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Introduction: Space-weathering features such as
micrometeoroid impact craters, splash melt, and solar-
wind blistering have been identified in lunar soil grains
[1] and surface regolith returned from asteroid Itokawa
[2, 3]. Regolith-breccia meteorites [4] likely contain
particles that were directly exposed on the surface of air-
less bodies mixed with many particles that were never
exposed to space. If space-exposed particles can be
identified, they can be further studied by FIB-TEM
to determine, e.g., the characteristics of nanophase Fe
rims compared to regolith grains from the Moon and
Itokawa. Analyses of these grains from regolith-breccia
meteorites would extend our understanding of space-
weathering to other airless bodies in the Solar System:
the parent bodies of CI, CM, CR, and CH carbonaceous
chondrites; H, L, and LL ordinary chondrites; R and E
chondrites; and the ureilites, howardites, and aubrites.

A few micrometeoroid impact craters have been
identified in regolith-breccia meteorites: the howardite
Kapoeta [5] and CM chondrite Murchison [6]. Melt
products were reported in thin sections of Fayetteville
(H chondrite) and Kapoeta [7].

Here we describe our method to gently disaggregate
regolith-breccia meteorites and search for micromete-
oroid impact craters, and the initial results of this search
on particles from Adzhi-Bogdo (stone) (LL3-6, [8]) and
Murchison (CM2). These two meteorites were chosen
for this investigation because they are both enriched
in solar-wind gases [9] and characterized as regolith-
breccias [4]. Additionally, Adzhi-Bogdo is of similar
classification as the Hayabusa samples from Itokawa
[10], and Murchison meteorite is an appropriate mete-
orite analog for the samples that will be returned from
asteroid Bennu by the OSIRIS-REx mission [11].

Figure 1: Left) Adzhi-Bogdo chunk before
disaggregation—dark lithology is where noble gases
are concentrated [9]. Right) Murchison before disag-
gregation.

Methods: We disaggregated ~0.5 g of Adzhi-
Bogdo and Murchison using an automatic freeze-thaw
device that we designed and built. This device uses

electronically controlled Peltier coolers to freeze and
thaw six samples simultaneously (Fig. 2). Samples were
subjected to ~3000 freeze-thaw cycles which took ~38
days (one freeze-thaw cycles takes ~18 minutes).
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Figure 2: Automatic freeze-thaw system.

After disaggregation, the water was evaporated and
the meteorite powder was deposited with a paintbrush
onto carbon tape on half-inch SEM stubs. Each sam-
ple was coated with ~5 nm of Au-Pd for electrical con-
ductivity. The disaggregated particles were then imaged
with a Tescan MIRA-3 FEG-SEM using 1-2 kV accel-
erating voltage to maximize surface sensitivity of the
secondary electrons. Secondary electron images (with
a 50 um field of view and 1536x 1536 pixels) were au-
tomatically acquired with gain and focus automatically
adjusted for each image. Each SEM stub took ~2 weeks
to image and yielded ~15,000 images. These images
were then searched individually by human eye for im-
pact craters. We are developing a crowd-sourced web-
site to enlist volunteers to help us with the search.

Results: We identified dozens of potential craters in
Adzhi-Bogdo. Three of the most promising examples
are shown in Fig. 4. These clustered craters are rela-
tively shallow (small depth/diameter ratios). The Adzhi-
Bogdo disaggregated samples had many grains with
clean surfaces that are well-suited for crater searches.

Microcraters were more difficult to identify in
Murchison due to fine-grained adhering material
(matrix grains, organics, or oxidation products created
during freeze-thaw disaggregation). Nonetheless, we
identified a few potential microcraters in Murchison,
one of which had a prominent raised rim (Fig. 3).

Discussion: The microcraters we observed Adzhi-
Bogdo are clustered, shallow and usually have crater
lips and some melt residue. We did not observe any
craters will spall zones around the central pit that are
characteristic of most hypervelocity impacts [12]. We
interpret these clustered craters as secondary ejecta im-
pacts from a hypervelocity impact on the parent as-
teroid. We did not observe clustered microcraters in
Murchison, though analyses of Murchison were chal-
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Figure 3: Secondary electron image of crater-like fea-
ture in Murchison.

lenging due to the scarcity of clean grain surfaces in our
disaggregated sample.

In this study we only identified a few ~100 um? ar-
eas of space-exposed grains in millions of ym? areas of
disaggregated grains that we searched in Murchison and
Adzhi-Bogdo. It is likely that searches of thin sections
of the regoltih-breccia meteorites of Fayetteville (H4)
and Kapoeta (howardite) [7] did not identify nanophase-
Fe bearing rims because intact space-exposed grain sur-
faces are rare in regolith-breccia meteorites and difficult
to identify in cross-section.

Future Work: We will extract electron-transparent
lamellae of the craters and nearby grains surface using
the FEI Quanta 3D FIB at Washington University in St.
Louis for subsequent TEM analysis. In cross-section,
the mineral below the craters should show shock defor-
mation if these are truly impact craters [13]. We will
then characterize the surfaces of space-exposed grains
by TEM and compare with space-weathered regolith
grains from the Moon and asteroid Itokawa.
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Figure 4: Secondary electron images of crater-like fea-
tures in Adzhi-Bogdo.
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