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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 probably 

Bennu. Petrographic evidence of impact shock melting 

and brecciation has been presented for CM and CI chon-

drites [4], which we review here as a reminder of what 

we expect in the returned Ryugu and Bennu samples.  

 

Agglutinates: We located in several CI and CM chon-

drites apparent agglutinate grains containing melted ma-

trix grading into desiccated phyllosilicates (Figure 1). 

The melt partially devitrified into normally-zoned oli-

vine crystals (Figure 1c) which sit in mesostasis glass. 

These glasses have partially devitrified to olivine, in  

contrast to the situation for lunar agglutinates, possibly 

due to a higher olivine normative composition, and the 

difficulty of quenching a liquid with an almost pure ol-

ivine composition (Gary Lofgren personal communica-

tion, 1999). Agglutinate grains are rare in C chondrites, 

but should be more abundant in unconsolidated regolith 

samples. 

Figure 1. BSE images of a probable agglutinate in 

Orgueil. (a) Image of the entire agglutinate grain. (b) 

Close-up of partially dehydrated (heated) matrix at the 

edge of the agglutinate. Arrows indicate dehydration 

cracks in the matrix phyllosilicates. (c) Close-up of the 

center of the agglutinate grain, where complete melting 

has occurred, and cooling has produced normally-zoned 

olivine crystals (forsterite cores – F) in mesostasis glass. 

(d) Close-up of the gradation between melted and un-

melted material at the agglutinate edge 

 

Shock Melt Vein Material: We have previously re-

ported on shock melted C2 chondrite materials in the  

Kaidun meteorite breccia lithologies (mainly C and E 

chondrites), some of which have experienced post-

shock aqueous alteration which severely masks the evi-

dence for shock [5,6].  Two examples are shown in Fig-

ure 2, both from a C1/2 lithologies in Kaidun. In these 

melt vein samples zoned acicular olivine and plagio-

clase crystals have nucleated into pyroxene-composi-

tion mesostasis. In Figures 2a and b the entire assem-

blage has been altered to phyllosilicates, which preserve 

most aspects of the compositions and even the zoning. 

These veins are apparently identical to shock melt veins 

in shergottites and terrestrial samples [7].  

 

Figure 2. BSE images of shock melt vein materials in 

Kaidun. (a) & (b) From the CM1 lithology, serpentine 

faithfully pseudomorphs a vein originally consisting of 

zoned, acicular olivine crystals nucleating into pyrox-

ene composition mesostasis. (c) & (d) Vein fragment, 

still fresh, consisting of acicular plagioclase nucleating 

into augite mesostasis. After [5]. 

 

Glassy Beads: In every carbonaceous chondrite (even 

CI chondrites) where we carefully searched we encoun-

ter 10-100µm-sized beads of glass or phyllosilicates 

which could arguably be microchondrules, but when ob-

viously vesicular are more likely a product of impact. 

Two typical examples are shown in Figure 3, one (rom 

Orgueil which is still non-crystalline, and the other from 

the Nogoya CM2 chondrite which we suggest has been 

altered from glass to serpentine. Again, unless the orig-

inal glassy state has been preserved, it is perhaps impos-

sible to ascribe these particular objects to impacts. For-

tunately a few survivors are present for futher work. 
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Melted Sulfides: In some C2s masses of melted sulfides 

record a flash heating event. Figure 4 illustrates one of 

many troilite masses in the Jbilet Winselwan CM2 

chondrite which have obviously been melted, and ma-

trix silicate grains injected inward. For the sulfur to have 

not completely evaporated requires rather rapid cooling. 

This particular meteorite exhibits additional evidence of 

a heating event [8,9], containing partially equilibrated 

olivine aggregates and chondrules, matrix phyllosili-

cates transformed into olivine, and areas of finely com-

minuted, size-sorted olivine grains. A study of  shock-

melted sulfides in an LL6 chondrite indicated that they 

produced reflectance spectra that differed significantly 

from samples with unmelted sulfides [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Beads. (Left) Vesicular glassy bead from 

Orgueil. (Right) Serpentine bead in Nogoya. Note the 

mottling, resembling the vesicular glassy Orgueil bead. 

 

Figure 4: 

BSE image of 

melted troilite 

(white – on 

the right) in 

the Jbilet 

Winselwan 

CM chon-

drite. Embed-

ded matrix sil-

icates (grey) 

in the troilite 

include oli-

vine and low-Ca pyroxene. Note the area of well-sorted 

olivine grains in the center of the image, adjacent to the 

troilite, probably resulting from asteroid shaking. 

 

Brecciation in Regoliths 

The plot in Figure 5 shows Cosmic Ray Exposure 

(CRE) ages for CMs vs. number of lithologies identified 

in each meteorite [11, unpublished CRE data from K. 

Nishiizumi and M. Caffee]. The lithologic heterogene-

ity vs. exposure-age relationship  in Fig. 5 could indicate 

different responses of homogeneous and heterogeneous 

meteoroids to the space environment between their on-

set of exposure (exhumation and ejection from the par-

ent body) and arrival at Earth. Breccias have more inter-

nal surfaces of lithologic discontinuity, resulting in 

weaker meteoroids that disintegrate more readily than 

their more homogeneous counterparts. The implication 

of this relation is that samples at the asteroid surface 

(extrapolating to zero CRE age) will generally consist 

of very numerous, different lithologies (but possibly 

still predominantly the same meteorite class), with var-

ying degree of heating/metamorphism. This view ap-

pears to be supported by recent imaging of the regoliths 

of Ryugu and Bennu. 

 

 
 

Figure 5. There is an anti-correlation between CRE age 

and the number of distinct CM lithologies within indi-

vidual CM chondrites. After [5]. 

 

Implications: Regolith returned from Ryugu and Bennu 

will be diverse breccias sampling varying degrees of 

aqueous alteration, impact shock, thermal metamor-

phism and asteroid shaking.   
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