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ABSTRACT

Shock recovery experiments were performed using a two-stage light gas gun to clarify the progressive
deformationmicrostructures of calcite at the submicrometer scale concerning pressure. Decaying compres-
sion pulses were produced using a projectile that was smaller than the natural marble target. In two experi-
ments, naturalmarble sampleswere shocked to 13 and 18GPa at the epicenters of the targets. Calcite grains
shocked in the pressure range of 1.1–18 GPa were examined using polarized light microscopy and
(scanning) transmission electron microscopy. The density of free dislocations in the grains shocked at
1.1–2.2 GPa [108–9 (cm−2)] is comparable to that of unshocked Carrara calcite grains. Subparallel bands
of entangled dislocations <1 μm are formed at 4.2 GPa, and strongly entangled dislocations spread
throughout the focused ion beam (FIB) sections at 7.3–18 GPa. Dislocations selectively nucleate
and entangle near the slip planes at pressures above ∼3 GPa, corresponding to the transition from sharp
extinction to undulatory extinction, according to the microstructural evolution with shock pressure. Above
∼6 GPa, the dislocations nucleated homogeneously throughout the calcite crystals. The dislocation micro-
structure in a calcite grain collected from the asteroid Ryugu particle is similar to that of the experimentally
shocked calcite at 4.2 GPa. The estimated pressure of 2–3 GPa, determined through fault mechanics
analyses and the presence of dense sulfide minerals in the Ryugu particles, is in line with this pressure.
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INTRODUCTION

Impact events occurred frequently in the early Solar System,
resulting in various outcomes, such as brecciation, cratering,
accretion, magma generation, and degassing. In asteroidal and
planetary materials, these processes have been documented as a
wide range of shock metamorphic features, such as brittle/plastic
deformation structures, solid-state phase transformations, recrys-
tallization, melting, and vaporization (Stöffler et al. 1991, 2018).
To decipher the shock metamorphism of planetary materials as a
function of pressure, shock recovery experiments have been per-
formed, especially on ordinary chondrites (Kitamura et al. 1992;
Miyahara et al. 2021; Schmitt 2000) and their major constituent
minerals, such as olivine, pyroxene, and plagioclase (Hu et al.
2023; Langenhorst 2002; Langenhorst et al. 2002; Stöffler et al.
2018). The degree of shock features up to∼70GPa has been eval-
uated by comparing the microstructures of the experimental and
natural samples.

Most shock stage classifications have been conducted based
on microscopic observations of silicates (e.g., Stöffler et al. 1991,
2018), even in carbonaceous chondrites (Scott et al. 1992).
Nevertheless, hydrated chondrites, such as CI and CMchondrites,
typically lose these anhydrous minerals, leading to inadequately
constrained impact histories in the past for hydrated carbonaceous
asteroids. Consequently, we focused on ubiquitous minerals in
hydrated chondrites. Carbonates are typical minerals in hydrous
carbonaceous chondrites formed by fluid activities. Calcite grains
have been frequently identified in CM chondrites (King et al.
2017; Lee et al. 2014) and have also been found in returned sam-
ples from the hydrated asteroids Ryugu (Nakamura et al. 2023)
and Bennu (Lauretta et al. 2024). Shock recovery experiments
on calcite showed progressive changes in shock-induced micro-
structures; high dislocation density and decomposition occurred
at ∼15 and ∼40 GPa, respectively (Langenhorst 2002; Langen-
horst et al. 2003). Recently, a systematic shock experiment on cal-
cite was performed over a wide pressure range of 9.0–60.8 GPa
(Bell 2016). The reduction in crystal domain size was examined
by transmission electron microscopy (TEM). However, detailed
dislocation microstructures could not be observed because the
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