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A B S T R A C T   

The material strength of meteorites provides useful information on the make-up and history of asteroids. 
However, the unique determination of the material strength of a meteorite is difficult because of the wide range 
of strengths many meteorites exhibit. Even within a single sample, complicated textures and mineral granular 
compositions make measurements difficult. Michikami et al. (2019) investigated the impact-induced crack 
growth in ordinary (L5) chondrites and indicated that crack growth is largely affected by the strength of indi-
vidual mineral grains (and/or chondrules). In this study, we examine the strengths of mineral grains in carbo-
naceous meteorites qualitatively. To this end, we use X-ray microtomography to investigate how chondrules are 
affected by impact-induced crack growth in carbonaceous meteorites. Spherical alumina projectiles with a 
diameter of 1.0 mm were fired into the surfaces of seven Allende (CV) meteorite target samples with sizes of ~1 
to 2 cm at a nominal impact velocity of 2.0 km/s. In addition, spherical glass projectiles with a diameter 0.8 mm 
were fired into the target surfaces of two Murchison (CM) and two Aguas Zarcas (CM) meteorite target samples 
with sizes of ~2 cm at a nominal impact velocity of 4.0 km/s. The results show that most cracks in CV chondrites 
tend to grow along the boundary surfaces of the chondrules, while most chondrule-related cracks in CM samples 
grow regardless of the boundary surfaces of the chondrules. This suggests that crack growth is largely affected by 
the chondrules' strength as indicated by Michikami et al. (2019). The weaker the strength of chondrules, the 
more likely crack growth tends to occur regardless of chondrule boundaries. We found that the mesostasis of 
chondrules in CM meteorite Murchison (and likely Aguas Zarcas) has experienced aqueous alteration and the 
chondrules have become structurally weak as a whole. This indicates that impact-induced crack propagation in 
CM chondrites differs from thermal-fatigue induced crack propagation inferred from previous studies. As the 
sample material to be returned from asteroid Bennu is considered to be related to CM chondrites, we propose that 
observation of the cracks in chondrules in Bennu samples might tell us whether those cracks are impact- or 
thermal-fatigue-induced.   
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1. Introduction 

The mechanical strength of a meteorite is important to understand 
impact cratering, catastrophic disruptions and accumulation of aster-
oids. While studies of meteorite properties such as composition, density, 
porosity, magnetic susceptibility and thermal properties are relatively 
abundant in the literature (e.g. Flynn et al., 2018; Ostrowski and Bryson, 
2019; Pohl and Britt, 2020), strength measurements are rather sparse 
because they are destructive, requiring testing to failure. A further 
complication of strength measurements is the wide range of values that 
can be obtained from piece to piece of the same meteorite (e.g. Flynn 
et al., 2018; Ostrowski and Bryson, 2019; Pohl and Britt, 2020). Slyuta 
et al. (2009) explain this wide range of strength values by the significant 
anisotropy in the failure stress for the same samples of Sayh al Uhaymir 
001 (L5 chondrite) measured along different axes, reminiscent of the 
anisotropy seen in thermal conductivity. In general, many chondrite 
meteoroids are brecciae whose mineral grains are composed of 
numerous fragments of older rocks that have been broken apart and 
solidified. Thus, to understand the material strength of breccia mete-
orites, it is necessary to consider the strengths of the mineral grains that 
constitute them. 

Unfortunately, it is next to impossible to measure the strengths of 
those mineral grains because we cannot extract a single, intact grain 
alone. However, using X-ray microtomography, it is possible to observe 
crack growth within a meteorite by impact and qualitatively deduce 
strength variations within the meteorite. For instance, Michikami et al. 
(2019) carried out impact experiments for L5 chondrite targets in order 
to investigate how mineral grains are affected by impact-induced crack 
growth. Before and after the impact experiments, the cracks within 
mineral grains in the respective targets were examined using X-ray 
microtomography. They proposed that the weaker the strength of grains, 
the more likely crack growth tends to occur regardless of the grain 
boundaries; i.e. the path of crack growth for a given mineral grain 
strongly depends on the strength of the mineral grain. 

Although there is experimental data of crack growth by impact on 
ordinary chondrite meteorites as described above, there have been no 
data on carbonaceous chondrite meteorites. In recent years there has 
been an increasing interest in the strength of carbonaceous meteorites 
because of the connection between carbonaceous meteorites and prim-
itive small asteroids which are the targets of sample return missions. 
Recently, Yada et al. (2022) and Yokoyama et al. (2022) reported the 
results of analyses on the sample particles returned from asteroid Ryugu 
and show that Ryugu is most similar to CI chondrites. In 2023, the 
sample particles from asteroid Bennu, which are thought to have a 
similar composition to CM chondrites (Hamilton et al., 2019) or related 
materials, are expected to be returned to Earth. In general, CI and CM 
chondrites have experienced aqueous alteration and the degree of the 
aqueous alteration is likely to differ between the mineral grains within 
the chondrite meteorite. Those mineral grains with high degrees of 
aqueous alteration can be expected to be structurally weak. This is 
because hydrous phyllosilicates formed by aqueous alteration (e.g. 
serpentine) are generally less strong than anhydrous silicate minerals (e. 
g. olivine and pyroxene) (e.g. Isaak, 1992; Ahrens, 1995; Mookherjee 
and Stixrude, 2009). 

In this study, we investigate the strength of mineral grains within a 
meteorite qualitatively, primarily by imaging chondrules of carbona-
ceous meteorites after an impact using X-ray microtomography. We used 
impact experiments into 1–2 cm sized targets of CV and CM chondrites 
to investigate how chondrules as constituents of the chondrite are 
affected by impact-induced crack growth (Note that CI chondrites are 
not used in this study because they do not contain any chondrules). The 
cracks within the respective targets are examined before and after the 
impact experiments using X-ray microtomography at Tohoku University 
Museum, Japan (Okumura and Sasaki, 2014). In the future, the work 
described here could be used to constrain interpretations of the sample 
particles returned from the carbonaceous asteroid Bennu. 

2. Target samples 

The samples used as targets are Allende (CV3), Murchison (CM2) and 
Aguas Zarcas (CM2) meteorites, all of which were observed falls. 
Allende and Murchison were used in the experiments because their 
properties have been extensively studied in worldwide collections. 
Moreover, Aguas Zarcas is a relatively fresh CM chondrite, with its fall 
observed in 2019 over Costa Rica. According to Hamilton et al. (2019), 
hydrated minerals that are very similar to aqueously altered CM- 
chondrites are abundant on Bennu's surface. It is therefore instructive 
to investigate the physical response of CM chondrites to impacts for 
providing some context regarding their formation process, which might 
be of relevance for the sample particles to be returned from Bennu. 

As mentioned above, CM chondrites in general have experienced 
aqueous alteration. This is not the case for most CV chondrites and it is 
easy to verify the chondrules when observing the internal structure and/ 
or surface of a meteorite. Thus, we used Allende (CV3) for comparison 
with CM specimens. 

We used 1 to 2 cm-sized pieces of the original meteorites (Table 1) for 
our impact experiments. This target size was chosen to obtain XCT 
resolutions with a voxel size of ~10 μm, which is high enough to identify 
chondrule shapes and cracks. Because several samples of Allende were 
larger than 4 cm, we cut these into small 1 to 2 cm-sized for X-ray 
microtomography and obtained their XCT data before impact experi-
ments. Cracks we observed in a few samples are likely to have been 
induced by the cutting. In this experiment, we removed a few samples 
with cracks and used only the samples without cracks (AL #2–1, #2–2, 
#2–3 and #4–1 in Table 1). 

The procedures for XCT data acquisition and subsequent processing 
using ImageJ were both identical to the procedure described by Michi-
kami et al. (2019). Before and after the impact experiments, the target 
samples were imaged using an X-ray beam of 180 kV and 200 μA 
(ScanXmate-D180RSS270) at Tohoku University Museum, Japan. 
Three-dimensional sample shapes and petrographic textures using 
quantitative absorption contrast (Tsuchiyama et al., 2005; Okumura and 
Sasaki, 2014) were obtained with ~10 μm spatial resolution. Each target 
sample was placed on a styrofoam sheet attached to a cylindrical stand. 
CT images were obtained using 2000 projection images at 0.18◦/pro-
jection. Successive CT images of different slices through the particles 
were then stacked to acquire their 3-D structure. 

For analysis of three-dimensional CT images, the image analysis 
software ImageJ (a free, open-source image processing program; 
“https://imagej.nih.gov/ij/”) was utilized. Solid objects were extracted 
three-dimensionally as individual particles with binarization of the CT 
images. We determined the binarization thresholds by eye based on the 
CT images of each data set. The volume of the chondrules varied 
somewhat depending on the threshold value. The corresponding error 
will be discussed later. 

The bulk densities of Allende, Murchison and Aguas Zarcas, derived 
from mass and estimated volume using X-ray microtomography and 
ImageJ, are 2950 ± 110 kg/m3, 2490 ± 20 kg/m3 and 2340 ± 80 kg/ 
m3, respectively. The values obtained for these meteorites are in line 
with previous studies (e.g. Macke et al., 2011; Yang et al., 2022). As for 
the very limited strength data for carbonaceous meteorites, the 
compressive strengths of Allende and Murchison are 22.5–58.4 MPa 
(Cotto-Figueroa et al., 2016) and 50 MPa (Miura et al., 2008), respec-
tively. The tensile strengths of Allende and Murchison are given as 28 
MPa (Svetsov et al., 1995) and 2.0 MPa (Tsuchiyama et al., 2008), 
respectively. There is currently no strength data for Aguas Zarcas 
available. 

3. Impact experiments 

The impact experiments were carried out with the two-stage light- 
gas gun with a split-type nylon sabot (Kawai et al., 2010) available at the 
Institute of Space and Astronautical Science, Japan Aerospace 
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Exploration Agency (ISAS, JAXA). Several targets were set up alter-
nately next to each other, and put on an aluminum sheet using double 
sided tape, as shown in Fig. 1. The aluminum sheet with the targets was 
placed on a cylindrical stand. The targets were put next to each other to 
enlarge their area on the impact side because it is very difficult to fire a 
projectile accurately at a small target as the trajectories of the projectiles 
are not stable enough. In essence, our experimental setup is designed to 
ensure a projectile hits any of these targets. The numbers of successful 

shots and subsequently analyzed meteorites are seven for Allende, two 
for Murchison and two for Aguas Zarcas (Table 1). 

The impact (kinetic) energy of the projectile was set to be the almost 
identical for each shot. For the Allende targets, spherical alumina pro-
jectiles (diameter 1.0 mm and mass 0.0027 g) were fired perpendicularly 
into the target surface at a nominal impact velocity of 2.0 km/s 
(Table 1). For Murchison and Aguas Zarcas targets, spherical alumina 
projectiles (diameter 0.8 mm and mass 0.0007 g) were fired perpen-
dicularly into the target surface at a nominal impact velocity of 4.0 km/ 
s, except for shot s5950 (Table 1). 

There are two reasons for keeping the impact energy nearly constant 
in the experiments. Firstly, the trajectory of the projectile was not stable, 
resulting in a variety of target fragmentation. It is likely that shock 
propagation into the targets including chondrules varied between ex-
periments even though the impact energy was not changed. The second 
reason is the target size constraint due to the experimental setup. As 
mentioned before, because the target size of 1–2 cm used in the exper-
iments was chosen to obtain XCT resolutions and an adequate collision 
frequency between the target and projectile, it was difficult to choose 
other sizes. If the impact energy were larger, most targets would be 
heavily fragmented and as the result the largest fragments would be too 
small to measure entire chondrules with impact-induced cracks. On the 
other hand, if the impact energy were smaller, most targets would 
remain almost intact or the surface of most targets would be chipped off, 
so cracked chondrules would be difficult to find. 

The entire system was mounted in a vacuum chamber (approxi-
mately 1 × 1 × 2 m3 in size) with acrylic resin windows. The ambient 
pressure in the chamber was below 20 Pa. We placed a cardboard box 
(59 × 56 × 45 cm3) on the floor of the chamber so that the largest 
fragments were not destroyed in secondary collisions with the surface of 
the chamber. Impact velocities were acquired from the passage time of 
the projectile between two laser beams. 

Two high-speed framing cameras were set up to observe the colli-
sional breakup through the side and top windows of the chamber. The 
fields of view of the two cameras were approximately 10 × 7 cm2 (side 
camera) and 25 × 20 cm2 (top camera), respectively. The framing rate of 
the cameras was 125,000 frames per second. In the experiments, we 

Table 1 
Target properties and experimental results in order of decreasing Ml/Mt ratio, i.e. mass of largest fragment to initial target mass for each meteorite. AL #2–1, AL #2–2 
and AL #2–3 were prepared by cutting a single sample into small pieces. AL #4–1 is also an offcut of a larger piece.  

Target 
material 

Target 
number 

Shot 
number 

Impact 
velocity 
[km/s] 

Projectile 
mass [g] 

Initial 
target mass, 
Mt [g] 

Three axial 
lengths of initial 
target [mm] 

Largest 
fragment mass, 
Ml [g] 

Ml/ 
Mt 

[%] 

Observed number of chondrules 
with impact-induced cracks 

Total Pattern 
I 

II III IV 

Allende AL #1 s4969 1.72 0.0027 3.624 
17.7 × 13.9 ×
10.9 

3.081 85 8 3 1 4 0 

Allende AL #2–1 s5419 1.94 0.0027 5.491 18.5 × 16.0 ×
10.7 

3.862 70 12 5 1 5 1 

Allende AL #3 s5099 1.84 0.0027 4.263 26.2 × 17.9 × 6.6 2.620 61 8 2 2 4 0 

Allende AL #4–1 s4971 1.81 0.0027 2.323 
12.2 × 12.2 ×
11.2 1.413 61 4 3 1 0 0 

Allende AL #2–2 s5420 1.94 0.0027 4.628 
19.8 × 13.1 ×
11.4 2.660 57 15 7 3 3 2 

Allende AL #5 s5102 1.86 0.0027 3.673 24.7 × 14.5 × 8.0 2.049 56 10 8 0 2 0 

Allende AL #2–3 s5431 2.02 0.0027 3.453 16.9 × 14.1 ×
10.7 

0.995 29 9 4 1 3 1  

Murchison MU #1 s5950 1.97 0.0007 5.388 
21.3 × 16.7 ×
11.9 5.315 99 8 1 2 5 0 

Murchison MU #2 s5956 4.12 0.0007 7.618 
25.7 × 22.8 ×
14.8 4.862 64 20 4 5 8 3  

Aguas 
Zarcas 

AG #1 s5959 4.04 0.0007 4.724 
19.3 × 15.9 ×
15.4 

4.397 93 8 2 0 4 2 

Aguas 
Zarcas 

AG #2 s5960 4.06 0.0007 9.944 31.8 × 21.2 ×
16.7 

7.799 78 6 0 1 5 0  

Fig. 1. Configuration of experimental setup. Targets are put on an aluminum 
sheet. The high-speed framing cameras are oriented to view the collision 
breakup through the side and top windows of the chamber. A cardboard box 
(59 × 56 × 45 cm3) surrounding the targets and the cylindrical stand was put 
on the floor of the chamber. 
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confirmed from the high-speed framing cameras that no projectile hit 
more than one target during the same shot. 

After each shot, all fragments in the cardboard box were collected 
and we measured the three-dimensional structures of the largest frag-
ment using X-ray microtomography. We re-measured a few intact tar-
gets located adjacent to those broken by the impact. There were no 
cracks observed within the intact target samples, although the adjacent, 
broken, target was fractured. Thus, the influence of the ejecta and the 
shock wave from the broken target on its neighbors is considered to be 
negligible. 

4. Results 

4.1. Degree of fragmentation 

As described before, the projectile trajectories are somewhat unsta-
ble, which is why the impact point deviates from the center of the target. 
As a result, target fragmentation can take a wide range of shapes and 
forms, from a chip off the edge to catastrophic disruption. We present 
the targets before - and largest fragments after - impact in Fig. 2, ordered 
by degree of fragmentation. For each target, we give the target number 
and the mass ratio of the largest fragment to the initial target (Ml/Mt) to 
indicate fragmentation: when only the edge is chipped, Ml/Mt is large, 
whereas Ml/Mt is small when catastrophic disruption occurs. Ml/Mt 
ranges from 85% to 29% for Allende, whilst its values are 99% and 64% 
for Murchison, and 93% and 78% for Aguas Zarcas. Ml/Mt values tend to 
be lower the closer to the center of the target the impact point is located. 

4.2. X-ray microtomography 

Three-dimensional imaging data taken before and after the impact 
experiments are obtained using X-ray microtomography. Fig. 3 shows 
tomograms for each target before and after the impact experiment at 
resolutions of ~10 μm/voxel. The tomograms to the right and in the 
middle of each image correspond to the slice along the planes indicated 
in Fig. 2 as thin yellow lines. In this section, we start by describing the 

mineralogical features of each meteorite, and then mention the fracture 
surfaces and cracks in the largest fragments. Finally, we report the crack 
growth within chondrules. 

4.2.1. Mineralogical features 
Based on the mineralogy and texture of the Allende CV meteorite (e. 

g. Brearley and Jones, 1998), we can recognize numerous chondrules as 
large dark-colored objects embedded in the matrix and fine chondrule 
rims as bright regions (Fig. 3a-g). Some of the dark objects should be 
refractory inclusions, such as calcium- and aluminum- rich inclusions 
(CAIs), ranging in shape from rounded to irregular. Brighter objects are 
opaque minerals mainly of magnetite. Allende is poor in Fe-Ni metal. 
The matrix and fine chondrule rims mostly consist of Fe-rich olivine (e.g. 
Neuland et al., 2021). 

For the CM meteorites Murchison and Aguas Zarcas, numerous 
chondrules and some CAIs, visible as dark objects, are embedded in the 
matrix and fine chondrule rims as bright regions (Fig. 3h-k). Chondrules 
in CM chondrites are generally smaller than those in CV chondrites (e.g. 
Weisberg et al., 2006). The brightest objects are mostly Fe-Ni sulfides 
and the slightly darker material is tochilinite-cronstedtite inclusions 
(TCIs) (e.g. Brearley and Jones, 1998). The matrix and fine chondrule 
rims mostly consist of phyllosilicate (serpentine). Chondrules consist of 
phenocryst and mesostasis. The phenocrysts are mostly anhydrous 
minerals (olivine and pyroxene). According to the Meteorite Bulletin 
Database (https://www.lpi.usra.edu/meteor/), Aguas Zarcas is 
composed of two main lithologies: one chondrule-rich (20 area%) and 
the other chondrule-poor (80 area%). The target samples used in this 
study appear to be within chondrule-poor lithology. 

In general, chondrules are divided into groups of type I and II (e.g. 
Villeneuve et al., 2015). Type I chondrules have almost spherical shapes 
and appear to be darker in the CT images because of a deficiency in Fe. 
They are easily distinguished from Fe-rich matrix. Type II chondrules, on 
the other hand, have various shapes and appear to be gray in the CT 
images because of abundant Fe and most of them are hard to distinguish 
from the matrix. Some CAIs might not be distinguished from these 
chondrules. White or light gray contours are often visible at the rims of 

Fig. 2. 3-D images of meteorite targets before impacts and largest fragments after impact in order of degree of target fragmentation. AL: Allende, MU: Murchison, 
and AG: Aguas Zarcas meteorites. The ratios of the mass of the largest fragment to the initial target mass (Ml/Mt) are given in parentheses. Arrows indicate the 
trajectories of the projectile. The planes of the tomogram cross sections shown in Fig. 3 are indicated in yellow. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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some type I chondrules as a fine chondrule rim. To make things easier, 
we distinguish only between type I chondrules and CAIs (hereafter 
called “chondrules”) embedded in “the matrix”, which includes the fine 
chondrule rim, and we only measure crack growth between them. 

Obvious large cracks and voids are not visible in the Allende samples 
used in this study before the impact experiments (except for AL #3) at a 
resolution of ~10 μm/voxel, although cracks below imaging resolution 
may exist. In Murchison and Aguas Zarcas on the other hand, obvious 
large cracks are visible at ~10 μm/voxel resolution. In earlier studies, 
pre-existing cracks were also observed in Murchison using X-ray 
microtomography (e.g. Flynn et al., 2000). To distinguish between 
original and the impact-induced cracks, three-dimensional imaging data 
taken before and after impact experiments are compared using the 
“Fujiyama” plugin (https://imagej.net/plugins/fijiyama) of ImageJ Fiji, 
which is a generic tool for registration (the process of transforming 
different sets of image data into one coordinate system) of 3D image 
series collected from various images. In this study, we focus our obser-
vation on the chondrules with impact-induced cracks. To visualize the 
crack growth in chondrules, we produced three-dimensional images of 
each cracked chondrule using ImageJ. 

4.2.2. Fracture surfaces and cracks in the largest fragments 
The shape of the largest fragment and distribution of cracks in each 

shot are observed, as shown in Fig. 3. The combined tomograms of the 
largest fragments before/after impacts are shown on the right for all 
targets. In this paper, the terms “fracture surface” and “crack” refer to 
the new surface of the largest fragment and the new narrow gap within 
the largest fragment, originating from the impact. Except for heavily 
fragmented target samples, the fracture surfaces are formed by removal 
of a part of the original target surface, and the cracks are seen parallel 
and/or perpendicular to the original target surface and/or the fracture 
surface. The fracture surfaces and the cracks are likely to be produced by 
rarefaction waves (reflection waves) that originated from the surfaces of 
the original targets. A similar tendency is also observed on L5 chondrite 
meteorites (Michikami et al., 2019). Such a tendency may be indepen-
dent of the meteorite type. We give a description for each shot in the 
figure caption of Fig. 3. 

In this study, we primarily selected target samples without pre- 
existing cracks using X-ray microtomography, and carried out the 
impact experiments on these samples. Note that we cannot take into 
account smaller and thinner cracks below the CT imaging resolution 
level although these may influence the fracture surface and crack 
growth. However, because more than half of the Murchison and Aguas 
Zarcas target samples have obvious original cracks as mentioned above, 
these had to be used as targets regardlessly. The fracture surfaces and 
cracks resulting from original cracks are obviously observed in MU #1, 
MU #2 and AG #2 target samples. In these targets the original cracks 
largely influence the fracture surface and crack growth in addition to 

rarefaction waves. Thus, to avoid the influence of the original cracks on 
chondrules, we focus on the chondrules with impact-induced, i.e. newly- 
formed cracks. 

4.2.3. Crack growth in chondrules 
Fig. 4 shows typical three-dimensional images of chondrule grains 

with impact-induced cracks, produced using ImageJ. We highlighted 
two components in the three-dimensional images: the space filled by the 
chondrule and void space, i.e. the newly-formed crack which divides the 
chondrule. Following the method of Michikami et al. (2019), the ratio of 
the volume of the largest fragment after impact (Vlar) to the original 
chondrule's volume before impact (Vori) is investigated as an indicator of 
the chondrule's fragmentation. From now on, we will refer to this vol-
ume ratio as “R”. This means that the higher the degree of fragmenta-
tion, the lower the value of R becomes. 

Fig. 3. Typical tomograms of largest fragments corresponding to the slice indicated in Fig. 2. The right-hand image for each target sample is a combined pre/post 
impact tomogram. The ratios of the mass of the largest fragments to the initial target mass (Ml/Mt) are given in parentheses. Arrows indicate the trajectories of the 
projectiles. 
(a) AL #1: The right-hand side of the target is fractured. Many cracks are seen and most of them are parallel to the original target surface. 
(b) AL #2–1: The left-hand corners of the target are fractured. A large crack is visible parallel to the fracture surface. 
(c) AL #3: The left-hand side of the target is severely fractured. A crack perpendicular to the fracture surface is visible. A small piece of the right-hand side is removed 
due to the original cracks. 
(d) AL #4–1: A large part of the original target surface has been removed and several cracks are visible. 
(e) AL #2–2: The left-hand side of the target is severely fractured and several cracks are visible. 
(f) AL #5: The left-hand side of the target is severely fractured and several cracks have formed. 
(g) AL #2–3: The sample is severely fractured and several cracks are visible. 
(h) MU #1: A small section near the impact point is fractured as a result of the original cracks. Several cracks are observed parallel and perpendicular to the original 
target surface. 
(i) MU #2: Before the impact, the target already had several original cracks. The left-hand side of the target is severely fractured as a result of the original cracks. Two 
new cracks have formed perpendicular to the fracture surface and the original target surface. 
(j) AG #1: The section around the impact point is chipped and a large crack is visible parallel to the original target surface. 
(k) AG #2: A small section near the impact point is fractured. A large chondrule has dropped off. 

Fig. 4. Typical three-dimensional images of the chondrules (in white) with 
impact-induced cracks (in green) for each pattern of crack growth. (I) Pattern I: 
crack growth along the boundary surface of the chondrule. (II) Pattern II: crack 
growth under the boundary surface of the chondrule. (III) Pattern III: crack 
growth through the center of the chondrule. (IV) Pattern IV: multiple cracks 
emanating within the chondrule. For a more detailed explanation of each 
pattern, see text. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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The crack growths are grouped into four patterns based on the value 
of R and the three-dimensional visualization of the crack growth in the 
chondrule. 

Pattern I, crack growth along the boundary surfaces of chondrule 
grain: R ranges from 1 to 0.97. A value of 0.97 corresponds to the largest 
part's volume ratio when the sphere is cut into ten equally thick parallel 
slices and the topmost slice is removed. For simplicity, we assume the 
chondrule is spherical. 

Pattern II, crack growth under chondrule boundary: R ranges from 
0.97 to 0.84. 0.84 corresponds the volume of 3 out of 4 equally thick 
slices the sphere is cut into. 

Pattern III, crack growth through the chondrule center: R is less than 
0.84. 

Pattern IV, multiple cracks emanating within chondrule grain: R is 
less than 0.84. 

Note that the measured volumes of chondrules are somewhat sensi-
tive to relative changes in the grayscale values selected for volume 
determination. We estimate 20–30% standard deviation for the corre-
sponding error. However, the value of R remains almost constant with 
differences less than a few per cent, regardless of grayscale value 
because the relative volume is similar. 

In the experiments, we only measured the chondrules with obvious 
impact-induced cracks, as pointed out above. Fig. 5 shows the volume 
distributions of the chondrules measured. The volumes of the chon-
drules in most CM chondrites are smaller than those in CV chondrites as 
in previous studies (e.g. Weisberg et al., 2006). We observed sixty-six 
chondrules with impact-induced cracks for Allende, twenty-eight for 
Murchison and fourteen for Aguas Zarcas (see Table 1). 

The pattern of crack growth and each ratio for chondrule grains are 
shown in Fig. 6. For CV chondrites (Allende), the Pattern I and II make 
up more than half of the observations, indicating that most cracks grow 
along chondrule boundaries. On the other hand, for CM chondrites 
(Murchison and Aguas Zarcas), the Pattern III and IV make up more than 
half of the observations, indicating that most cracks grow regardless of 
chondrule boundaries. The discrepancy between the CV and CM chon-
drites will be discussed in Section 5. 

Crack growth patterns shown in Fig. 6 can be considered to be in-
dependent of the degree of shock loading from the impact point because 
there is no correlation between the distance from the impact point and 
the volume ratio R. In addition, there was no correlation between the 

degree of fragmentation (Ml/Mt) and R (Table 1). 
We investigated the effect of the impact velocity on the chondrule 

fragmentation at fixed kinetic energy in an additional impact experi-
ment into an Allende sample at 4.58 km/s, which is outlined in Ap-
pendix A. There was no difference in outcome in terms of crack 
formation in Allende chondrules observed at 2 km/s and 4 km/s. Hence, 
we conclude that the impact velocity at fixed kinetic energy does not 
influence the outcome of crack growth with the chondrules. 

5. Discussion 

5.1. Differences in crack growth within individual chondrules 

Impact-induced crack propagation in chondrites can be expected to 
depend on chondrule relative strength. Our experiments outlined above 
show that impact-induced crack growth within chondrules differs be-
tween CV and CM chondrites, i.e. most cracks in CV chondrites grow 
along chondrule boundaries, while most cracks in CM chondrites grow 
regardless of chondrule boundaries. The cause of this discrepancy is 
probably the difference in relative strength between matrices and 
chondrules, as Michikami et al. (2019) pointed out for L5 chondrites. 
That is, the stronger chondrules are compared with their matrices, the 
more likely cracks will grow along their boundaries. This behavior is 
supported by Liang et al. (2020) who investigated the stress distribution 
in an L6 ordinary chondrite's microstructure subjected to mechanical 
and thermal loading. Their 3D image-based finite element model 
showed that under mechanical loads, the stress concentrates in the 
interfacial region between the matrix and Fe-Ni grains (which are 
obviously strong). 

Chondrules in CM and CV chondrites can be expected to have 
different strengths relative to the matrix because of aqueous alteration, 
which affects chondrule relative strength in CM chondrites. CM chon-
drites, which are all of petrologic type 1 or 2, have been affected by 
aqueous alteration, and hence their chondrules are likely to have been 
weakened, although the degree of the aqueous alteration is likely to 
differ among the mineral grains within the chondrite meteorite as 
pointed out before. This is because, as mentioned in Section 1, hydrous 
phyllosilicates formed by aqueous alteration such as serpentine are 
much weaker than anhydrous silicate minerals like olivine and pyrox-
ene. This is evident in the minerals' shear modulus, which can be taken 
as a proxy for strength. For olivine and enstatite (the magnesium end-
member of the pyroxene group), the shear modulus are 78 GPa (Isaak, 
1992) and 76 GPa (Ahrens, 1995), respectively, as opposed to 35 GPa for 
serpentine (Mookherjee and Stixrude, 2009). Therefore, CM chondrites 
that experienced strong aqueous alteration can be expected to be weaker 
than CV chondrites which are largely unaffected by aqueous alteration. 
As for meteorite bulk strength, Tsuchiyama et al. (2008) measured the 
tensile strengths of various chondrites, and showed that the tensile 
strength of Murchison is 2.0 ± 1.5 MPa, which is much smaller than the 
28 MPa given for Allende (Svetsov et al., 1995). 

Forman et al. (2016) offer an explanation for the carck growth along 
the chondrule boundaries in CV meteorites. They suggest that Allende 

Fig. 5. Volume distributions of the chondrules measured in this study. The 
black CV curve represents Allende. The CM curve is a combinational of data of 
Murchison and Aguas Zarcas. 

Fig. 6. Proportion of crack growth by pattern for chondrules within Allende, 
Murchison and Aguas Zarcas meteorites. See Fig. 4 for pattern definitions. 
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has undergone impact-induced compaction from an initially heteroge-
neous and porous parent body and show that the disparities in defor-
mation occur between the chondrules and the surrounding rims. In 
addition, Flynn and Durda (2004) observed some intact chondrules in 
Allende ejecta from laboratory impact disruptions, although they also 
observed some intact chondrules in a few ordinary chondrites. 

To confirm the chondrule relative strength in relation to aqueous 
alteration, we observed textures on polished sections of the Murchison 
with a reflecting microscope (Fig. 7). These cross sections were made 
from a few samples prepared separately from the impact experiments. In 
theory it would have been preferable to investigate sections of the target 
samples after impact as well. However, as it is difficult to prepare an 
intact section containing several chondrules with impact-induced 
cracks, we were not able to perform that part of the analysis. In the 
future a more quantitative investigation might be possible. 

In the cross sections, there were some original cracks whose origins 
are unknown (We discuss the formation process of these original cracks 
in Appendix B). In this study, thirty-four chondrules with cracks were 
investigated. Fig. 7 shows typical images of the chondrules with original 
cracks for each pattern of crack growth on the optical micrographs. In 
the optical micrographs, we did not observe pattern IV. There are eight 
chondrules showing pattern I crack growth, five with pattern II and 
twenty-one with pattern III. The proportion of crack growth by pattern 
type is similar to what we observed for impact-induced crack growth in 
CM chondrites shown in Fig. 6. Thus, we think that these cracks are 
probably impact-induced, in combination with the results shown in 
Fig. B1 of Appendix B, although we cannot rule out other possibilities. 

Almost all chondrules in Murchison (CM2) have porphyritic textures, 
which consist of phenocryst and mesostasis. A fine-grained rim sur-
rounding the chondrules is usually seen. 

In the polished sections, the mesostasis and fine-grained rims have 

fibrous textures (Fig. 7), indicating that they have experienced aqueous 
alteration. This is consistent with previous studies of aqueous alteration 
indicating that chondrule mesostasis glass is commonly altered to 
phyllosilicate phases in CM2 chondrites (e.g. Brearley and Jones, 1998). 
On the other hand, most anhydrous silicate minerals such as olivine and 
pyroxene as phenocrysts show a flat surface easily distinguishable from 
hydrous silicate minerals. 

Most of the phenocrysts have not undergone aqueous alteration, 
suggesting that they are mechanically strong because they are largely 
composed of relatively large mineral grains of anhydrous silicate min-
erals. However, the aqueously-altered mesostasis and fine-grained rims 
can be expected to be mechanically weak because they are mainly 
composed of fine-grained to microcrystalline hydrous silicate minerals. 
This weakens the chondrules as a whole. 

Aguas Zarcas, which is classified as CM2, has also experienced 
aqueous alteration. Martin and Lee (2020) used Raman spectroscopy to 
show that the mesostasis and the surrounding fine-grained rims have 
experienced aqueous alteration. 

Cracks grow along structurally weak regions to avoid structurally 
strong phenocrysts within the chondrule (Fig. 7a,b), i.e. cracks grow 
along chondrule boundaries. To the contrary, within a structurally weak 
mesostatis, cracks grow straight within the chondrule (Fig. 7c), i.e. 
cracks grow regardless of chondrule boundaries. Thus, we found that 
cracks tend to avoid strong unaltered phenocrysts and grow along 
structurally weak, aqueously altered regions. If phenocrysts within 
chondrules are small, a crack would grow inside the chondrule regard-
less of the chondrule boundary (Fig. 7c). 

The conceptual diagram for the correlation between the strength of 
chondrite constituents (chondrule, matrix and some mineral grains) and 
crack growth is shown in Fig. 8 (top), which includes the data of L5 
chondrites in Michikami et al. (2019) for comparison. In this study, we 

Fig. 7. Optical micrographs of the Murchison meteorite samples under reflected light. Red arrows mark the original cracks in the pictures. (a) Pattern I. (b) Pattern II. 
A part of the chondrule separated by the crack is seen at the top. (c) Pattern III. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

T. Michikami et al.                                                                                                                                                                                                                             



Icarus 392 (2023) 115371

9

assume that the strength of the matrix roughly corresponds to the 
compressive (or tensile) strength of the whole meteorite because it is 
very difficult to extract and measure the intact matrix grains only. Ma-
trix strength presumably decreases in the order L5, CV and CM chon-
drites. This is consistent with the textures and constituent minerals of 
the matrix of these chondrites; anhydrous minerals sintered by thermal 
metamorphism in L5 (strictly speaking this region cannot be called 
matrix anymore), aggregates of fine grains of mostly olivine in CV, and 
aggregates of mostly phyllosilicates (clay minerals) in CM. In this dia-
gram, it is also assumed that the strengths of chondrules not affected by 
aqueous alteration in L5 and CV are similar, but the strengths of chon-
drules affected by aqueous alteration, particularly in the mesostasis, in 
CM are lower than in L5 and CV. 

When the strength difference between matrix and chondrule is 
relatively small, the impact-induced cracks tend to grow regardless of 
the chondrule boundary, i.e. the strength of the chondrule is located on 
the left-hand side (showing Pattern III (IV) in Fig. 8 (bottom)) of the red 
dashed line denoting impact strength in Fig. 8 (top). This corresponds to 
the chondrules in CM chondrites and the chondrules and troilite in L5 
chondrites. On the other hand, when the difference between the matrix's 
and chondrule's strengths is relatively large, the impact-induced crack 
tend to grow along the chondrule boundary, i.e. the strength of chon-
drule is located on the right-hand side (showing Pattern I (II) in Fig. 8 
(bottom)) of the red dashed line in Fig. 8 (top). This corresponds to the 
chondrules in CV chondrites and the aggregates of troilite and Fe-Ni 
metal, and Fe-Ni metal grains in L5 chondrites. In conclusion, we indi-
cate qualitatively the correlation between the strength of mineral grains 
and the crack growth. 

5.2. Implications for sample particles to be returned from asteroid Bennu 

We know from several space missions that kilometer-sized or smaller 
asteroids such as Itokawa, Ryugu and Bennu are covered with a regolith 
layer. However, debate continues on the formation process of the 
regolith layer on such low gravity bodies (e.g. Delbo et al., 2014; 
Michikami et al., 2018). As described before, the samples taken by 
OSIRIS-REx on asteroid Bennu are considered to be related to CM 
chondrites (Hamilton et al., 2019), so they are expected to contain 
chondrules. This gives us an opportunity to speculate on how to gain 
information on the formation process of the samples by investigating the 
cracks in chondrules (should those be found). As these sample particles 
made up the regolith layer on asteroid Bennu, clues on the formation 
process might be gained by observing the crack patterns within the 
chondrules of the returned particle. That is, we observe whether Pattern 
I (II) or Pattern III (IV) shown in Fig. 8 (bottom) is dominant pattern. 

If crack growth along chondrule boundaries turns out to be common 
in these samples (Pattern I (II)), it is highly unlikely that the cracks 
within the chondrules are the result of an impact because such impact- 
induced cracks do not follow the boundaries of relatively weak chon-
drules; instead they are likely to go straight through those chondrules. 
This indicates that other formation processes need to be considered. In 
general, impact phenomena and thermal fatigue caused by the day-night 
temperature cycles on an asteroid are considered to be primary forma-
tion processes of regolith layers on asteroids (e.g. Delbo et al., 2014; 
Hazeli et al., 2018; Michikami et al., 2018, 2019). Thus, thermal fatigue 
would then have to be considered as the most likely candidate formation 
process. 

In the case of thermal fatigue, crack growth along chondrule 
boundaries is considered to be a dominant pattern because the bound-
aries between chondrule and matrix are where higher stresses occur. To 
use our conceptual model from Fig. 8, we think that the red dashed line 
shown shifts toward to the left and becomes the purple dotted line in the 
case of thermal fatigue. For example, in laboratory investigation of 
thermal fatigue for L6 chondrites, Hazeli et al. (2018) indicated that the 
primary fatigue crack path preferentially follows the interfaces between 
monominerals. In an earlier study, Richter and Simmons (1974) per-
formed thermal cycling experiments for basalt targets and suggested 
that rapid rates of temperature change induce crack growth along grain 
boundaries due to mismatches in thermal expansion coefficients of the 
component minerals. The numerical simulation by Molaro et al. (2015) 
also showed that amplification of stress occurs at surface-parallel 
boundaries between adjacent mineral grains as a result of the differ-
ence in thermoelastic behavior between adjacent grains. Unfortunately, 
there have only been few laboratory data of thermal fatigue on carbo-
naceous chondrites (As the sole example, Delbo et al. (2014) carried out 
laboratory experiments for Murchison, although they did not show the 
relation between crack growth and grain boundaries). In order to un-
derstand the formation process of the returned sample particles with 
more certainty, a detailed study of the correlation between crack growth 
by thermal fatigue and grain boundaries in carbonaceous chondrites will 
be required. 

If crack growth regardless of chondrule boundaries turns out to be 
common in these returned samples (Pattern III (IV)), the cracks within 
chondrules might be primarily the result of an impact. However, we 
cannot rule out the influence of thermal fatigue after the formation of a 
small crack, e.g. due to impact phenomena. This is because thermal fa-
tigue is considered to increase length and width of pre-existing minor 
cracks as suggested by Delbo et al. (2014). Therefore, further in-
vestigations into the expansion of pre-existing small cracks caused by 
thermal fatigue are warranted. 

6. Conclusions 

We have investigated three-dimensional imagery of impact-induced 
crack growth in CV and CM chondrites using X-ray microtomography at 

Fig. 8. Conceptual diagram for the correlation between mineral grain me-
chanical strength and crack growth in L5, CV and CM chondrites. The data of L5 
chondrites in Michikami et al. (2019) has been added to the data of this study. 
Based on their observations of the crack growth for L5 chondrites, Michikami 
et al. (2019) propose that mechanical strength decreases in the order Fe-Ni 
metal, aggregates of troilite and Fe-Ni metal, troilite, and chondrules. The 
strength of the matrix is assumed to be identical to the bulk compressive (or 
tensile) strength of the chondrite. The compressive strengths of the chondrites 
(matrix) adopted in this study are 143 MPa (Slyuta et al., 2009) for L5 chon-
drites (Sayh al Uhaymir 001), 58.4 MPa (Cotto-Figueroa et al., 2016) for CV 
chondrites (Allende), and 50 MPa (Miura et al., 2008) for CM chondrites 
(Murchison). As there is no available data for Aguas Zarcas at the time of 
writing, the compressive strength of Aguas Zarcas is assumed to be equal 
to Murchison. 
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a resolution with the voxel size of ~10 μm. Impact experiments for 1 to 
2 cm-sized target samples were performed using a two-stage light-gas 
gun at ISAS, JAXA. A spherical alumina projectile with 1.0 mm and glass 
one with 0.80 mm in diameter were shot into the target surface at a 
nominal impact velocity of 2.0 and 4.0 km/s. In a total of eleven suc-
cessful impact experiments we have investigated chondrules: sixty-six, 
twenty-eight and fourteen chondrules with the impact-induced cracks 
are observed for Allende (CV3), Murchison (CM2) and Aguas Zarcas 
(CM2) meteorites, respectively. In CV chondrites, most cracks grow 
along chondrule boundaries, while most cracks grow regardless of 
chondrule boundaries in CM samples. It is likely that weaker chondrules 
tend to facilitate crack growth regardless of chondrule boundaries. 
Based on our texture observation of the polished sections of Murchison 
meteorite with a reflecting microscope, the mesostasis within chon-
drules and the surrounding fine-grain rims in CM chondrites would have 
experienced aqueous alteration, suggesting that they have become 
structurally weakened. In expectation of CM chondrite samples to be 
returned from asteroid Bennu we therefore suggest that crack growth 
patterns can offer insights into the production of Bennu's regolith. If 
crack growth along chondrules is found to be common in these samples, 
the particles are probably the products of thermal fatigue. Hence, a 
relatively simple measure such as crack growth could provide an 

important clue regarding the dominant formation process of the regolith 
layer on a small asteroid with low gravity. 
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Appendix A: Chondrules with cracks in Allende meteorite samples impacted at 4.58 km/s 

In this study, impact (kinetic) energy was very similar in all but one of the shots. Nevertheless, we cannot entirely rule out the possibility that 
impact velocity affects crack growth in chondrules even if the impact kinetic energy is constant. To confirm this, we carried out an additional 
experiment in which a spherical glass projectile of diameter 0.8 mm and mass 0.0007 g was fired perpendicularly into an Allende target sample 
(approximately 18.5 × 13.6 × 11.5 mm, mass 4.110 g) at an impact velocity of 4.58 km/s. After the impact, the right half part of the target sample was 
heavily broken and the largest fragment mass was found to be 2.814 g (Mt/Ml = 68%, see Figs. A1 and A2). As before, three-dimensional imaging data 
at a resolution of 10 μm/voxel were obtained before and after the impact and we observed thirty-one chondrules with impact-induced cracks. Because 
of the substantial processing time required for three-dimensional images of thirty-one chondrule grains, in this analysis a simple method was used to 
distinguish fracture patterns. i.e. the fracture patterns were determined by eye based on the CT images of the data set. We empirically expect errors in 
each pattern to be at most ±1.

Fig. A1. 3-D images of meteorite targets before impacts and largest fragments after impact in the additional Allende sample AL #6–1. Because the original sample 
was larger than 4 cm, we used a ~ 2 cm sized off-cut. The mass ratio of largest fragment to initial target mass (Ml/Mt) is given in parentheses. Arrows indicate the 
trajectories of the projectile. The planes of the tomogram cross sections shown in Fig. A2 are indicated in yellow. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. A2. A tomograms of largest fragment corresponding to the slice indicated in Fig. A1. The image to the right is a combined pre/post impact tomogram of the 
sample. The right-hand side of the target is severely fractured and several cracks have formed. 
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Fig. A3 shows the proportions of the patterns of crack growth for this shot. Patterns of type I and II make up more than half of the observations, 
indicating that most cracks grow along chondrule boundaries. This observation is similar to the earlier impacts into the same meteorite at ~2 km/s but 
nearly the same impact (kinetic) energy shown in Fig. 6. We conclude that impact velocity at fixed kinetic energy does not influence the outcome of 
crack growth in chondrules.

Fig. A3. Proportion of crack growth by pattern type for chondrules with cracks in target sample AL #6–1 (Allende meteorites) at an impact velocity of 4.58 km/s.  

Appendix B: Chondrules with original cracks in Murchison meteorite 

As for Murchison CM samples, it is unknown how the original cracks shown in Fig. 7 formed, as described in Section 5.1. In this study, we presume 
the original cracks to be impact-induced. However, several formation processes are possible, such as contraction originating from dehydration after 
aqueous alteration, thermal fatigue, fragmentation during atmospheric entry on Earth, and impacts. We can rule out crack formation during prep-
aration of the polished sections because cracks were resin-filled (Fig. 7). In order to obtain a clue for the formation of the original cracks, we investigate 
the Murchison target sample (MU #2) before the impact and examine the original cracks in the chondrules with X-ray microtomography. 

Fifteen chondrules with original cracks are investigated. The primary original crack is observed from the bottom right to the top left on the cross 
section of MU #2 before impact as shown in Fig. 3i. Fig. B1 shows the proportions of the patterns of crack growth for chondrules with the original 
cracks. Pattern type III and IV make up more than half of the observations, indicating that most original cracks grow regardless of chondrule 
boundaries. This observation is similar to the chondrules with impact-induced cracks within CM chondrites shown in Fig. 6. Thus, in Murchison, there 
are many original cracks which appear to show a behavior similar to impact-induced cracks. In conclusion, we presume that the original cracks shown 
in Fig. 7 are produced by impact phenomena although we do not rule out other possibilities.

Fig. B1. Proportion of crack growth by pattern type for chondrules with original cracks in target sample MU #2 (Murchison meteorites).  
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