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Introduction: C-complex asteroids frequently exhibit
reflectance spectra consistent with thermally metamor-
phosed or shocked carbonaceous chondrites [1], and
brecciation [2], including Ryugu [1,3], and Bennu [4].
Petrographic evidence of brecciation has been presented
for CM [5], and here we reexamine Cold Bokkeveld,
one of the most diverse CM breccias, as a preview of the
samples to be returned from Ryugu and Bennu.

Brecciation in Regoliths: The plot in Figure 1 shows
Cosmic Ray Exposure (CRE) ages for CMs vs. number
of lithologies identified in each meteorite [6, 7, un-
published CRE data from K. Nishiizumi and M. Caffee].
The lithologic heterogeneity vs. exposure-age relation-
ship in Fig. 1 could indicate different responses of ho-
mogeneous and heterogeneous meteoroids to the space
environment between their onset of exposure (exhuma-
tion and ejection from the parent body) and arrival at
Earth. The implication of this relation is that samples at
the asteroid surface (extrapolating to zero CRE age) will
generally consist of very numerous, different litholo-
gies, with varying degree of aqueous alteration, and
heating/metamorphism and foreign material. This view
is supported by recent imaging and spectroscopic sur-
veys of the regoliths of Ryugu and Bennu performed by
the Hayabusa2 and OSIRIS REx spacecraft [1,3,4].
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Figure 1. There is an anti-correlation between CRE age
and the number of distinct CM lithologies within indi-
vidual CM chondrites. After [6].

Cold Bokkeveld: In our experience the CMs with the
most diverse population of different lithologies include
LON 94101 (and litter mates) and Cold Bokkeveld. In
this abstract we present results of SEM-EDX and
EPMA analyses of two sections of Cold Bokkeveld bor-
rowed from the London Natural History Museum
(1727-2 and 1727-3).

Back-scattered electron (BSE) images and quantita-
tive analyses were obtained using the JEOL 7600-FE
scanning electron microscope and the JEOL 8530-FE
electron microprobe (respectively) at the Astromaterials
Research and Exploration Science (ARES) Branch
Electron Beam Laboratory, Johnson Space Center.
Both examined sections display at least six different CM
lithologies, whose differences include size and abun-
dance of chondrules and thickness of chondrule rims,
abundance of anhydrous silicates and metal vs fine-
grained matrix, and relative abundances of magnetite
and Fe-Ni sulfides. These are apparent in Figure 2,
where a selection of the CM lithologies is illustrated.
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Figure 2: BSE images of six of the different CM lithol-
ogies in Cold Bokkeveld section 17-27-2. Each image
measures 3 mm across.
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Figure 3: BSE images of three of the unusual type C2
lithologies in Cold Bokkeveld. Views measure 1.5 mm.
across. Sadly, lithology 3-A4 has almost been polished
away.

In addition to these CM lithologies, these Cold
Bokkeveld sections contain several type 2 lithologies
that are not obviously CM, and which appear to group
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into three different materials. These lack chondrules or
pseudomorphed chondrules, although some contain a
significant quantity of anhydrous silicates, especially
forsteritic olivine, so they are not type 1 or obviously
CML1. Three of these lithologies are illustrated in Fig. 3.

Si+Al
Yellow: CI
Blue: CM+Essebi
Grey: CR
Red/Black: Aguas Zarcas
~sapone
i o
o
B i e
s 29
s, S .
erp(‘n!rrpe
Mg —§ \ TIEP, TRENES VN W S Fe

Figure 4: Plot of matrix phyllosilicates in CI (two me-
teorites), CR (one meteorite), and CM chondrites (six
plus Essebi; Aguas Zarcas CM is displayed separately)
displayed on a wt. % ternary of Si+Al : Mg : Fe. Lines
are provided for “ideal” saponite and chrysotile (“ser-
pentine”) compositions.

Phyllosilicate compositions: We have found that one
relatively rapid means of discrimination between differ-
ent C2 carbonaceous chondrites is through EPMA anal-
yses of matrix phyllosilicates, which is not anything
new. Figure 4 shows a plot of phyllosilicate composi-
tions for two CI chondrites (Orgueil and Alais), one CR
(Renazzo), and six “typical” CM chondrites plus Essebi
(plotted together), and Aguas Zarcas CM (displayed
separately). In the figure these are displayed in a wt. %
ternary of Si+Al : Mg : Fe.

As can be seen in Figure 4, Cl and CR phyllosilicates
are predominantly a mixture of serpentine type phases
(chrysotile and cronstedtite) and saponite. CM compo-
sitions, including Aguas Zarcas CM and Essebi (which
isn’t really a CM) plot nearer the ideal serpentine com-
position — differences from this are probably due mainly
to varying Al composition and Fe charge.

When we add in the phyllosilicates from 21 different
Cold Bokkeveld clasts (Figure 5), the plot gets rather
complicated, but it is clear is that the entire range of CM
phyllosilicates is present in this single CM breccia.

The type 2 lithologies shown in Figure 4 are mineral-
ogically distinct from typical CMs, CRs and Cls in sev-
eral respects. There are sparse or no large components
(chondrules, AOA, CAl), but scattered olivine and low-
Ca pyroxene fragments are generally present. Phyllosil-
icates in lithology 3-Al1 are essentially pure saponite,
while those in 3-A4 are pure serpentine; the other C2

lithologies contain a mixture of these two phyllosili-
cates. Lithology 2-A3/6 contains a high concentration
of submicron fluorapatite crystals. Magnetite and Fe-Ni
sulfides are abundant in some lithologies, but sulfides
are rare or absent from 2-A3/6. Fine-grained Ca car-
bonates and dolomite are present in some lithologies.
Andreyivanovite (ideally FeCrP) is present in 3-A3, the
second occurrence in nature of this phase (after Kaidun
[8]). In summary, these C2 lithologies have experienced
incomplete aqueous alteration, but the precursor lithol-
ogy was probably not CM.
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Figure 5: Detail of a plot of matrix phyllosilicates 21
Cold Bokkeveld clasts, displayed on a wt. % ternary of
Si+Al : Mg : Fe. Lines are provided for “ideal” saponite
and chrysotile (“serpentine””) compositions. Note the
green symbols (from 3-A4) (see green arrow) lying
along the serpentine line, and blue/grey symbols (3-
Al1) (see blue arrow) lying very close to stoichiometric
saponite. These lithologies are shown in Fig. 3.

Implications: If they are anything like brecciated CMs,
regolith samples returned from Ryugu and Bennu will
be diverse breccias containing materials that experi-
enced varying degrees of aqueous alteration, and prob-
ably lithologies not previously available, at present, as
separate meteorites.
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