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Abstract–We performed shock recovery experiments on an olivine-phyric basalt at shock
pressures of 22.2–48.5 GPa to compare with shock features in Martian meteorites (RBT
04261 and NWA 1950). Highly shocked olivine in the recovered basalt at 39.5 and
48.5 GPa shows shock-induced planar deformation features (PDFs) composed of abundant
streaks of defects. Similar PDFs were observed in olivine in RBT 04261 and NWA 1950
while those in NWA 1950 were composed of amorphous lamellae. Based on the present
results and previous studies, the width and the abundance of lamellar fine-structures
increased with raising shock pressure. Therefore, these features could be used as shock
pressure indicators while the estimated pressures may be lower limits due to no information
of temperature dependence. For Martian meteorites that experienced heavy shocks, the
minimum peak shock pressures of RBT 04261 and NWA 1950 are estimated to be 39.5–
48.5 GPa and 48.5–56 GPa, respectively, which are found consistent with those estimated
by postshock temperatures expected by the presence of brown olivine. We also investigated
shock-recovered basalts preheated at 750 and 800 °C in order to check the temperature
effects on shock features. The results indicate a reduction in vitrifying pressure of
plagioclase and a pressure increase for PDFs formation in olivine. Further temperature-
controlled shock recovery experiments will provide us better constraints to understand and
to characterize various features found in natural shock events.

INTRODUCTION

Meteorites and their constituent minerals commonly
exhibit various kinds of shock features such as shock
melt veins, undulatory extinction, and amorphization.
Such shock features have been used as indicators of
shock events for the past several decades (e.g., St€offler
et al. 1991, 2018; Sharp and DeCarli 2006; Fritz et al.

2017). A formation of high-pressure minerals is one of
the most useful shock features for estimating shock
pressures in particular L chondrites and Martian
meteorites (e.g., Miyahara et al. 2011; Greshake et al.
2013; Walton et al. 2014; Tomioka and Miyahara 2017;
Ma 2018). However, shear stress can induce high-
pressure phase transformation at lower pressure than
equilibria (e.g., Mandon et al. 1989; Ji et al. 2012).
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Moreover, the transformation pressure from phase
equilibria can only provide the lower pressure bound of
the shock because a high-pressure transformation is rate
dependent and may take a longer time compared with
typical shock durations of these meteorites: tens of
milliseconds and several seconds for Martian meteorites
and L chondrites, respectively (e.g., Ohtani et al. 2004;
Beck et al. 2005; Walton et al. 2014). Due to such
kinetic problems, most of high-pressure minerals are not
confirmed in products of shock recovery experiments
with significantly shorter shock durations
(~microseconds) than those of meteorites. Hu and
Sharp (2017) recently reported that a high-pressure
phase of olivine (wadsleyite) in Mbale (L chondrite) was
partly back-transformed to olivine due to short shock
durations (<1 s) and high postshock temperature
(~1200 K). Moreover, some Martian meteorites whose
shock conditions were enough to form high-pressure
minerals contain no high-pressure minerals because of
back-transformation induced by short shock duration
and high postshock temperatures (Walton 2013; Fritz
et al. 2017; Takenouchi et al. 2017, 2018). In such
meteorites, we could not estimate even lower limits of
shock pressures. Therefore, we need to establish the
other indicators for peak shock pressure estimation such
as refractive indices of maskelynite (Milton and DeCarli
1963; St€offler et al. 1986; Fritz et al. 2005).

In this study, we focused on planar deformation
features (PDFs) of olivine. PDFs have been well studied
in quartz and the term “planar deformation features”
was defined by Grieve et al. (1990) to describe “optically
recognizable, planar microstructures diagnostically
produced in quartz by shock compression.” In contrast
to high-pressure transformation, PDFs are considered to
form immediately after the shock wave has passed
(Goltrant et al. 1992; Fritz et al. 2017), and therefore,
PDFs have the potential to retain the information of
peak pressures (just after shock wave front or at two-
wave structures by reflection on high-impedance phases)
which is not recorded in high-pressure minerals. Goltrant
et al. (1992) reported that there are four kinds of fine-
structures in PDFs of quartz (1) bands of dislocations;
(2) lamellae of mixtures of amorphous and crystalline
silica; (3) twin lamellae; (4) short, parallel lamellae
forming ladder structures. However, such fine-structures
of PDFs were not reported enough in shocked olivine in
meteorites (e.g., M€uller and Hornemann 1969) although
there are several studies focusing on hydrostatically
formed dislocations in olivine (e.g., Phakey et al. 1972;
Ashworth and Barber 1975). In the shock stage
classifications by Fritz et al. (2017) and St€offler et al.
(2018), olivine PDFs have been considered to form when
a shock pressure becomes over 45 GPa and 30–35 GPa,
respectively. However, detailed observations of fine-

structures of PDFs in olivine are still required in order to
precisely estimate shock pressures by using PDFs in
olivine. Therefore, in this study, we performed shock
recovery experiments of olivine and observed the fine-
structures of PDFs in shocked olivine in order to
establish an indicator of shock pressures. Furthermore,
we compared the PDFs found in the recovered samples
and in Martian meteorites to estimate their peak shock
pressures.

METHODS AND SAMPLES

Shock recovery experiments were conducted using
a single-stage propellant gun at the National Institute
for Materials Science (NIMS), Tsukuba, Japan (e.g.,
Yamaguchi and Sekine 2000) (Fig. 1). The projectile
(45 mm long and 30 mm in diameter) consists of
polyethylene sabot and flyer plate of stainless (SUS
304, 3 mm in thickness) or tungsten (2 mm in
thickness). Impact velocity was measured just before
impact (Sekine 1997). Shock pressure in each shot is
calculated based on the measured velocity using
Hugoniot data for flyer and container (Marsh 1980).
We used an SUS 304 container as described by Sekine
(1997) (Fig. 1). In our experiments, six shots were
performed aiming at pressures of 20–50 GPa. In two
shots, samples were preheated about 800 °C, as
described elsewhere (Sekine 1989). The Hugoniot
parameter changes at high temperature, but there is no
large difference (Duffy and Ahrens 1997). Here, we
neglected the shift in calculating peak pressure. The
peak shock pressure within sample was calculated
assuming a pressure equilibrated with a container by
reverberation due to thin sample relative to the flyer
thickness. The reason why we performed the preheated
shock experiments is below: the shock pressure in our
shock recovery experiment was raised by shock wave
reflection at the sample–container interface due to the
differences in shock impedance of sample and
containers (the shock reverberation technique).
However, such a compression will generate lower
shock heating compared to natural shock events where
the pressure is raised by a single shock compression
(e.g., Tomeoka et al. 1999). Therefore, in order to
investigate temperature effects on shock
metamorphism, preheated shock recovery experiments
were conducted in addition to experiments at room
temperature. According to calculations by Tomeoka
et al. (1999), differences in waste heat energy after
decompression between multiple shock wave reflections
(experiments) and single-shock compression (planetary
collisional event) are about 1570 and 2350 J g�1 for
36.0 and 48.8 GPa, respectively. If such waste heat
differences completely convert to a temperature, our
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preheating temperature (750 and 800 °C) could not be
enough to compensate for temperature differences
described above. However, the preheated temperature
of 800 °C is the upper limit in our heating system, and
therefore, we adopted this temperature. Each
experiment was performed under evacuated condition
(~200 Pa) to shoot flyer straight without obstruction
by the presence of air.

In our experiments, olivine-phyric basalt from Kita-
Matsuura, Kyusyu, Japan, was selected as a target
material. This basalt contains olivine phenocrysts
(~3 mm) and its chemical composition (~Fo69) is within
the range of olivine composition of shergottites. The
basalt rocks were cut as circular disks of about 1 mm
thick with 12 mm diameter. The sample disk is settled
in the bottom of the container pit and tightly sealed by
a stainless screw bolt after inserting a spacer for a
height adjustment. The preheating system was prepared
for each shot because the system is broken every time.
In one experiment, the Kanthal wire was snapped
during heating and the temperature could not reach
800 °C, and therefore, the sample was shocked at
750 °C. In the same experiment, the velocity of
projectile could not be measured but was estimated
based on the propellant amount (see Table 1). The
recovered samples were roughly cut open by a lathe and
sliced by a diamond cutter at NIMS, and then, thin
sections were made at the University of Tokyo. Shock
pressures were 22.2, 28.7, 39.5, and 48.5 GPa at room
temperature sample and ~22.2 and ~39 GPa for high
temperature samples (Table 1).

For comparison with the recovered samples, we
prepared two Martian meteorites, Northwest Africa
(NWA) 1950 and Robert Massif (RBT) 04261. Both
meteorites are poikilitic shergottites and contain
maskelynite (e.g., Usui et al. 2010; Takenouchi et al.
2017, 2018) indicating that they were subjected to high
pressures at least >25–35 GPa (e.g., Fritz et al. 2017).
NWA 1950 is known to contain brown-colored olivine
(brown olivine) but no high-pressure minerals
(Takenouchi et al. 2017). RBT 04261 contains small
amounts of high-pressure minerals but almost no brown
olivine (Takenouchi et al. 2018). We investigated thick
sections of olivine grains for both meteorites.

Polished thick and thin sections of the shock
recovered samples and Martian meteorites were first
observed by a field emission scanning electron
microscopy (FE-SEM: JEOL JSM-7100F) at the
National Institute of Polar Research, Tokyo (NIPR).
Electron backscattered diffraction (EBSD) analysis was
also performed by the SEM for crystal orientation
analysis of olivine. Obtained Kikuchi patterns were
compared with simulated ones from forsterite (space
group: Pnma) using Aztec 3.0 developed by Oxford
Instruments. Quantitative chemical analyses were
performed by a field emission electron microprobe
(JEOL JXA-8530F) at the University of Tokyo.
Analytical conditions for quantitative analysis of olivine
and pyroxene were 20 kV in accelerating voltage, 20 nA
in beam current, and 1 lm in beam diameters. Those
for plagioclase (maskelynite) were 15 kV, 8 nA, and
5 lm, respectively, in order not to lose volatile elements

Fig. 1. A geometry of the single stage propellant gun we used (a) and schematic cross section images of sample container for
shock recovery experiment at room temperature (b) and those with initial high temperature (c).
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in particular Na due to a high beam current. Elemental
maps were also obtained by the microprobe under the
conditions of 20 kV for accelerating voltage and 70 nA
for beam current. The areas with fine-textures observed
in the samples were cut by focused ion beam (FIB:
Hitachi FB-2100, gallium ion source with 30 and 10 kV)
and observed by transmission electron microscopy
(TEM: JEOL JEM 2010, accelerating voltage: 200 kV)
both at the University of Tokyo.

OBSERVATION RESULTS

Olivine in Unshocked Basalt

The basalt used in the present experiments contains
phenocrysts of olivine, pyroxene, and plagioclase
(Fig. 2). The size of each phenocryst is about 500 lm.
The matrix is composed of plagioclase lath,
clinopyroxene, cristobalite, phosphate, and opaque
minerals. The plagioclase lath is up to 500 lm in length
and the other fine-grained minerals are less than 100 lm
in size. Due to their small sizes, observation of matrix
minerals by optical microscopy was difficult and
insufficient. BSE image shows that olivine has reaction
rims of orthopyroxene and ilmenite. Quantitative chemical
compositions are shown in Fig. 3 and Table 2. The
compositions of the olivine phenocrysts are Fo68.7-71.6,
close to those in Martian meteorites.

The olivine phenocryst contains reddish- to
brownish-colored areas under plane polarized light
(Fig. 2a). In SEM observation, such colored areas could
be recognized as brighter and rough surface areas
within olivine (Fig. 2c). These observations indicate that
olivine phenocrysts in this basalt have been slightly
altered, and therefore, a careful interpretation is needed
when we investigate the shock effects in the recovered
sample.

Basalt Shocked at Room Temperature

The shocked basalt sample at 22.2 GPa indicates
undulatory extinction of plagioclase, pyroxene, and
olivine under an optical microscope (Figs. 4a and 4b)
and is severely fractured while shock melt veins were
rarely observed. All constituent minerals have irregular
cracks and olivine shows small amounts of planar
fractures (Figs. 4c and 4d).

In contrast to the basalt shocked at 22.2 GPa,
plagioclase in the basalt shocked at 28.7 GPa was
completely maskelynitized and showed less abundant
cracks (Fig. 5). BSE observation clarified that
plagioclase (maskelynite) still retained a compositional
chemical zoning (Fig. 5c). Shock-induced melt
(fractured) veins were commonly observed in the basalt
shocked at 28.7 GPa (Fig. 5d). However, olivine and
pyroxene in this recovered sample (shocked at

Table 1. Summary of our observations of basalts recovered at six shock conditions.

Projectile’s
velocities

Estimated peak
pressure (GPa)a

Initial
temperature Olivine Plagioclase Whole rock

1.05 km s�1 22.2 Room

temperature

Undulatory extinction

Planar fractures

Undulatory extinction

Crystalline
1.31 km s�1 28.7 Room

temperature
Undulatory extinction
Planar fractures

Maskelynitization
Less cracks

Shock melt veins
at fractures

1.71 km s�1 39.5 Room
temperature

Undulatory extinction
Planar fractures
Defect-rich lamellar

textures

Maskelynitization Shock melt veins

1.57 km s�1b 48.5 Room
temperature

Undulatory extinction
Planar fractures
Defect-rich lamellar

textures

Maskelynitization
Ambiguous zoning
in composition

Shock melt veins

1.05 km s�1 ~22.2 800 °C Undulatory extinction
Planar fractures

Undulatory extinction
Partial maskelynitization

Shock melt pockets at
grain boundaries

~1.7 km s�1c ~39 750 °Cd Undulatory extinction
Planar fractures

Maskelynitization
Flow textures (melting)

Abundant voids
Shock melt pockets
and veins

aCalculated by shock impedance matching in the case of stainless–stainless collision.
bUsing not a stainless steel flyer but a tungsten flyer.
cVelocity based on the amount of gun powder because the oscilloscope for measuring the velocity was down after shots due to blackout induced

by the heating system.
dThe Kanthal wire was snapped during heating before the temperature reached 800 °C.
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Fig. 2. Plane polarized light (PPL) image (a), BSE images (b, c), and X-ray chemical map (Mg) of intact (unshocked) basalt and
olivine (d). Small and large white squares in (b) represent the areas shown in (c) and (d), respectively (ol = olivine,
opx = orthopyroxene, ilm = ilmenite, pl = plagioclase). (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 3. Chemical compositions of minerals in intact basalt. Clinopyroxene is a phenocrystal grain and orthopyroxene is a
reaction rim of olivine. The chemical compositions range En41.6Wo42.1-En48.2Wo37.9 and An45.1Ab52.6-An69.3Ab29.1 for
clinopyroxene and plagioclase, respectively (Fo# = Mg/[Mg + Fe], An = anorthite, Ab = albite, and Or = orthoclase). (Color
figure can be viewed at wileyonlinelibrary.com.)

Table 2. Chemical compositions of minerals in the basalt used in the present study.

Phase SiO2 Al2O3 TiO2 FeO MnO MgO CaO Na2O K2O Cr2O3 NiO Total N

Olivine 36.8 0.02 0.02 27.11 0.44 35.72 0.1 n.d. 0.03 0.14 100.39 17

Orthopyroxene 52.66 0.8 0.51 16.66 0.39 25.42 2.14 0.02 0.04 0.04 98.68 2
Clinopyroxene 51.39 1.83 0.54 9.2 0.26 16.2 18.96 0.31 0.22 0.02 98.93 5
Plagioclase 52.61 28.41 0.1 0.86 0.01 0.05 11.89 4.46 0.3 0.03 98.72 10

n.d. = not detected.

1994 A. Takenouchi et al.
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28.7 GPa) show only undulatory extinction and
abundant cracks, and no other significant shock features
were observed.

Basalt samples recovered from shock pressure of
39.5 GPa (Fig. 6a) and 48.5 GPa (Fig. 7a) show the
maskelynitization of plagioclase and the chemical
zoning of maskelynite is deformed compared with intact
plagioclase before shock. The grain boundaries between
plagioclase and silica glasses were curving due to the
shock compression. Microfaults commonly cut across
each mineral obliquely accompanied by shock melt
veins throughout the sample (Figs. 7b and 7c). While
pyroxene shows only undulatory extinction, olivine
phenocrysts in the basalt shocked at 39.5 and 48.5 GPa
show distinct features from those of olivine shocked
below 28.7 GPa. In the basalt shocked at 39.5 GPa,
planar fractures are dominant in olivine (Figs. 6b and
6c) and some parts of olivine show ladder-like lamellar
textures (Fig. 6d). Olivine shocked at 48.5 GPa also
shows the lamellar textures (Fig. 7d). Since these
lamellae were not observed in the intact olivine, these
lamellar textures were formed by shock metamorphism.
The maximum widths of the lamellae are ~0.25 and
~1 lm in olivine shocked at 39.5 and 48.5 GPa,
respectively. The lamellae became thicker and more
abundant as the shock pressure increased although

lamellar lengths were not significantly changed in our
experiments (Fig. 8). For further investigations, the
lamella in the shock pressure of 48.5 GPa was cut off
perpendicular to its elongated orientation by FIB to
observe by TEM (Fig. 9a).

TEM observation revealed that olivine in the basalt
shocked at 48.5 GPa has abundant defects. There is an
area composed of defects forming a streak across the
FIB section (Fig. 9b). This streak is 230 nm thick and
we could not define crystallographic orientation in this
section. There are no other characteristic features in this
FIB section; therefore, the streak may represent the
lamellar texture observed in SEM observation. In other
words, the lamellar textures are composed of abundant
defects formed in the shocked olivine.

Basalt Shocked at Higher Temperatures

Observations by SEM clarified that both preheated
shock recovered samples (shocked ~22.2 GPa at 800 °C
and ~39 GPa at 750 °C) had shock melt pockets at grain
boundaries between plagioclase, silica glass, and
pyroxene. The basalt sample shocked ~39 GPa at 750 °C
had abundant voids (~10 lm in diameter) in the melt
pockets throughout the sample. In the recovered sample
shocked ~22.2 GPa at 800 °C, plagioclase was mostly

Fig. 4. PPL image (a), crossed polarized light (CPL) image (b), and BSE images (c, d) of basalt and olivine shocked at 22.2
GPa. Plagioclase shows undulatory extinction (not maskelynite) (b) and olivine shows planar fractures (d) (ol: olivine). (Color
figure can be viewed at wileyonlinelibrary.com.)

Fine-structures of PDFs in shocked olivine 1995
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Fig. 5. PPL (a), CPL (b), and BSE (c, d) images of basalt shocked at 28.7 GPa. Plagioclases are completely converted to
maskelynite (a, b) while maskelynite retains chemical compositional zoning (c). White arrows in (d) indicate a shock-induced
melt vein (pl = plagioclase, px = pyroxene). (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 6. BSE images of the basalt sample shocked at 38.5 GPa. Plagioclase (maskelynite) shows deformed chemical compositional
zoning (a). Olivine shows planar fractures (b, c) and lamellar texture (d) (ol = olivine, pl = plagioclase).

1996 A. Takenouchi et al.
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isotropic (maskelynitized) while part of plagioclase showed
a little undulatory extinction under crossed polarized light
(CPL) (Figs. 10a and 10b). Plagioclase shocked ~39 GPa
at 750 °C was maskelynitized and bending with flow
textures (Figs. 11a and 11b). Although the chemical
zoning of plagioclase shocked ~22.2 GPa at 800 °C is well
retained (Fig. 10c), melting of sodic rims and shock
compression disturbed the chemical zoning in plagioclase
shocked ~39 GPa at 750 °C and the grain boundaries are
not straight compared with the original texture (Figs. 11a
and 11b). Pyroxene shows undulatory extinction and
abundant cracks indicating that there was almost no
difference between pyroxene in samples shocked at high
temperature and those shocked at room temperatures.

Olivine shocked at high temperature shows
undulatory extinction under CPL and shows clear
planar fractures similar to those shocked at room
temperature (Fig. 10d). SEM observation showed that
there were brighter BSE contrast areas within olivine
grains (Figs. 10d, 11c, and 11d). However, the brighter
areas represent initially altered and then annealed
(probably dehydrated) areas by heating before shock
loading indicating no shock features. The lamellar
textures found in the olivine shocked at 38.5 and
48.5 GPa at room temperature (Figs. 6d and 7d) were

not found in the recovered samples from ~39 GPa at
high temperatures (~750 °C).

Martian Meteorites

Olivine in NWA 1950 is darkened throughout the
meteorite and such olivine is called “brown olivine” (e.g.,
Takenouchi et al. 2017; Treiman et al. 2007). Olivine in
RBT 04261 is colorless while olivine just around shock
melt veins is locally darkened (Takenouchi et al. 2018).
While detailed description of “brown olivine” in these
meteorites is found in Takenouchi et al. (2018), this study
performed detailed SEM observation of “colorless”
olivine in both meteorites.

Olivine in both meteorites showed undulatory or
mosaic extinction under CPL as is the case of severely
shocked olivine. SEM observation of olivine in both
meteorites revealed the presence of lamellar textures
(Fig. 12). They were not found in brown olivine but
observed in the experimentally shocked basalt at 39.5 and
48.5 GPa at room temperature (Figs. 6 and 7). The
lamellae were much abundant in NWA 1950 while it was
rare in RBT 04261 (Fig. 8). The apparent maximum
widths of lamellae in NWA 1950 and RBT 04261 were
about 1.1 and 0.5 lm, respectively. The mode width and

Fig. 7. BSE images of the basalt sample shocked at 48.5 GPa. Plagioclase shows a compressed shape and its chemical zoning
was deformed along grain boundaries (a). Microfaults were often observed (b, c) and olivine has a lamellar texture (d) similar to
those in Fig. 6d. White arrows in (d) display the length and width of one lamella as 7.3 and 0.48 lm, respectively (ol = olivine,
pl = plagioclase).

Fine-structures of PDFs in shocked olivine 1997



length of the lamellae in NWA 1950 were thicker and
longer than our experimental results (Fig. 8). The lamellae
had darker contrast in BSE images compared to the
surrounding olivine crystal and they were parallel to a few
crystallographic orientations of olivine such as {021} by
EBSD analysis (Fig. 12b). In order to observe these
lamellae in detail, FIB sections were made perpendicular
to the lamellar elongated directions to observe by TEM.

TEM observation of the FIB sections revealed that
the olivine lamellae in NWA 1950 showed smooth
appearance rather than a streak of defects (Fig. 13).
The host olivine around the lamellae contains a small

number of dislocations ([001]host olivine) compared with
the area far from lamellae. TEM-EDS analyses of the
lamellae and host olivine exhibited no compositional
differences between them (Fig. 13). Electron diffraction
patterns clarified that the lamellae are amorphous and
develop parallel to (0�21)host olivine. The lamellar
textures found in BRT 04261 are not amorphous but
composed of abundant defects akin to those observed
in experimentally shocked samples (Figs. 9 and 14).
These observations indicate that there are at least two
kinds of fine-structures in shock-induced olivine
lamellae.

Fig. 8. Histograms of lamella length (a) and width (b) in shock experiments and Martian meteorites. While mode values of
lamellar length are almost the same between two shock experiments, those of lamellar width became higher as shock pressure
increased. The lamellar width mode value in NWA 1950 is higher than those of our experiments and RBT 04261. (Color figure
can be viewed at wileyonlinelibrary.com.)

1998 A. Takenouchi et al.
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DISCUSSION

Shock Features in Shock-Recovered Minerals and

Comparison with Previous Studies

In the previous shock recovery experiments on
olivine, single crystal and polycrystal were used for

investigation of shock-induced features in olivine (e.g.,
Bauer 1979; Syono et al. 1981; Farrell-Turner et al.
2005). Chondritic meteorites were also adopted for
target materials in order to investigate the shock
features in ordinary and carbonaceous chondrites (e.g.,
Tomeoka et al. 1999; Schmitt 2000). Yamaguchi and
Sekine (2000) used a plagioclase disk in contact with

Fig. 9. BSE image (a) of lamella in olivine shocked at 48.5 GPa with FIB section area indicated by a white rectangle. TEM
bright-field (BF) image (b) of lamella in the FIB section. Lamellar areas observed in (a) were composed of abundant defects (b).
We cannot determine any crystallographic orientations of this lamella from a selected area (SA) diffraction pattern (c) obtained
from the area shown by a black circle in (b).

Fig. 10. PPL (a), CPL (b), and BSE (c, d) images of basalt shocked ~ 22.2 GPa at 800 °C. Almost all plagioclase was
maskelynitized (a, b) while maskelynite still shows sharp chemical compositional zoning (c). Olivine shows clear planar fractures
although we cannot define its crystallographic orientations now (ol = olivine, px = pyroxene, pl = plagioclase). (Color figure can
be viewed at wileyonlinelibrary.com.)

Fine-structures of PDFs in shocked olivine 1999

www.wileyonlinelibrary.com


pyroxene disk as target materials for shock recovery
experiments in order to investigate a behavior of
amorphous plagioclase under shock events. Recently,
St€offler et al. (2018) summarized the results of shock
recovery experiments to revise shock stage classifications
for several target materials based on their shock
textures. Due to the differences in initial textures of
target materials, the shock features should be different
in each material. Therefore, our shock recovery
experiments on an olivine-phyric basalt provide shock
features and corresponding shock pressures for each
mineral in some Martian meteorites.

Plagioclase
Our experiments shocked at 22.2 and 28.7 GPa

indicate that the maskelynitization pressure of
plagioclase (An45-69Or~2) in basalt ranges between 22.2
and 28.7 GPa in the shock recovery experiments at
room temperature, which is almost consistent with those
reported previously (e.g., St€offler et al. 1986; Fritz et al.
2005).

Pyroxene
Due to small sizes of pyroxene, we cannot

determine detailed characteristic shock features in
pyroxene. Therefore, our sample was not suitable and

different sample should be prepared for determining the
shock features of pyroxene.

Olivine
Olivine shocked below 28.7 GPa only shows well-

documented shock features such as undulatory
extinction and planar fractures (e.g., Reimold and
St€offler 1978; Bauer 1979; Fritz et al. 2017; St€offler
et al. 2018). The most remarkable shock feature in our
experiments is ladder-like lamellar texture observed by
SEM (Figs. 6d and 7d). Such textures were observed in
room temperature olivine shocked at 39.5 and
48.5 GPa. Their ladder-like shape indicates their shear
deformation origin in the same analog as en echelon
fractures (e.g., Cloos 1955). Since the lamellae were not
recognizable under optical microscopy probably due to
the small sizes and high refractive index of host olivine,
they are not matched with the definition of PDFs of
olivine by Grieve et al. (1990). However, we call these
lamellar textures PDFs because the lamellae are planar
and formed by deformation.

The duration of such PDFs’s formation must be
shorter than 1 ls because they were induced by shock
wave propagation in our shock recovery experiment.
Therefore, instead of high-pressure minerals, features of
such lamellae may represent the information of peak

Fig. 11. BSE images of basalt shocked ~39 GPa at 750 °C. Grain boundaries between maskelynite and SiO2-glass are ambiguous
due to partial melting at boundaries (a). Chemical compositional zoning in maskelynite is highly disturbed by partial melting and
shock compression (b). Olivine shows brighter contrast derived from altered phase while we cannot find lamellar structures (c, d).
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shock pressure. In our shock experiments, both the
lamellar width and number density of lamellae increased
with increasing shock pressure (Fig. 8). Therefore, these
factors may be useful indicators to estimate peak shock
pressure. We will discuss details in the following section.

Shock Features in Preheated Basalt

Our experimental results on preheated basalt
revealed slightly different shock features compared with
those at room temperature. The absence/presence of
maskelynite in samples shocked at 22.2 GPa with room
temperature and initial high temperature (800 °C)
indicates that high initial temperature lowers shock
pressures essential for maskelynitization (Figs. 4 and
10), which is consistent with the results by static high-
pressure and high-temperature experiments (Kubo et al.
2010) and preheated shock experiments using granite
and eucrites (e.g., Huffman et al. 1993; Yamaguchi
et al. 2003). Then, we infer that the minimum shock
pressure for maskelynitization in natural shock events
must be lower than those in shock recovery experiments
at room temperature because the peak temperatures of
natural shock events are higher than those by
experiments due to the different compressions (single
shock compression or reverberation shock). In order to

precisely estimate the essential pressure for
maskelynitization by shock recovery experiments, we
need to equalize the peak shock temperature between
experimental and natural shock events at a shock
pressure by adjusting the initial temperature in
experiments. Regarding olivine shock features, PDFs
observed in the basalt shocked at 39.5 and 48.5 GPa at
room temperature (Figs. 6 and 7) were not observed in
the sample shocked ~39 GPa with initial temperature
750 °C. One of reasons why PDFs were not observed
might be that the formation of PDFs may have a little
temperature dependence and the peak shock pressure
(~39 GPa) of preheated experiments could not reach
enough pressure to induce a significant number of PDFs
under high-temperature condition. Therefore, PDFs’
formation in meteoritical olivine indicates peak shock
pressure at least >39.5 GPa, which is close to the
pressure estimation (>45 GPa) suggested by Fritz et al.
(2017). Since deformation features can change by
temperature even under the same shock pressures, we
need to pay more attention not only to shock pressure
and duration but also to shock temperature when we
compare shock features in samples between shock
recovery experiments and natural impact events.

This study revealed that preheated shock recovery
experiments would lead to different results from those

Fig. 12. BSE image of olivine lamellae in NWA 1950 (a), Kikuchi patterns obtained from the host olivine, simulated ones, polar
plots of {021} of host olivine (b), and BSE images of olivine in RBT 04261 (c, d). Black arrows in (a, d) represent lamellar
textures in NWA 1950 and RBT 04261, respectively.
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at room temperature such as lowering vitrified pressure
in plagioclase. Combining with static high-pressure
experiments, temperature-controlled shock recovery
experiments will provide better constraints on relations
between shock pressures and corresponding features in
natural shock events because the time scale of natural
collision is at intermediate range between shock
recovery experiments and static experiments.

Shock Features of Olivine in Martian Meteorites and

Pressure Estimations

Olivine experimentally shocked at 39.5 and
48.5 GPa showed PDFs composed of defects (Figs. 6, 7,

and 9) and olivine in RBT 04261 showed similar
textures to the PDFs (Fig. 14). PDFs observed in
olivine of NWA 1950 were without defects and
composed of amorphous olivine whose chemical
composition is identical to that of the host olivine
(Fig. 13). In our experiments on basalt at room
temperature, the lamellar width and number density of
PDFs became larger as the shock pressure increased
(Fig. 8) whereas the shock duration was not so different
between shock at 39.5 GPa with stainless steel flyer
(1.71 km s�1) and shock at 48.5 GPa with tungsten
flyer (1.57 km s�1). This trend indicates that the
lamellar width and the number density mainly depended
on peak shock pressures but not shock durations. This

Fig. 13. TEM-BF images of olivine in NWA 1950 (a, b), SA diffraction patterns obtained from the host olivine (c) and lamellae
(d), TEM-EDS spectra of the host olivine (e) and lamellae (f). Cu is derived from sample grids. Black arrows indicate lamellar
textures representing those observed in SEM observations. (Color figure can be viewed at wileyonlinelibrary.com.)
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explanation is similar to “destructive shock effects”
suggested by Fritz et al. (2017) that they are represented
by the physical manifestation of the pressure–volume
work achieved by the shock wave. Then, we can
estimate peak shock pressures based on the lamellar
width and number density although the estimated
pressure in this way is possibly lower due to lack of
temperature effects consideration. Comparing the
lamellar width and number densities of PDFs between
experimental samples and Martian meteorites, mode of
lamellar width in RBT 04261 (0.12–0.14 lm) is within
those in two experimental samples (0.04–0.06 and 0.14–
0.16 lm for 39.5 and 48.5 GPa, respectively). The
number density of PDFs in RBT 04261 is qualitatively
close or lower to those of experimental samples shocked
at 39.5 GPa. These observations suggest a peak shock
pressure of RBT 04261 between 39.5 and 48.5 GPa. The
lamellar width mode of ~0.2 lm and the high number
density in NWA 1950 may give a peak shock pressure
of NWA 1950 higher than 48.5 GPa. Moreover, the
most different feature is that the textures of PDFs in
NWA 1950 were amorphous while those in RBT 04261
and experimental samples were composed of defects.
Since there were no chemical compositional differences
between the amorphous lamellae and the host olivine,
the amorphous lamellae should have been formed
without melting similar to amorphization of some
plagioclase. Amorphization of olivine has been
previously reported in shock recovery experiments
(Jeanloz et al. 1977; Jeanloz 1980) and static
compression experiments (e.g., Santamaria-Perez et al.
2016). In the shock recovery experiment using a single
olivine crystal performed by Jeanloz et al. (1977),

olivine exhibited local amorphous area at a shock
pressure of 56 GPa, although Jeanloz (1980) reported
that this amorphization may be induced by localized
intense strain, and therefore, pressure for olivine
amorphization is around 56 GPa. Our experiments are
consistent with those experimental results because
olivine amorphization is not observed in our shock
recovery experiments by a shock pressure of 48.5 GPa
which is lower than those of the previous experiments.
Santamaria-Perez et al. (2016) reported that pressure-
induced amorphization started near 41 GPa and
completed by 54 GPa under static conditions. However,
olivine amorphization in Santamaria-Perez et al. (2016)
is certified only by Raman analysis during compression
and its texture is unclear. The texture of the amorphous
area in NWA 1950 is rather similar to those observed in
olivine shocked at 56 GPa (Jeanloz et al. 1977) except
for the surrounding host olivine. The surrounding host
olivine in the previous experiments contained abundant
defects or dislocations while such defects were not so
abundant around the PDFs in NWA 1950 (Fig. 13). One
possible explanation for the absence of defects around
amorphous areas in meteorite samples is due to
postshock heating. As mentioned above, shock recovery
experiments induce lower post shock temperature
compared with natural shock event in particular at higher
shock pressure. Lower postshock temperature in the
experiments preserves abundant defects induced by the
propagation of shock waves while high postshock
temperature in Martian meteorites annealed the defects
around amorphous areas. In fact, Takenouchi et al.
(2017, 2018) reported that postshock heating of NWA
1950 was at least >900 °C, which could partly anneal
these defects (Goetze and Kohlstedt 1973). Our TEM
observation also suggests the dissolution of defects into
amorphous areas because dislocations around
amorphous areas were connected to amorphous areas
while dislocations were abundant far from amorphous
areas. Therefore, the amorphous lamellae observed in
NWA 1950 olivine may have an identical formation
process to that of amorphous lamellae reported by
Jeanloz et al. (1977); amorphous areas formed at the
highest strain area with abundant defects while the
surrounding defects were healed after decompression by
postshock heating in NWA 1950. The formation of
olivine amorphous lamellae occurs in the shock event
with shock pressure of at least over 48.5 GPa and
possibly over 56 GPa. The higher shock pressure of
NWA 1950 than those of RBT 04261 is consistent with
the presence of brown olivine only in NWA 1950
(Takenouchi et al. 2018). The presence of brown olivine
throughout the meteorite indicates that the meteorite had
experienced high pressure (~55 GPa) and high postshock
temperature (>900 °C). Therefore, to summarize the

Fig. 14. TEM-BF images of olivine in RBT 04261. Lamellae
observed in BSE images were corresponding to defects
indicated by white arrows.
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above discussion, the PDFs of olivine (its width and
number density) and its fine-structure (composed of
defects or amorphous) are good indicators to estimate the
peak shock pressure; defect-rich lamellar PDFs with
0.12–0.14 lm mode width and amorphous lamellar PDFs
with >0.2 lm mode width indicate shock pressures higher
than 39.5–48.5 GPa and 48.5–56 GPa for RBT 04261
and NWA 1950, respectively.

CONCLUSION

In this study, we performed shock recovery
experiments on an olivine-phyric basalt mimicking
Martian meteorites to determine shock effects of olivine
and also on preheated basalt to investigate the
temperature effects on shock features. As a result, we
reported following observation results and conclusions:

1. Initial heating before shock recovery experiments
promoted lowering of shock pressure for the
maskelynitization compared with the experiments at
room temperature, which is a consistent result with
static experiments (Kubo et al. 2010) and preheated
shock recovery experiments using granite and
eucrites (Huffman et al. 1993; Yamaguchi et al.
2003).

2. Olivine shocked at 39.5 and 48.5 GPa shows PDFs
and similar textures were observed in olivine in
RBT 04261 and NWA 1950 while no PDFs formed
in olivine shocked � 39 GPa at 750 °C. Since their
mode width and fine-structures (defect-rich or
amorphous) were changed as shock pressure
increased, they could be good indicators for an
estimation of peak shock pressure although we need
to consider temperature effects.

3. The estimated minimum peak shock pressures of RBT
04261 and NWA 1950 are 39.5–48.5 GPa and 48.5–
56 GPa, respectively, which are consistent with those
estimated by postshock temperature expected by the
presence of brown olivine (Takenouchi et al. 2018).
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