitic samples AHS 4
and AHS 27 the distribution of amino acids was distinct. For Burton
et al. (2011b) the discovery of this concentration of amino acids in
fragment AHS 4 was unexpected, because “the high temperatures
experienced by the ureilites were more than sufficient to destroy
any amino acids that were present”.

Polycyclic aromatic hydrocarbons (PAHs) were studied in ure-
ilitic fragments AHS 1,4, 7, 15, 27, and 47 and chondritic fragments
AHS 25 (H5), 16 (EL6), and 41 (EH5 or 6) (Sabbah et al., 2010).
They detected numerous organic compounds with a PAH signature
(Fig. 14). Interestingly, the chondritic samples show similar distri-
butions of PAHs compared with the ureilitic fragments. Therefore,
they concluded that the chondritic and ureilitic fragments derived
from the same asteroid (2008 TC3) and that the organic compounds,
originally contained within the ureilite portions, could have spread
out into other (foreign) constituents of the parent body. This con-
clusion is very similar to that of Meier et al. (2012) that the ureilitic
Ar component was incorporated into the xenolithic chondrite sam-
ples.

6. Physical properties of individual samples
6.1. Spectroscopic features

Comparison of the reflectance spectra of Almahata Sitta sam-
ples and asteroid 2008 TC3 indicate that they both classify as F-class
(Jenniskens et al., 2009b; note that only one spectrum of poor qual-
ity was obtained). However, based on the classification scheme of
Tholen (1989), ureilites were thought to derive from S-type aster-
oids (Gaffey et al., 1993). According to Jenniskens et al. (2009b),
F-type asteroids, constituting only ~1.3% of the asteroid population,
can now firmly be linked to anomalous ureilitic material due to the
present results. Cloutis et al. (2010) mentioned a major spectral
difference between asteroid 2008 TC3/Almahata Sitta and typical
ureilite spectra they obtained. They found a reflectance downturn
short of approximately 0.5 wm, which was not seen in the spec-
trum of 2008 TC3 and in the published spectrum of sample AHS 7
(Jenniskens et al., 2009b).

Sandford et al. (2010a,b,c) performed infrared spectroscopy of
samples of multiple rocks from Almahata Sitta and identified sub-
stantial variation of olivine and pyroxene abundances among these
samples (Fig. 15). Based on the analyses of 26 ureilitic samples an
olivine:pyroxene ratio of 74:26 was found. This is in the middle of
the range of other ureilites, which generally are heterogeneous con-
cerning the modal abundances of olivine and pyroxene. They also
found, despite the ureilitic spectra showing features characteristic
of olivine and pyroxene, one unique spectrum belonging to sample
AHS 15 (subsample 15#2; Fig. 15d). It yielded a pyroxene spectrum
most consistent with assignment to enstatite. However, AHS 15 is a
ureilite (Table 2), the pyroxene has ~Fs1gWos (different from pure
enstatite and typical E chondrite pyroxene) and, consequently, the
spectrum does not indicate enstatite chondritic material.
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Table 11

Concentrations of amine components in Almahata Sitta (AHS) ureilites (AHS 4, AHS 27) and the H5 chondrite AHS 25. For details see Glavin et al. (2010b) and Burton et al.

(2011b).
Amine compound AHS 4 ureilite AHS 25 H5 AHS 27 ureilite

Free (ppb) Total (ppb) Free (ppb) Total (ppb) Free (ppb) Total (ppb)

Amino acids
D-Aspartic acid 1.2+0.2 3.0+0.2 <1 <3 04+0.2 <3
L-Aspartic acid 14+03 50+1.5 <1 <9 20+1.8 3.8+1
D-Glutamic acid 0.5+0.1 3.5+04 <0.1 23+0.6 n.d. 1.9+0.6
L-Glutamic acid 09+0.2 7.7+0.7 1.2+04 13+£3 1.0+04 7.8+0.9
D-Serine <0.5 <13 0.7+0.2 2.7+0.3 0.4+0.1 1.3+0.1
L-Serine <1.6 <14 0.7+0.3 12+13 2.7+0.5 6.7+0.8
D-theorine <0.8 <13 <0.1 <0.1 <0.1 <0.1
D-theorine <0.8 <1.5 <0.1 <0.1 <0.1 <0.1
Glycine 21+1 69+24 65+7 83+10 64+3 64+10
BALA 42407 17+7
GABA 1.8+0.3 12+1 09+0.7 18+2 59+3.6 92414
D-Alanine 5.0+0.2 11+£3 10+1 13+2 13+1 13+2
L-Alanine 5.1+0.2 11+£2 16+£2 2042 2248 19+2
D-3-ABA 1.2+0.2 45+14 <1 1.0+£0.1 0.5+0.1 1.0+0.2
L-3-ABA 1.2+0.8 4.7+13 0.2+0.1 0.8+0.2 0.5+0.1 09+0.3
a-AIB 3.6+1.0 7.1+5.8 5.7+0.5 29+0.3 45+0.7 1.8+0.6
D,L-a-ABA 1.7+0.1 5.0+0.5 0.8+0.1 1.9+04 0.8+0.2 1.1+£0.2
EACA 36+1.8 <4 2.8+09 30+5 6.5+2.7 35+4
Cs amino acid detected
«
D-norvaline (D-2-apa) <0.3 0.7+0.1 <0.1 <0.8 <0.1 <0.7
L-norvaline (L-2-apa) <0.2 0.7+£0.1 <0.1 <0.9 <0.1 <0.7
D-isovaline (D-2-a-2-mba) 0.6+0.1 1.3+0.1 04 1.2+0.1 0.5+04 0.5+0.2
L-isovaline (L-2-a-2-mba) 0.7+0.1 14+0.1 <0.1 1.5+0.1 1.2+0.7 1.2+0.2
p-valine (D-2-a-3-mba) 03+0.1 0.5+0.1 <0.1 0.3+0.1 0.2+0.1 03+0.2
L-valine (L-2-a-3-mba) 1.4+03 1.3+0.5 6.3+1.0 12+2 57+1.0 11+4
B
D,L-3-apa 0.4+0.1 1.1+£0.2 <0.1 <0.1 05+0.4 0.5+0.2
D,L- and allo-3-a-2-mba <0.1 <0.1 <0.1 0.3+0.1 <0.1 02+0.1
3-a-3-mba <04 <3 <0.1 <0.1 <0.1 <0.1
3-a-2,2-dmpa 0.8+0.1 1.8+£0.2 <3 5.0+0.4 <3 34402
D,L-3-a-2-epa <0.8 <2 <0.1 <0.1 <0.1 <0.1
v
D,L-4-apa 0.8+0.1 15+2 <0.1 <0.6 <0.2 <0.6
D,L-4-a-2-mba 2.6+0.2 65+8 <0.1 0.7+0.3 <0.1 1.2+06
D,L-4-a-3-mba 1.5+0.2 18+3 <0.7 3.1+0.1 <0.7 3.1+0.1
d
5-apa 09+0.1 6.3+2.1 <0.2 2.1+£0.1 <0.2 2.1+£0.1
Total Cs amino acids 10+2 113+17 10+1 25+4 11+2 25+5
Total amino acids 62+9 2744+ 66 127+8 262+12 146 £ 10 215+12
Amines
Ethanolamine 19+1 21+1
Methylamine 11+1 13+1
Ethylamine 76 £5 10548
Isopropylamine 84+10 149417
Total amines 190+17 288 +27

Hiroi et al. (2010a,b) performed reflectance spectroscopy of
eleven Almahata Sitta meteorite samples in order to investigate
possible compositional variations among the samples as well as
the degrees of terrestrial weathering. They found, like Sandford
et al. (2010a,b,c), differences in olivine and pyroxene contents
among the samples overall indicating ureilitic compositions. Hiroi
et al. (2010a) could clearly show that the spectrum of sample
AHS 25 is similar to that of the H chondrite Ochansk (Fig. 16).
One ureilitic sample (AHS 51) shows relatively narrow absorption
bands at ~0.5 and 1.9 wm in bidirectional visible-near infrared
spectra. Also, considering the strong 3 um hydroxyl band in
the Fourier transform infrared reflectance spectrum, Hiroi et al.
(2010a) suggest that these features would result from terrestrial
weathering. Taking results from analyzing asteroid 2008 TC; into
account, Hiroi et al. (2010b) suggest that most Almahata Sitta
samples recovered would be similar in textures and albedo to the
studied samples AHS 27, AHS 4, and AHS 47. Their conclusion is
based on the results of linear least-square fits of the asteroid 2008
TC5 spectrum with two sets of the meteorite spectra: the asteroid
must have had an albedo of 0.10-0.12 and no fine regolith on its

surface. Note that the average albedo of asteroid 2008 TC3 is an
important parameter, since both the absolute size, as well as the
density and porosity are based on it (see Section 6.3).

6.2. Raman spectroscopic features

Kaliwoda et al. (2011a,b, 2013) used Raman spectroscopy to
identify minerals in unspecified Almahata Sitta samples. They
found graphite, diamond, graphene, suessite, schreibersite, cohen-
ite, kamacite, (Cr-bearing) troilite, pyroxene, plagioclase, and
olivine. Based on the finding of diamond we suggest that these
authors studied (mainly) ureilitic fragments.

6.3. Density of meteorite fragments and asteroid 2008 TCs3

Densities of several individual Almahata Sitta stones were deter-
mined to constrain physical properties (mass, porosity) and, hence,
the internal structure of asteroid 2008 TCs. A bulk density of about
3 g/cm? for individual meteorite fragments and a grain density of
about 3.9 g/cm3 were determined by Kohout et al. (2010a,b), which
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Fig. 14. Laser desorption laser ionization mass spectra of PAHs in nine samples from Almahata Sitta and Murchison. For details see Sabbah et al. (2010); Figure after Sabbah

etal.(2010).

results in a higher microporosity estimate of about 20% for Alma-
hata Sitta compared to other ureilites.

Fragment AHS 7 shows porosity ranging from 10 to 25%
(Jenniskens et al., 2009b). The average porosity among the differ-
ent Almahata Sitta specimens varies from fragment to fragment
according to the bulk density. With an average ureilite grain den-
sity of 3.35g/cm?, the calculated Almahata Sitta porosity ranges
from 25 to 37% (Jenniskens et al., 2009b) in comparison to an aver-
age microporosity of 9% (range 6-20%) in other ureilites (Britt and
Consolmagno, 2003).

Kiuru et al. (2011) and Kohout et al. (2011) obtained bulk
densities of different Almahata Sitta ureilites in the range of
2.9-3.3g/cm? (average 3.1 g/cm?, equivalent to the upper limit for
the bulk density of asteroid 2008 TC3), which are higher than those
reported by Jenniskens et al. (2009b), but similar to values reported
from other ureilites (Consolmagno et al., 2008; Macke et al., 2011).
Kohout et al. (2011) determined a grain density of 3.5g/cm3 for
AHS 15, which translates into a microporosity of 6%, given its bulk
density of 3.3 g/cm?3.

Estimates of the total mass of asteroid 2008 TC; range from 8 to
27t (Kohout et al., 2011) to ~60-100t (Jenniskens et al., 2009b).
This wide mass range is mainly due to the uncertainty in the
absolute size (volume) of this asteroid, which is not well known,
even though its absolute magnitude (Jenniskens et al., 2009a,b)
and irregular shape are relatively well constrained (Scheirich et al.,
2010). However, the latter authors showed that the total volume,
mass and porosity are all strongly dependent on the average albedo
of asteroid 2008 TCs (Fig. 17). This value is not known from the
observations of asteroid 2008 TC3 before its impact, but can only
be estimated from albedo measurements of the surviving mete-
orites (which may not necessarily be representative for the asteroid
itself). While the average albedo of F-type asteroids is ~0.05, the
measured albedo of the Almahata Sitta meteorites ranges from
0.046 to 0.12 for the ureilite fragments (Jenniskens et al., 2009a,b;
Hiroi et al., 2010a,b) to 0.23 for one of the chondrites (Hiroi et al.,
2010a,b). Welten et al. (2010a,b) showed that the cosmogenic

radionuclides yield one additional size constraint, i.e., an average
(radius x density) of 300 & 30 g/cm?2. Assuming an asteroid volume
of 25 m3 (corresponding to an albedo of ~0.05), they constrained
the total mass of asteroid 2008 TC3 to 41 +8t, corresponding to
a bulk density of 1.66 +0.25 g/cm? and a total porosity of 50 + 7%,
respectively. However, it should be noted that an average albedo of
0.10 (instead of 0.05) would yield a volume of 8.6 m3, correspond-
ing to a mass of 20t, a bulk density of 2.4 g/cm3 and a porosity of
30+5%.

Using the average meteorite density of 3.1g/cm3, albedo esti-
mates of 0.09-0.2 by Hiroi et al. (2010a), the shape model of
Scheirich et al. (2010), and assuming macroporosities of 20-50%,
Kohout et al. (2011) estimate a mass range of 8-27 t, but presume
that it was probably below 20t based on its albedo and macrop-
orosity of about 50%. These values are generally lower than values
of 83 £25t and 35-65t, reported by Jenniskens et al. (2009b) and
Borovicka and Charvat (2008), respectively. However, they are con-
sistent with the estimates by Welten et al. (2011) if we adopt an
albedo of 0.10 for asteroid 2008 TC5 instead of the initial value of
~0.05 proposed by Jenniskens et al. (2009a,b) and Scheirich et al.
(2010).

6.4. Magnetic characteristics

Hoffmann et al. (2010, 2011a,b) studied magnetism and opaque
mineralogy of AHS 4 and 39 (both coarse-grained ureilites, Table 2).
They found a variety of magnetic phases including kamacite(s)
(low-Ni), troilite, daubreelite (-like phase), suessite, and most
likely schreibersite. The natural magnetic remanence is 15.4
and 2.99 x 103 Am2 kg~!; the isothermal magnetic remanence
is 1.67 and 1.57 x 101 Am2kg-! for AHS 4 and 39, respec-
tively. Magnetic susceptibility values were given as log x 4.84 and
4.93 x 109 kgm~3, respectively. Hoffmann et al. (2011a) addi-
tionally gave values of 4.92 and 4.98 x 10~ Am? kg~! for small
subsamples of AHS 4 and 39, respectively. They concluded that the
magnetic fabric observed is most probably impact related, as the
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Fig. 15. The 2000-450cm~! (5.0-22.2) infrared transmission spectra of (a) olivine-dominated, (b) pyroxene-dominated, (c) pyroxene- and olivine-rich fragments from
Almahata Sitta. (d) Spectra of these three rocks show dramatic variations, clearly indicating portions with significant differences in mineralogy. See original figures and

details in Sandford et al. (2010b).

anisotropy of magnetic susceptibility is an indicator for the degree
of shock. However, it is, e.g., also influenced by grain shapes, thus
being no unequivocal proof for an impact relation. They report
P values (degree of anisotropy) of 1.315 and 1.531 for AHS 4
and 39, respectively, which are significantly higher than those of
HED and Martian meteorites. Magnetic hysteresis data show com-
plex magnetization behavior for AHS 4, indicating strong magnetic
interactions, and normal hysteresis for AHS 39. They identified four
magnetic components based on isothermal magnetic remanence,
pointing to a multi-domain phase (presumably kamacite), sues-
site/kamacite in micron-sized particles, and intergrown magnetic
phases such as daubreelite-troilite-kamacite. Low-Ni kamacite,
two populations of kamacite with slightly different Ni- and
Si-contents, suessite-like phases, probably schreibersite, and a
probable Fe-oxy-hydroxide as a terrestrial alteration product were

identified using low and high field thermomagnetic runs in air
and Ar on AHS 4 and 39. The magnetic record of AHS 4 and 39 is
dominated by kamacite. More precisely, Hoffmann and co-workers
concluded that the induced magnetization of AHS 4 is dominated by
coarse-grained kamacite and probably minor cohenite and/or sues-
site similar to AHS 39. The (paleo-)magnetic record of the latter,
however, is characterized by fine-grained kamacite and some con-
tribution from suessite, cohenite, and schreibersite. Additionally,
there are indications for the presence of daubreelite-heideite-
like phases as a Fe-Cr sulfide phase intergrown with troilite.
Daubreelite has been reported from ureilites before. Hoffmann
et al. (2010, 2011a) concluded that the observed (paleo-)magnetic
signature of Almahata Sitta is undoubtedly extraterrestrial and
most probably represents a ureilite parent body magnetic
record.
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Fig. 16. Comparison of the visible-near infrared reflectance spectra of Almahata
Sitta sample AHS 25 and the H4 chondrite Ochansk (modified after Hiroi et al.,
2010a).

Kohout et al. (2010a) found magnetic susceptibilities
for many Almahata Sitta samples in the narrow range of
496+0.12log 10" Am? kg~! identical to the range of other
ureilite falls with 4.95 +0.141og 10-9 Am2 kg~ (Table 12). Kohout
et al. (2010b) report similar values based on analyzing a total of
62 samples, and distinguished three groups based on magnetic
susceptibility. The first group (a total of 15 samples found in the
first four months after the fall and prior to rain exposure) gave
4.92+40.08log1072 Am? kg1 for samples with ureilite appear-
ance (7 rocks). The ureilitic samples (7 out of 13 rocks) of the
second group (samples collected one year after the fall) gave
4.90+0.061og10~2 Am2 kg~!, indicating no severe effect of ter-
restrial weathering. The remaining samples in both groups deviate
and are non-ureilitic in appearance. The third group comprised
all small meteorites collected in the tail of the strewn field, giving
an average of 4.97 +0.34log1072 Am2 kg~! for all samples, and
4.89+0.20log10~2 Am2 kg~! excluding those with high suscep-
tibilities. The large number of samples with anomalously high
susceptibilities and distinct textural appearance [about half of
all samples analyzed by Kohout et al. (2010b)] mostly belong to
ordinary and E chondrites. Most of these have fresh appearances
and susceptibilities similar to other fresh meteorites from their
respective class (ureilites, E chondrites, ordinary chondrites),
pointing to a common impact origin with the ureilites. AHS 33
shows an unusual susceptibility (5.71log10~2 Am2kg~!), which
can be attributed to it being a ureilite with a shock melt-produced

metal-sulfide assemblage. Several other samples showing unusual
susceptibility values (Table 12) are, e.g., AHS 14 and S194 with val-
ues in the range of ureilites and H chondrites, and H or E chondrites,
respectively. The very small samples (<5g) show a large scatter
of susceptibility data and thus reveal lithological inhomogeneity
within asteroid 2008 TC; materials below a fragment size of
1-3cm, due to both various ureilitic and non-ureilitic materials.
However, some of this inhomogeneity may result from slight ter-
restrial weathering. Kohout et al. (2010a) concluded that “asteroid
2008 TC3 may represent a compositionally heterogeneous body
composed of ureilites with mix of chondrite materials and most
likely an assemblage of material left after the catastrophic collision
between ureilite and chondrite parent bodies”.

Hoffmann et al. (2012a) examined the magnetic signatures of
two samples from MS-150. They found that the MS-150 samples
(EL6 IMR) show significantly lower magnetic susceptibility val-
ues than the average of all EL6 chondrite falls with a value of
5.46 x 109 m3 kg~!, which might be the result of terrestrial oxida-
tion. The room temperature properties of MS-150 can be attributed
to a near-kamacite phase and cohenite. The origin of a ~120°C
phase is not clear, but daubreelite was found at low-T of ~—150°C.
The isothermal magnetic remanence of MS-150 is higher than that
of Neuschwanstein (EL6), the reason for which is also unclear but
might originate from differences in metal content or shock stage.

A rock magnetic and paleomagnetic characterization of AHS 22
and 27 revealed the presence of kamacite as the dominant magnetic
mineral, although heating curves indicate various Ni contents in
metal (Kohout et al., 2010b). Furthermore, indications for minor
Ni-free metal, minor cohenite, and large multi-domain kamacite
grains were found. The frequency and field amplitude dependence
of the magnetic susceptibility was measured for AHS 99, S127, and
S$129, and turned out to be low, in agreement with previous data
on ureilites.

6.5. Other physical properties

Fragment AHS 7 was broken to obtain a fresh surface to deter-
mine a tensile strength of only 56+26MPa (Jenniskens et al.,
2009b), which is significantly higher than the tensile strength
inferred for the asteroid from the atmospheric break-up estimated
as0.2-0.3 MPa (Popovaetal.,2011).This clearly illustrates the weak
welding of asteroid 2008 TC3 compared with fragments from well
consolidated lithologies.
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Fig. 17. Volume and the largest axis of the asteroid 2008 TC; shape model (30 errors are indicated by gray lines) as a function of the surface geometric albedo. Modified after

Scheirich et al. (2010).
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Table 12

List of all Almahata Sitta (AHS) meteorite samples measured for their magnetic susceptibility (given as logarithm) and mass. Anomalous (most likely non-ureilitic) samples
are distinguished by difference with typical ureilite values or by their anomalous appearance. For details, see Kohout et al. (2010b).

AHS Log x (in Mass (g) Anomalous AHS Log x (in Mass (g) Anomalous
102 Am? kg 1) susceptibility 102 Am? kg 1) susceptibility

14 5.21 152.58 X 721 5.13 0.78

16 5.38 171.08 X 722 4.60 0.99

25 5.30 190.7 X 723 4.98 2.51

33 5.69 9.2 X 724 5.39 2.59 X
41 5.47 491 X 725 5.37 0.30 X
82 5.02 103 726 5.19 0.39

87 5.55 10.3 X 727 493 0.30

99 4.93 7.8 1104 4.47 1.07 X
S127 4.90 20.6 1105 5.35 0.43 X
S129 5.08 9.3 1106 5.37 0.30 X
S138 4.79 35 1107 5.50 1.82 X
S164 4.95 28.8 1109 4.39 1.82 X
S194 5.43 824 X 1110A 445 6.88 X
S195 491 289 1110B 4.40 0.73 X
S195A 4.92 249 1111 5.57 0.46 X
603 4.94 173 1112 4.69 2.38

607 497 209 1113 4.74 3.74

1001 5.65 48.5 X 1114 5.02 0.38

1003 4.84 10.8 1115 4.88 1.37

1004 481 135 1116 4.63 1.79

1005 5.39 213 X 1118 4.76 0.92

1006 4.87 123 1119 5.30 0.82

1007 5.32 235 X 1120 5.17 1.11

1008 5.55 236 X 1213 5.14 0.77

1009 5.67 13.8 X 1214 4.82 0.87

1010 4.94 23.7 1215 5.51 0.44 X
1011 5.66 22 X 1216 4.83 0.70

1012 4.94 28.7 1217 4.87 239

716 4.94 0.89 1219 4.84 1.88

717 4.68 1.05 1220 4.88 1.57

720 5.44 0.36 X 1221 4.61 2.17

7. Discussion

7.1. Ureilite formation and evolution - further insights from
Almahata Sitta

Ureilites comprise the second largest group of differentiated
meteorites (337 rocks, uncorrected for pairings) after the HEDs
(1215 rocks; Meteorit. Bull. Database, 08/26/2013). They are typ-
ically ultramafic rocks dominated by olivine and pyroxene, and
the majority is unbrecciated (monomict), showing coarse-grained
igneous textures (e.g., Mittlefehldtetal., 1998; Goodrich etal., 2004,
and references therein). Furthermore, several polymict ureilites
containing foreign (chondritic) fragments are known (e.g., Goodrich
etal., 2004; Downes et al., 2008; see also Section 7.2). Ureilites lack
feldspar, which is only rarely found in ureilitic breccias (e.g., Cohen
et al., 2004; Goodrich et al., 2004; Bischoff et al., 2006). The aver-
age carbon content is ~3 wt%, although individual ureilites show
carbon contents ranging from ~0 to 7 wt% (e.g., Mittlefehldt et al.,
1998; Goodrich et al., 2004). Olivine typically has reduced, Mg-rich
rims, and is sprinkled with numerous tiny metal grains thought
to have formed via smelting (carbon-redox controlled reduction).
Ureilites are in several aspects a somewhat enigmatic group of
achondrites. They have preserved primordial signatures (e.g., prim-
itive oxygen isotope composition, near-chondritic siderophile trace
element abundances), although they appear to be products of aster-
oidal differentiation processes (e.g., Mittlefehldt et al., 1998, and
references therein). The details of ureilite petrogenesis are con-
troversial, but most authors assume that the majority formed
as asteroidal mantle restites (e.g., Singletary and Grove, 2003;
Goodrichetal.,2004; Warren et al., 2006, and references therein). A
detailed presentation of existing ureilite formation models is out of
the scope of this review and it is referred to the following references
for details (e.g., Boynton et al., 1976; Wasson et al., 1976; Berkley
and Jones, 1982; Warren and Kallemeyn, 1992; Scott et al., 1993;

Walker and Grove, 1993; Goodrich, 1999; Singletary and Grove,
2003; Goodrich et al., 2004, 2007; Warren and Huber, 2006; Wilson
et al., 2008; Warren, 2010). It is the intention of this paragraph to
briefly sketch ureilite evolution highlighting results from the study
of Almahata Sitta ureilites to provide a framework in which to dis-
cuss the formation and evolution of asteroid 2008 TC3 in more detail
(Section 7.4).

Herrin et al. (2010a,b) combined their results on Almahata Sitta
ureilites with existing literature to set up a four stage scenario for
ureilite thermal history, which will be supplemented here with fur-
ther constraints from the literature and further recent results from
Almahata Sitta.

Stage (I) involved heating and partial melting on the ureilite par-
ent body (UPB), including basaltic magmatism. This is supported
by highly fractionated trace element systematics (incompatible
element depletion) of bulk ureilites and has been interpreted as
~20-30% loss of partial (“basaltic”) silicate melts (e.g., Mittlefehldt
et al., 1998; Goodrich et al., 2004; Warren et al., 2006, and refer-
ences therein). Fragments of this melt are thought to be represented
by the feldspathic clasts in polymict ureilite (e.g., Cohen et al.,
2004). The first large fragment (individual) of the ureilitic crust
(i.e., the missing “basalt”) was found among the Almahata Sitta
samples (MS-MU-011) and indicates that the mode of silicate melt
extraction on the UPB was disequilibrium partial melting with rapid
melt extraction, and that at least some of this melt was andesitic
in composition (Bischoff et al., 2013b). The ~4.56 Ga U-Pb age
(Torigoye-Kita et al., 1995) and studies on short-lived chronome-
ters (Goodrich et al., 2002a; Kita et al., 2003; Lee et al., 2005)
indicate that the ureilite parent asteroid differentiated very early
in the history of the Solar System.

Stage (II) in ureilite evolution encompassed an impact event
that resulted in the catastrophic disruption of the UPB (or at least
parts of it including the mantle). This body was presumably a
larger C-rich asteroid (>200 km diameter) that existed for a short
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period in the early Solar System (e.g., Walker and Grove, 1993;
Warren and Huber, 2006). Fragmentation of the UPB occurred
while the mantle material (i.e., the ureilites) was (were) still at ele-
vated, presumably close to anatectic temperatures (e.g., Walker and
Grove, 1993; Goodrich et al., 2002b, 2004; Herrin et al., 2010a,b;
Warren and Rubin, 2010). Two-pyroxene equilibrium tempera-
tures in augite-bearing fragments from Almahata Sitta revealed
that final mantle equilibrium was at 1190+ 65°C, i.e,, at or near
temperatures of partial melting. This temperature is similar to
that of other augite-bearing ureilites (1185-1255°C; Herrin et al.,
2010a,b). Along with disruption, the reduction textures in coarse-
grained ureilites formed as a result of smelting, triggered by the
sudden pressure loss along fragmentation (Fig. Ge, f). In regions
of more intense reduction and granulation, the fine-grained ure-
ilites common in Almahata Sitta were formed via impact smelting
(Fig. 7; Warren and Rubin, 2010; Horstmann et al., 2013b). Fur-
thermore, Almahata Sitta fine-grained ureilites revealed that solid
metal-liquid metal fractionation occurred, most likely along with
this stage during impact smelting (Horstmann et al., 2013b). Fur-
ther evidence for metal (re-)processing was reported by Goodrich
et al. (2010a).

Stage (IlI): After disruption of the UPB, the mantle mate-
rial cooled rapidly, with reduction zoning being preserved at
grain margins of coarse-grained ureilite silicates. Herrin et al.
(2009, 2010a,b) examined reversely-zoned olivine and pyroxene
from Almahata Sitta ureilites. These document minimum cooling
rates of 0.05-6°Ch~! from initial temperatures of 1200-1300°C
down to 800 °C, which is consistent with previous estimates from
other ureilites (Herrin et al., 2009, 2010a,b). Similar cooling rates
(0.2-5°Ch~1) were found by Mikouchi et al. (2010a,b) based on
augite exsolution lamellae (10-15nm wide) in Almahata Sitta
pigeonite. In agreement with Herrin et al. (2009, 2010a,b) such
rapid cooling was interpreted to record quenching from high tem-
perature on the order of 1240-1280°C down to approximately
1000°C due to the UPB impact break-up while still hot (Mikouchi
etal., 2010a,b). These rates indicate disruption of the parent litholo-
gies forming “fragments ten meters in size or smaller” (Herrin et al.
2010b). Rapid cooling from high temperature is also suggested
based on the metal characteristics of Almahata Sitta ureilites, like
the formation of lath martensite in Fe-Ni metal (Mikouchi et al.,
2011, 2013).

In stage (IV), the fragmented material re-accreted into smaller
daughter asteroids forming one or multiple ureilitic “second gen-
eration” asteroids (e.g., Goodrich et al., 2002b, 2004; Downes et al.,
2008; Herrin et al., 2010a,b). Based on CRE ages (~0.1 to ~47 Ma;
Eugster, 2003; Rai et al., 2003), ureilites are suggested to largely
derive from these bodies, on which also the brecciated ureilites
formed (e.g., Goodrich et al., 2004; Downes et al., 2008). Aster-
oid 2008 TC;3 and its remnant meteorites of Almahata Sitta likely
derive from such a “second generation” object still preserved in the
Solar System, the details of which will be discussed in the follow-
ing.

7.2. Occurrence and formation of polymict meteorite breccias

Almahata Sitta is an extremely heterogeneous polymict breccia
formed by mixing of a variety of independently-formed chondritic
and achondritic lithologies. Impact processes occurred and still
occur on all planetary bodies of our Solar System, resulting in the
formation of shock effects in mineral constituents, in situ fragmen-
tation forming monomict breccias, and brecciation and mixing of
different parent body lithologies with or without incorporation of
fragments of the projectile (polymict or genomict breccias; e.g.,
Bischoff et al., 2006). After fragmentation/brecciation and mixing,
a subsequent impact in a loose parent body material has formed
tough breccias by grain boundary melting and lithification (Kieffer,

1975; Bischoff et al., 1983; Bischoff and Stoffler, 1992). Foreign
(xenolithic, exotic) fragments have been found in a great number
of polymict meteorite breccias. These breccias can be divided into
five groups: (a) brecciated chondrites with chondritic clasts of other
chondrite classes, (b) brecciated chondrites with achondritic xeno-
liths, (c) differentiated meteorite breccias with chondritic clasts,
(d) differentiated meteorite breccias with other achondritic clasts,
and (e) meteoritic breccias with fragments of different chondrite
classes and achondritic clasts. Considering all breccias in general,
the occurrence and abundance of foreign clasts in meteorites can
be regarded as a good measure of the degree of mixing among
asteroids. The relative abundance of different types of material
may indicate the availability of certain components (impactors) at
different times and places in the asteroid belt.

7.2.1. Brecciated chondrites with chondritic clasts of other
chondrite classes

The occurrence of clasts from different ordinary chondrite
groups in a specific host ordinary chondrite breccia is relatively
rare (Bischoff et al., 2006). For example, in the LL chondrites St.
Mesmin and Ngawi, H-group chondrite fragments occur (Dodd,
1974; Fodor and Keil, 1975); in the Dimmitt H chondrite regolith
breccia, LL5 clasts (Rubin et al., 1983), and in the brecciated LL
chondrite Paragould (Fodor and Keil, 1978) L-group components
were encountered. An LL-chondritic xenolith was observed in the
Tanezrouft 039 (L3) (Funk et al., 2011). Semenenko et al. (2001)
identified fine-grained chondritic, accretionary objects in Krymka
(LL3).

CM- or CI-like chondrite clasts bearing phyllosilicates, mag-
netites, and/or carbonates were observed in several H-group
ordinary chondrites (e.g.,, MacPherson et al., 1993; Rubin and
Bottke, 2009; Funk et al., 2011) and in CR- and CH-chondrites (e.g.,
Bischoff et al., 1993b,c, 2006; Endress et al., 1994).

7.2.2. Brecciated chondrites with achondritic xenoliths

Troctolitic, pyroxenitic, noritic, dunitic, or harzburgitic clasts
have been reported from several ordinary chondrites [e.g., Hed-
jaz (L3.7), Barwell (L6), Yamato (Y-) 75097 (L6), Y-794046 (H5),
Y-793241 (L6); e.g., Prinz et al.,, 1984; Hutchison et al., 1988;
Nakamura et al, 1990; Misawa et al, 1992; Nagao, 1994;
Mittlefehldt et al., 1995]. Igneous-textured fragments have also
been found inJulesberg (L3), Vishnupur (LL4-6), and Parnallee (LL3)
(Kennedy et al., 1992; Ruzicka et al., 1998; Bridges and Hutchison,
1997). A fragment in the polymict Villalbeto de la Pefia L6 mete-
orite breccia is related to the winonaites based on oxygen isotope
composition (Dyl et al., 2012; Bischoff et al., 2013c).

7.2.3. Differentiated meteorite breccias with chondritic clasts

Considering ureilitic breccias, chondrite fragments and chon-
drules showing certain relationships to ordinary and Rumuruti
chondrites have been reported by Jaques and Fitzgerald (1982),
Prinzetal.(1986,1987,1988), Ikedaetal.(2000,2003), and Downes
et al. (2008) from North Haig, Nilpena, EET83309, and Dar al Gani
(DaG) 319. Downes et al. (2008) identified a single, nearly pure
enstatite clast in EET 83309, with oxygen isotopes similar to E
chondrites (and aubrites). Also, dark carbonaceous chondrite-like
clasts are reported from several polymict ureilities (e.g., North Haig,
Nilpena, DaG 319; DaG 165; Prinz et al., 1987; Brearley and Prinz,
1992; Brearley and Jones, 1998; Ikeda et al., 2000, 2003; Goodrich
and Keil, 2002). The fragments in DaG 165 largely consist of phyl-
losilicates and grains of sulfide and magnetite (Goodrich and Keil,
2002).

In some polymict HED breccias carbonaceous chondritic clasts
have been found, e.g., in Kapoeta and LEW 85300 (Wilkening, 1973;
Zolensky et al., 1992, 1996), some of which are mineralogically sim-
ilar to CM and CV3 chondrites. The occurrence of chondritic clasts
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in HED breccias was also reported by, e.g., Bunch et al. (1979), Kozul
and Hewins (1988), Mittlefehldt and Lindstrom (1988), Hewins
(1990), Olsen et al. (1990), Reid et al. (1990), Buchanan et al. (1993),
Pun et al. (1998), and Buchanan and Mittlefehldt (2003). Similarly,
foreign clasts are also present in some aubrites: Cumberland Falls
and ALH A78113, contain abundant FeO-bearing, chondritic clasts
that have oxygen isotopic compositions related to ordinary chon-
drites. Their origin, however, is controversial (Lipschutz et al., 1988;
Wasson et al., 1993).

7.2.4. Differentiated meteorite breccias with other achondritic
clasts

In ureilitic breccias, rare ferroan, anorthitic clasts were found in
Nilpena, DaG 319, and North Haig that are similar to angrite mete-
orites (Jaques and Fitzgerald, 1982; Prinz et al., 1986, 1987; Ikeda
et al., 2000). Kita et al. (2003) showed that one ferroan, anorthite-
rich clast in DaG 319 has an oxygen isotope composition similar to
the Angra dos Reis angrite.

The Norton County aubrite contains igneous-textured pyroxen-
itic clasts composed of orthoenstatite, pigeonite, and diopside, and
impact melt breccia clasts (e.g., Okada et al., 1988). These authors
also found a fragment having diopside, plagioclase, and silica, and
olivine and feldspathic clasts that are probably derived from sep-
arate lithologies (e.g., Okada et al., 1988), which may be foreign in
our view.

7.2.5. Meteoritic breccias with fragments of different chondrite
classes and achondritic clasts

The most prominent meteorite belonging to this group is cer-
tainly Kaidun, which contains all different kinds of chondritic and
achondritic clasts (see Section 7.3). Among the chondritic brec-
cias, Adzhi Bogdo (LL3-6) is an excellent example. In Adzhi-Bogdo
(Bischoff et al., 1993a, 1996) L-group components were encoun-
tered as well as granitic clasts (Bischoff et al., 1993a; Sokol et al.,
2007a; Terada and Bischoff, 2009), but the oxygen isotope com-
positions of the latter were similar to those obtained for ordinary
chondrites (Sokol et al., 2007b).

For details regarding further exotic clasts identified in polymict
ureilite breccias, it is referred to the comprehensive review by
Goodrich et al. (2004).

7.3. Kaidun and Almahata Sitta — two extreme cases of polymict
breccia formation

Extreme compositional and lithological inhomogeneities in
meteorites exist in the cases of Kaidun (Zolensky and Ivanov, 2003)
and Almahata Sitta. A combination of different processes (e.g.,
accretion, metamorphism, differentiation, brecciation, destruction,
and re-accretion) is certainly responsible for producing this kind of
multifaceted polymict breccias. Before Almahata Sitta, Kaidun has
been regarded as the most impressive and fascinating meteoritic
breccia, consisting of abundant millimeter and sub-millimeter-
sized fragments (e.g., EH3-5, EL3, CV3, CM1-2 and R chondrites;
Zolensky and Ivanov, 2003, and references therein). Also C1 and C2
lithologies, new enstatite-bearing clasts, fragments of impact melt
products and Ca-rich achondritic materials, as well as phosphide-
bearing clasts were encountered. Some alkaline-enriched clasts
were observed that are similar to granitoidal clasts found in the
Adzhi-Bogdo ordinary chondrite regolith breccia (Bischoff et al.,
1993a).Zolensky and Ivanov (2003) suggest that Kaidun may derive
from an especially large asteroid like Ceres, or an unusually located
one like Phobos, the larger moon of Mars. By comparison, the vari-
ety of different lithologies is quite similar between Kaidun and
Almahata Sitta; however, the ingredients are quite different, since
ureilitic lithologies are dominating in Almahata Sitta.

Beyond that, there is another significant difference between the
Almahata Sitta/asteroid 2008 TC3; polymict breccia and Kaidun:
Kaidun is a well-consolidated breccia and the relationship between
different lithologies can be studied in great detail on the thin sec-
tion scale, which is not the case for Almahata Sitta showing only
meteorite individuals, which broke apart from each other dur-
ing atmospheric entry of a loosely consolidated breccia. In this
respect Almahata Sitta is also very different from other polymict
ureilites, in which ureilitic and exotic (chondritic) fragments are
well-consolidated in one thin section (e.g., Goodrich et al., 2004). In
addition, as stated in Bischoff et al. (2010b), other polymict ureilites
do not contain such an apparent abundance of “exotic” clasts.

Several other interesting facts regarding the nature of asteroid
2008 TC3/Almahata Sitta can be observed [some of which have been
listed in Bischoff et al. (2010b)]: (a) CB, chondrites (Bischoff et al.,
2012)have never before been reported to occur as clasts in polymict
ureilites; (b) the unusual R chondrite-like fragment (Horstmann
et al.,, 2010) extends the number of R chondrite(-related) frag-
ments in polymict ureilites; (c) although a single enstatite clast
related to enstatite meteorites is known from polymict ureilites
(Downes et al., 2008), the quantity, size, and textural and chemi-
cal variability of E chondrites in Almahata Sitta is unique; (d) no
information on the strength and lithological connections of the
various chondritic and achondritic components can be inferred;
(e) asteroid 2008 TC3 was much more loosely lithified and porous
than typical polymict ureilite breccias and Kaidun; (f) asteroid 2008
TC3 may have consisted of loosely agglomerated components that
disintegrated into monolithic fragments along their original bound-
aries during explosion in the atmosphere (Horstmann and Bischoff,
2010b; Fig. 18; see also below).

7.4. Late accretion and evolution of asteroid 2008 TC3 — a
summary

The formation and evolution of asteroid 2008 TC3 has been dis-
cussed to various extents by several workers (e.g., Bischoff et al.,
2010b; Herrin et al., 2010a,b; Horstmann and Bischoff, 2010b;
Hartmann et al., 2011; Gayon-Markt et al., 2012).

As a starting point for the formation and evolutionary pathway
of asteroid 2008 TC3 (Fig. 18), the final catastrophic disruption of
the UPB delivering various ureilitic materials in terms of texture
and mineral composition is chosen (equivalent to the aftermath
of Stage III in Section 7.1). This approach is based on this largely
accepted view established in, e.g., Goodrich et al. (2004), Downes
et al. (2008), and references therein. Fig. 18 illustrates two distinct
evolutionary pathways that are proposed for asteroid 2008 TCs.

Bischoff et al. (2010b) and Horstmann and Bischoff (2010b) sug-
gested that the highly variable ureilitic materials delivered and
dispersed by the impact re-accreted to second-generation asteroids
upon which various chondritic materials found in the Almahata
Sitta strewn field could have been mixed into these bodies (Fig. 18).
This gave rise to polymict second generation asteroids, a fragment
of which is represented by asteroid 2008 TCs. Similarly, Herrin
et al. (2010a,b) suggested that the ureilitic fragments formed a
debris cloud around the former UPB and were mixed with vari-
ous chondritic materials, finally forming “polylithologic aggregate
objects such as asteroid 2008 TC3”. Meteorites bearing foreign clasts
are typically regolith breccias. However, the absence of solar wind
gases argues against a regolith nature of asteroid 2008 TC3 (Ott
et al., 2010) and suggests that it was shielded at greater depth
in a larger body. This is supported by Meier et al. (2010, 2012)
and Welten et al. (2011), who showed that the chondritic con-
stituents were apparently shielded in a larger body (after >8 Ma
pre-exposure) before delivery of asteroid 2008 TC3 to Earth. Sabbah
et al. (2010) supported the common derivation of ureilites and
chondrites from one mixed parent body by analysis of PAHs.
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(1) Catastrophic impact disruption of the UPB

(2a) Re-accretion of second
generation bodies with mixing of
ureilitic and chondritic lithologies

‘.

(2b) Re-accretion of ureilitic
second generation bodies

(3) Migration and late accumulation

(4) Asteroid 2008 TC; break-off

> e

(6) Meteorite strewn field,
Nubian Desert, Sudan

of diverse impactors
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Fig. 18. Schematic illustration of a possible formation scenario of the late-accreted, second generation-ureilite asteroid, the break-off of asteroid 2008 TCs, and the origin of
the Almahata Sitta strewn field. Picture of the strewn field modified after http://apod.nasa.gov/apod/ap090328.html, accessed 08/12/2013.

Following Hartmann et al. (2011) in assuming that the UPB
accreted and disrupted in the outer asteroid belt, and considering
the presence of chondritic material in asteroid 2008 TC3 formed in
the inner regions of the Solar System (E and O chondrites), the sce-
nario envisioned by Bischoff and co-workers (Bischoff et al., 2010b;
Horstmann and Bischoff, 2010b) appears unlikely, as it requires
considerable migration of material. Hartmann et al. (2011)also con-
clude that a chondrite-rich regolith developed on a ureilitic second
generation asteroid in the outer belt is also unlikely, which is in
agreement with the results of Ott et al. (2010). Hartmann et al.
(2011) deduce that “the UPB daughter must have spent sufficient
time in the inner asteroid belt and/or the terrestrial region in order
to accrete this [chondritic] material”. Alternatively, they suggest
that the intact UPB could have migrated inwards and broke up
in the inner asteroid belt. Either formed or emplaced in the inner

belt, the ureilitic second generation body was gardened via bom-
bardment with various local (chondritic) materials (Fig. 18). The
body developed deep regolith of intimately mixed various ureilitic
and chondritic fragments over time. These authors envision that
asteroid 2008 TC3 would derive from shallow regolith with small
grain size and high abundance of foreign materials. Other polymict
ureilites might originate from deeper regolith portions, common
coarse-grained ureilites from the interior of these bodies.
However, there are (potentially) several problematic issues with
Hartmann et al. (2011) model as recognized by the authors them-
selves, like low impact velocities not present in the main belt
required to allow non-destructive integration of impactors (also
noted by Gayon-Markt et al., 2012), the apparent abundance of E
chondrites in the present-day inner belt (considering the appar-
ent high E to O chondrite ratio in Almahata Sitta), or the difference
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in clast types between Almahata Sitta and normal polymict ure-
ilites. Furthermore, the lack of solar wind implanted gases (Ott et al.,
2010)argues for an origin from a greater depth on the asteroid 2008
TC5 parent body, which is not in agreement with a surficial regolith-
nature of the object. Regarding the impact velocities, however,
Hartmann et al. (2013) speculate that many asteroidal fragments in
the diameter range of approximately 1-500 m are masses of loosely
consolidated regolith, and that some would have captured multi-
ple, intact impactors of different meteorite types at relatively low
velocities. Concerning the evolution of small, rapidly rotating aster-
oids in the context of the meteoroid impact of 2008 TC3, see details
in Scheeres and Sanchez (2011). With respect to the apparent high
abundance of E chondrite in Almahata Sitta, Hartmann et al. (2011)
speculate that the break-up of the UPB might have involved an E
chondrite breccia impactor.

The nature and characteristics of the various chondritic frag-
ments in asteroid 2008 TC3 clearly show that these fragments were
incorporated into the asteroid 2008 TC3; parent body as already
completely processed objects. This means that, e.g., the H5 chon-
drite clast derives from an H chondrite parent body that accreted
after chondrule formation, experienced thermal metamorphism
for some million years, and collided with some other body. The
body was (partly) disrupted and the material delivered into space.
Similar processes can/have to be invoked with respect to EL6 and
basically all other metamorphosed chondritic components of Alma-
hata Sitta. Between the formation of Ca,Al-rich inclusions and
chondrules, and the accretion of asteroid 2008 TC3 considerable
time has passed. Meier et al. (2012) reported a pre-irradiation
of Almahata Sitta ordinary chondrites of roughly 10-20 Ma. This
shows that the samples clearly migrated as individual meteoroids
in space for some time, prior to incorporation into a larger body (the
asteroid 2008 TC3 parent body), in which they were shielded (Ott
et al., 2010). Furthermore, Meier et al. (2012) could show that the
accretion of the asteroid 2008 TC3 parent asteroid (incorporation
of chondritic components) took place no later than ~3.8 Ga ago,
around the time of the proposed late heavy bombardment. Gayon-
Marktetal.(2012)also suggest that the heterogeneous composition
of asteroid 2008 TC3 has to be inherited from processes in the very
early Solar System. They conclude that asteroid 2008 TC3 “seems
to be an agglomeration of meteorite-sized (i.e., a few dm) pebbles
of different nature” and formed in a phase of the Solar System in
which collisional erosion and collisional accretion overlapped for
some time in the primordial asteroid belt.

Since about 25-40% of (intact) non-ureilitic fragments have
been encountered (which might not be truly representative of bulk
2008 TC3), a re-accretion process for the formation of asteroid 2008
TC5 over an incorporation of the chondritic components as projec-
tiles into aregolith (Hartmann et al., 2011) is favored here: All sorts
of chondritic fragments may have been present as “meteorite-sized
pebbles” (Gayon-Markt et al., 2012) in a debris disk around the
sun at the time of accretion of the asteroid 2008 TC3 parent body
and were mixed into it at low collisional velocities. Derivation from
greater depth from the parent body is supported by the lack of solar
wind implanted gases (Ott et al., 2010).

Accretion of asteroids was accompanied by mixing of mate-
rial that originated over a range of heliocentric distances
(Weidenschilling, 2013). This author also suggests that at least
some of the large scale compositional heterogeneities in the
asteroid belt (radial zoning) and small scale heterogeneities in
meteorites documented by polymict breccias probably occurred
after the excitation and mass depletion of the main belt in the early
Solar System during ~4 Ga of high-velocity collisional evolution.
In the case of asteroid 2008 TCs, however, its parent body did not
experience a large impact in the last ~3.8 Ga (Meier et al., 2012).

Anyway, a polymict second generation asteroid broke up as a
result of an impact liberating, among others, asteroid 2008 TC3

(Fig. 18)thatended up in an Earth-crossing orbit ultimately impact-
ing Earth in the Nubian Desert, northern Sudan. The time span
asteroid 2008 TC3 traveled through space after its break-off can be
given as on the order of ~20 Ma (Welten et al.,2010a,b, 2011). Thus,
asteroid 2008 TCs3 clearly represents a fragment from a (ureilitic)
second generation asteroid, which formed late in Solar System evo-
lution.

Based on the orbital calculations, Jenniskens et al. (2009b) sug-
gested that there might be a link between asteroid 2008 TC; and
the 2.6-km sized asteroid 1998 KU,, the only other known F-class
asteroid in space close to its evolutionary pathway. Jenniskens et al.
(2010) performed a detailed study to reconstruct the source region
of asteroid 2008 TCs. Although they found a population of near-
Earth asteroids with spectra similar to asteroid 2008 TC3; - the
source region of which can be either in the main, inner, or outer
asteroid belt - there is no strong evidence for either option. Gayon-
Markt et al.(2012) conclude-based on spectroscopic and dynamical
investigations - that the most likely source region of asteroid 2008
TC3 is the inner main belt at low inclination (i<8°). Regions of
the main belt including the Nysa-Polana family and background
objects were found by Gayon-Markt et al. (2012) to contain aster-
oids of spectroscopic classes that can be associated with different
Almahata Sitta meteorite types.

Due to its high porosity and weak lithification, asteroid 2008
TC3 broke up at a relatively high altitude of ~37 km, spreading a
meteorite shower over the desert close to train station 6, south
of Wadi Halfa (Figs. 1b, 2, and 18). Popova et al. (2011) suggest
that as a result of the apparent massive dust release upon detona-
tion, the recovery of only a small fraction of the mass as Almahata
Sitta fragments, the different lithologies of achondritic and chon-
dritic rocks, and the rotational evidence against a cohesionless
rubble pile, asteroid 2008 TC3 must have been weakly bonded
by fine-grained matrix. Bischoff et al. (2010b) suggested that the
highly porous, fine-grained ureilite material of AHS 7 classified by
Jenniskens et al. (2009b) may represent the weak and relatively
unconsolidated matrix which surrounded the monolithic clasts.
However, from all studies of the Almahata Sitta fragments, no infor-
mation could be gathered whether primordial dust was present in
the region of re-accretion, since most of the fragments studied con-
sist of a single lithology and the total material (~10 kg) represents
<0.1% of the initial asteroid mass (for which most estimates now
range from 20 to 50t). The fine-grained material, however, which
may have been generated in a parent body regolith, was lost dur-
ing the fragmentation event in the atmosphere (Popova etal.,2011)
and, hence, is most likely different from the fine-grained ureilites,
which rather represent a distinct lithology.

8. Concluding remarks

More than 600 recovered samples have been gathered in the
collection of the Almahata Sitta consortium and are stored in Khar-
toum. However, only a very limited number of samples from this
collection have so far been studied in detail (Table 2). Mineral-
chemical data are only available for 25 samples, though some more
samples have at least been generally classified (Shaddad et al.,
2010; Kohout et al., 2010a,b). It should be of great interest for inter-
national science to study as many of these samples as possible,
because based on the results obtained so far on Almahata Sitta, it
is suggested that Almahata Sitta is - from the petrological and cos-
mochemical point of view - the most important meteorite shower
after that of Allende almost 50 years ago. Almahata Sitta was shown
to and still bears significant potential to considerably further our
understanding of, e.g., the thermal histories of different meteorite
classes (especially ureilites and E chondrites) and the formation and
evolution of asteroids, i.e., migration, collision, and mixing in the
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asteroid belt. Additionally, not all meteoritic ingredients residing in
the samples that remained in the collection so far may have been
found in previous studies on Almahata Sitta and in meteoritics in
general, as exemplified by the ureilite-related andesite and sulfide-
metal assemblages. In particular, studying the complete range of
Almahata Sitta samples will probably allow to learn much more
about the formation of ureilites and the evolution of the UPB than
it would ever be possible based on the study of all other known
individual ureilites together.

Another aspect that should not be underestimated is the direct
link of meteorite samples and remote sensing data of their parental
asteroid 2008 TCs. This could substantially contribute to gain new
insights into the understanding of spectral data obtained by remote
sensing and actual asteroid samples and, hence, might allow to
link certain meteorite classes more confidently to certain asteroidal
parent bodies.
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