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Introduction: Impacts are thought to have had a 

significant role in shaping and altering C-complex as-

teroids during their early evolution. The best evidence 

for such shock processing is preserved as brecciation 

and petrofabrics which can be observed throughout the 

CM carbonaceous chondrites in both 2D and 3D [1-6]. 

The presence of petrofabrics within the CM chondrites 

that simultaneously exhibit little to no evidence of shock 

in the microstructures of their silicate minerals (most 

typically classified as S1 [2]), has led authors to suggest 

that petrofabrics formed by multiple low-intensity im-

pacts [2]. Continued analysis of these petrofabrics can 

provide insights into the scale and chronology of the de-

formation experienced on the CM chondrite parent 

body/ies. In this study we use 3D petrofabric analysis to 

investigate the deformation history of the CM chondrite 

Cold Bokkeveld.  

Methods: X-ray computed tomography (XCT) was 

carried out on a 2.154g chip of Cold Bokkeveld, a brec-

ciated carbonaceous CM chondrite which fell in 1838 

and has been classified as having a range of petrological 

subtypes from CM2.1-2.7 [7,8]. XCT was conducted at 

the University of Strathclyde using an XT H320 LC in-

strument equipped with a 180 kV transmission source, 

producing a 3D volume with a final reconstructed voxel 

size of 11.15 µm. 

At least 15 lithologies were identified within the re-

constructed volume by differences in X-ray attenuation, 

with three spatially separated lithologies (L1, L2, L3) 

were selected as the focus of this study. Within L1, L2 

and L3 a total of 125 dark-toned objects were identified 

as chondrules [3], alongside 53 bright objects within L1 

classified as metal grains [9]. Identified chondrules and 

metal grains were manually segmented using the 

method set out in [3] with a representative cross-section 

segmented in each orthogonal plane (XY, XZ and YZ). 

Segmented planes were subsequently imported into 

BLOB3D [10] where a specialized merit function was 

used to fit an ellipsoid to the segmented sections. Direc-

tional cosines of the ellipsoids long and short axes were 

transformed into trend and plunge and plotted on stere-

ographic projections using Stereonet10 software [11].   

Results: Chondrule Orientations: Within all three 

lithologies chondrules are observed to have preferred 

orientations; their long axis orientations plot along great 

circle girdles, and their tertiary axis orientations cluster-

ing. Such trends are indicative of a foliation fabric (Fig 

1). This interpretation is supported by shape parameter 

K (Table 1) where K<1 indicates a girdle distribution 

and K>1 indicates a cluster distribution [12]. The 

strength of the fabrics is indicated by strength parameter 

C (Table 1), where C=0 indicates a weak fabric, C=2 a 

moderate fabric and C>4 a strong fabric [3, 12]. The dis-

tributions of L1, L2 and the long axis of L3 are non-ran-

dom at the 99% confidence interval (CI) whilst the L3 

short axis is non-random at 97.5% CI. Analysis of the 

long axis third eigenvector for each lithology indicates 

a foliation orientation difference of L1: L2 = 8.7°, L2: L3 

= 27.3°, L1: L3 = 18.6°. 

Figure 1. Equal area stereographic projections of the 

long and short axes of chondrule best fit ellipsoids 

within the three lithologies (L1, L2, L3) and metal grain 

best fit ellipsoids within the L1 lithology (L1MG). 
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Metal Grain Orientation: In addition to containing 

chondrules, lithology L1 was also observed to contain 

numerous metal grains. They were segmented and ana-

lysed to investigate potential differences in orientation 

between the silicate and metallic components of the 

same lithology, which if present would be significant as 

both components should have been subjected to similar 

processing. The results are displayed in Fig 2. and show 

clustering of both the long and short axes, indicating a 

lineation (Table 1). This conclusion is supported by the 

K parameter calculation, with the C parameter indicat-

ing that this is a weak lineation. The metal grain distri-

bution is found to be non-random at a CI of 97.5% for 

the long axis and 99% for the short axis.  

 

Table 1. Orientation shape (K) and strength (C) param-

eters for the chondrules and metal grains analysed in L1, 

L2 and L3.  

 

Shape Analysis: Particle shape analysis was carried 

out on the produced ellipsoids using Sneed and Folk di-

agrams [13]. Across all three lithologies chondrules 

have shapes sitting predominantly across the compact 

bladed/compact elongate shape ranges, with some fall-

ing within the compact shape region. Conversely metal 

grains within L1 had a dominantly compact shape 

(37.71%).  

Discussion: The data presented here indicate that 

three lithologies within Cold Bokkeveld contain weak-

moderate chondrule defined petrofabrics. The fabric 

strengths recorded here are weaker than those observed 

in Murchison (CM2.5) [3, 7] but greater than in Aguas 

Zarcas (brecciated CM2) [5,14]. The foliation orienta-

tion is broadly consistent between L1 and L2 and shows 

a slight difference in direction between L1/L2 and L3 

suggesting a possible subtle variation in L3 chondrule 

orientation. The similarities in observed foliation orien-

tation and strength between L1, L2 and to a lesser extent 

L3, despite being spatially separated within the 3D vol-

ume, suggest that all three fabrics were imposed concur-

rently. The implication of this finding is that a period of 

petrofabric inducing shock processing followed aque-

ous alteration and brecciation. Further data collection to 

better constrain orientations differences is needed, espe-

cially with respect to the long axes. Regardless, this 

trend indicates that care should be taken when discuss-

ing the relationship between petrofabric shape/strength 

and the extent of aqueous alteration as described by 

[15]. Careful assessment of potential differences in pet-

rofabrics between lithologies is needed to allow accu-

rate determination of event chronology. 

Differences in the L1 metal grain fabric shape, 

strength, and orientation relative to the L1 chondrules 

(lineation as opposed to foliation) suggests the metallic 

components may be reacting differently in response to 

fabric forming impacts. Differences may be the result of 

deformation around the L1 chondrules causing a deflec-

tion in their preferred orientations [16]. 

Conclusion: The results presented here show that 

three lithologies within CM chondrite Cold Bokkeveld 

have definable petrofabrics when analysed using XCT. 

The observed similarities in the orientations of these 

fabrics suggest that petrofabrics developed after aque-

ous alteration and brecciation, hinting at impact pro-

cessing and fabric development occurring throughout 

the entire history of the parent body and not just in the 

period prior to aqueous alteration. Additionally, evi-

dence from the L1 metal grain orientations suggests that 

they may be reacting/recording impact induced fabrics 

differently to chondrules 
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Component 
Long Axis Short Axis 

K C K C 

L1 0.671 1.938 1.791 1.913 

L1MG 54.935 0.843 1.545 0.854 

L2 0.269 1.458 1.727 2.145 

L3 0.197 1.065 1.779 0.940 
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