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Introduction:  Shock metamorphism recorded in 
chondrites have been used to reconstruct the impact 
histories of their parent bodies [e.g., 1]. Shock effects 
for silicates were summarized as progressive stages 
based upon uniaxial shock experiments [e.g., 1]. In 
contrast, such the shock effects in minerals produced 
due to aqueous alteration have not been studied well. 
Here, we focus on calcite (CaCO3) because it has been 
identified in various carbonaceous chondrites [e.g., 2]. 
Recently, veins composed of carbonates are found on 
the surface of the asteroid Bennu [3].  

 The production of mechanical twins and impact 
devolatilization are known shock effects pertaining to 
calcite [e.g., 4]. In addition, crystal lattice dislocation in 
shocked calcite samples was also identified by 
transmission electron microscopy [e.g., 5, 6]. The 
required peak pressures for twin production and 
incipient devolatilization have been estimated to be <0.5 
GPa [7] and >20 GPa [e.g., 8], respectively. Such shock 
features in calcite are expected to be a powerful tool to 
extract the information about the depth of the aqueous 
alteration in the parent bodies of carbonaceous 
chondrites and Bennu [e.g., 7] because impact-induced 
compressive waves rapidly attenuate during their 
propagation. However, an accurate depth estimation is 
difficult because there is a large gap between threshold 
pressures for the twin production (<0.5 GPa) and 
devolatilization (>20 GPa). In this study, we explored 
the shock effects in calcite at the intermediate pressure. 

Experiments: We conducted shock recovery 
experiments with a two-stage light gas gun placed at 
Planetary Exploration Research Center (PERC) of 
Chiba Institute of Technology (Chitech), Japan [9].  

The use of expanding shock waves: We produce an 
expanding, i.e., decaying, shock wave by using much 
smaller projectiles than metal containers. The peak 
pressures in the samples continuously decrease with 
increasing distance. This recovery method allows us to 
collect shocked samples experiencing a variety of 
pressures keeping with the pre-impact stratigraphy. The 
method has already been applied to a laser-shock 
experiment with single olivine crystals [10]. A 
schematic diagram of the experiment is shown in Figure 
1. Our method also allows us to investigate the 
significance of the post-shock heating due to plastic 
deformation [e.g., 11, 12] because the samples suffer 

single shock compression and permit a large shear 
deformation. Such temperature effects in a shocked 
basalt sample are reported in the companion paper [13].  

Experimental conditions: We used a polycarbonate 
sphere and a cylinder made of Carrara marble as a 
projectile and a target, respectively. Carrara marble 
constitutes crystallographically randomly-oriented 
calcite crystals having ~100 µm in diameter. We made 
titanium (Ti) containers and Ti front plates. In this 
abstract, we present the results from one shot 
(Shot#475). The impact velocity was 6.8 km s-1. The 
thickness of the front plate and the impact velocity are 
the major factors to determine the maximum pressure in 
the sample during the experiments.  

Figure 1. (a) The dimensions of the shock recovery 
experiments. (b) The peak pressure field after a 
compressive wave sweeps entire the target. 
 

Sample analyses: We focused on the petrographic 
shock feature called undulatory extinction. It has been 
widely known that shocked silicate crystals exhibit a 
characteristic extinction pattern in polarized microscopy 
[e.g., 2]. We made thin sections of shocked samples 
across the center of the shock-generated depression on 
the top surface of the target. The thin section 
corresponds to the cross section parallel to the direction 
of the shock propagation in the recovered samples. We 
observed the rectangle region within 1.3 mm from the 
epicenter of the shock wave in the radial direction, i.e., 
2.6 mm wide. The rectangle was divided into 16 or 17 
sub-domains having 1.7 mm length, which includes 
~100 grains. Then, we chose ~10 grains from each 
domain and observed with 20x objective on the 
microscope by following the procedure proposed by [1]. 
Finally, we calculated the fraction of the grains showing 
undulatory extinction in each sub-domain.  
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Figure 2. (a) A transmitted light image of the thin 
section of the shocked sample pertaining to shot#475 at 
crossed nicols. The white rectangle indicates the region 
investigated with a polarized microscope. The red 
rectangle in the white one corresponds to the size of the 
sub-domain. (b) The mass-weighted averages of the 
peak pressure in each sub-domain as a function of the 
distance from the pre-impact surface. The error bars 
show the highest and lowest values of the peak pressures 
stored on tracer particles located in each sub-domain. 
 

Peak pressure estimation: We used the iSALE-2D 
[14-16] to estimate the peak pressures in the samples 
We used the Tillotson EOS [17] for polycarbonate [18] 
and Ti [17] and ANEOS [19] for calcite [20, 21]. The 
“ROCK” and “VNMS” models in the iSALE package 
[22] were employed for the calcite target and the Ti 
container. The mass-weighted averages of the peak 
pressures of tracers located within the sub-domains 
defined in the microscope measurement were calculated.  

Results: Figure 1b shows the peak pressures in the 
samples by the iSALE computation. The peak pressures 
of the epicenter in the calcite samples were estimated to 
be 13 GPa for this shot. Figure 2a shows a transmitted 
light image of the thin section. Figure 2b shows the peak 
pressure distribution in the white rectangle. We 
collected the shocked sample at the pressure of 1–10 
GPa, which almost keeps the initial stratigraphy, 
although the marble initially located around the front 
plate was comminuted and mixed with the other grains 
coming from unknown initial locations.  

Figure 3 shows the fraction of grains showing 
undulatory extinction as a function of the peak pressure. 
Although the data are preliminary and exhibit a large 
scatter, the fraction exceeds 0.5 around ~2 GPa. The 
most grains show undulatory extinction at >3 GPa.  

Discussions & Conclusions: The 2 GPa threshold 
for undulatory extinction is close to the Hugoniot elastic 
limit of calcite [23], indicating that plastic deformation 
in each calcite grain may be a trigger for producing the 
undulatory extinction in calcite. If calcite grains 
showing samples from Bennu and Ryugu, it could be 

 
Figure 3. The fraction of grains showing undulatory 
extinction as a function of the mass-weighted averages 
of the peak pressures in sub-domains. The error bars on 
the fractions come from the difference between the 
results from different researchers. The yellow hatched 
region corresponds to the Hugoniot elastic limit of 
calcite [23].  
 
used to tightly constrain the produced location of the 
such minerals in the parent bodies. This is because the 
compression to 2 GPa could not be easily made except 
for the region within the distance of several projectile 
radius during hypervelocity mutual collisions between 
asteroids. 
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