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[1] Controlled recovery of hydrated minerals subjected to planar shock loading is
challenging because of the large difference in shock impedance between the natural
samples and the engineering materials used as the recovery capsules. Significant
differences in recovery capsule design confound straightforward interpretation of existing
data on shock modification of hydrated minerals. We present X-ray diffraction and infrared
spectroscopy results from new shock recovery experiments on nontronite (a smectite clay
observed on Mars) and identify major issues in the interpretation of recovered samples.
Previous work assumes that the first shock pressure step in a ring-up configuration is the
most important factor in the interpretation of shock modification. By comparing the X-ray
diffraction and infrared spectroscopy data from experiments with similar first shock steps
but significantly different final shock states, we show that one cannot simply interpret the
recovered samples based upon the first shock pressure step. This work demonstrates the
need for a deeper understanding of the thermodynamics of ring-up experiments in order
to be able to interpret the results in terms of an equivalent single shock loading pressure
for planetary applications. In this work, we also show that venting of the samples does
not matter significantly at low pressures but may be important at high pressures. We have
developed a recovery method and validation test that allows us to address the major
issues and technical tradeoffs with shock recovery experiments on volatile materials.
Citation: Kraus, R. G., S. T. Stewart, M. G. Newman, R. E. Milliken, and N. J. Tosca (2013), Uncertainties in the shock
devolatilization of hydrated minerals: A nontronite case study, J. Geophys. Res. Planets, 118, 2137–2145, doi:10.1002/jgre.20147.

1. Introduction
[2] Recent detailed observations of hydrated minerals on

Mars has rejuvenated interest in understanding the effects
of shock processing on major phyllosilicate phases. Under-
standing the distribution of hydrated minerals in space and
time will ultimately constrain paleosurface conditions, pro-
viding insight into the evolution of the Martian climate.
Phyllosilicates are confined largely to Noachian age terrains
[e.g., Bibring et al., 2006; Ehlmann et al., 2013] and thus
formed contemporaneously with a period of intense impact
cratering. As a result, phyllosilicates may carry an over-
print of crustal impact modification. Such pervasive shock
processing may have significantly modified or destroyed
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some phyllosilicates through mechanical and/or thermal pro-
cesses, which would in turn modify their spectral signatures.
Detailed interpretation of the origin(s) and modification
of phyllosilicate deposits requires an understanding of the
effects of shock modification of the specific phases observed
on Mars. Iron-magnesium smectites (nontronite or saponite)
are the most common clays identified on Mars, followed by
aluminum-rich phases (montmorillonite or kaolinite), chlo-
rite, and serpentine [Ehlmann et al., 2013]. In this work,
we conduct shock recovery experiments on nontronite and
address key technical issues related to interpreting shock-
induced modification of hydrated minerals.

[3] Despite previous experimental attempts aimed at
understanding shock-induced structural and spectroscopic
changes of phyllosilicates, the data are sparse and difficult to
interpret. Part of the difficulty in interpreting the experimen-
tal results stems from the significant differences between
laboratory shock conditions and planetary impact events
and differences between laboratory experimental designs.
The differences between the laboratory and nature include
the duration of shock loading, stepwise (or ring-up) versus
single shock loading paths in pressure-volume-temperature
space, and confined versus unconfined conditions upon
decompression from the shock state. In this work, we exam-
ine the importance of the latter two issues by comparing
the shock modification of nontronite subjected to differ-
ent loading paths and under both confined and unconfined
decompression.
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[4] In standard shock recovery studies, samples are recov-
ered in metal containers that are designed to produce a nearly
uniform shock loading history over the entire sample and to
confine the sample upon decompression [e.g., Bourne and
Gray III, 2005]. Because hydrated minerals have lower den-
sities and sound speeds compared to steel, the shock wave
reverberates in the sample, leading to a stepwise loading path
to the peak shock pressure. A stepwise loading path attains
much lower entropy and lower shock temperature compared
to single shock loading to the same peak shock pressure.
Because most of the entropy is gained in the first shock
state, some studies interpret shock-induced modifications in
terms of the pressure in the first shock state [e.g., Tyburczy
et al., 1990] or in terms of the total

R
PdV work [Bowden

et al., 2000; DeCarli et al., 2002; Prescher et al., 2011] for
comparison to single shock states in natural impact events.
However, other studies interpret their results in terms of the
peak shock pressure without reporting the loading path. The
difficulties of interpreting the results in terms of the peak
shock stress have been sufficiently discussed by DeCarli
et al. [2002]. However, the validity of interpreting shock
modification in terms of the first shock step or the total
energy deposited has not been demonstrated.

[5] In many studies of volatile-bearing phases, above
a material-dependent threshold shock pressure, the cap-
sules burst due to expansion of gases upon decompres-
sion [e.g., Weldon et al., 1982; Skala et al., 2002; Zhang
and Sekine, 2007], often preventing successful recovery
of the sample. Ivanov et al. [2002] calculated the equilib-
rium isentropic decompression path of carbonate and found
that devolatilization requires expansion to multiple orders
of magnitude times the original volume. In recognition
of the need for volume expansion to study devolatiliza-
tion, various capsule designs have incorporated vent holes
from the sample. In most cases, these vents close during
the passage of the shock through the recovery container
[Ivanov et al., 2002]. Unfortunately, the incorporation of
vent holes in the recovery capsule often has the unde-
sirable side effect of introducing heterogeneous shock
loading of the sample. The need for volume expansion
upon release is thus a serious technical issue in shock
devolatilization studies.

[6] Previous work has found that shock processing can
change the near- and mid-infrared spectra of nontronite and
other phyllosilicates [Boslough et al., 1980; Gavin et al.,
2013; Sharp et al., 2012]: e.g., the O-H stretching modes
in the �3 �m region and Si-O vibration bands at approxi-
mately 9 and 20 �m. In general, the O-H stretch feature is
diminished and the Si-O vibrational bands are completely
removed and replaced by a less distinct glassy spectrum as
the shock pressure increases. These spectral changes with
increasing pressure were interpreted to be a result of the (1)
loss of interlayer and bound water, (2) collapse of the inter-
layer structure in smectites, and (3) at the highest pressures,
shock-induced amorphization.

[7] In this work, we discuss some of the differences
between laboratory recovery experiments on clays and
impact cratering. We present new shock recovery experi-
ments on nontronite using a novel capsule design to allow for
volume expansion while maintaining a simple loading his-
tory in the sample. The recovery experiments were designed
to illustrate the importance of the recovery fixture itself

on the results of the experiment. To better understand the
states reached during the recovery experiments, we present
measurements of the principal Hugoniot for the nontronite
clay used in this study. Finally, we caution against simple
interpretations of shock recovery experiments and make sug-
gestions for future experimental designs that would reduce
the difficulty in comparing natural impacts to laboratory
experiments.

1.1. Previous Shock Modification Studies on Nontronite
[8] Boslough and colleagues conducted two impact shock

recovery experiments on nontronite that reached peak pres-
sures of about 18 and 30 GPa [Boslough et al., 1980; Weldon
et al., 1982]. The samples were placed in a steel recovery
chamber with downrange steel plates backing the sample
followed by an enclosed expansion volume. The nontron-
ite samples, from Riverside, California, were powdered and
pressed to a density of 2.7 g cm–3. They found that the basal
layer collapsed from 14.9 to 11.7 Å and that some of the
bound OH was lost in the 30 GPa experiment. In their exper-
imental configuration, the downrange expansion volume led
to a second shock loading of the sample upon striking the
downrange wall of the recovery chamber. The effects of the
second loading event were not considered in the analysis.
In a subsequent study, Boslough et al. [1986] conducted a
series of explosively driven shock recovery experiments (13
to 48 GPa peak pressures) on 37% to 62% porous nontronite
in unvented copper fixtures to measure magnetic proper-
ties, X-ray diffraction (XRD), and Mössbauer spectroscopy.
These experiments suffered from severe heterogeneity in the
shock pressure across the sample. In two cases, their cap-
sules ruptured and the results were different than for the
enclosed samples, but the details of the differences were
not discussed.

[9] More recently, Gavin et al. [2013] collected a wide
range of spectroscopic data on shock recovered clays,
including nontronite. Their experiments utilized a sealed
recovery capsule, which ruptured at the highest impact
velocity and generated nonplanar loading conditions: a
4 � 1 mm steel flyer on a 7 � 4.5 mm polycarbonate sabot
impacting a 100 � 20 mm recovery capsule with a cen-
tered 6 � 5 mm sample located 5 mm from the impact
plane (all dimensions are cylindrical diameter � thick-
ness). The samples were pressed powders with unreported
densities. The relative dimensions of the projectile and cap-
sule led to highly heterogeneous shock pressure histories
in the samples that were estimated by modeling the lab-
oratory experiments using an estimated Hugoniot for the
sample. In nontronite, samples subjected to estimated peak
pressures of 5.4–17.5 GPa and average shock pressures
of 0.9–1.6 GPa did not exhibit any significant changes in
the near-infrared spectra but did have changes in the mid-
infrared. Gavin et al. [2013] also note that the recovered
samples exhibit a greater degree of modification than sam-
ples studied during heating-only experiments [Gavin and
Chevrier, 2010], where the predicted postshock tempera-
ture from the shock experiments are significantly less than
the heating experiments. However, these experiments are
extremely difficult to interpret because of the combined
problems of heterogeneous, nonplanar shock loading, vent-
ing at the highest pressure, and unknown Hugoniot of
the sample.
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Table 1. Summary of Nontronite Hugoniot Dataa

Experiment �0 (g cm–3) Vimp (km s–1) Us (km s–1) up (km s–1) P (GPa) �1 (g cm–3)

80 2.03˙ 0.08 1.229˙ 0.015 2.01˙ 0.09 0.60˙ 0.02 2.47˙ 0.16 2.90˙ 0.26
82 2.20˙ 0.02 2.078˙ 0.013 3.34˙ 0.14 0.88˙ 0.02 6.45˙ 0.32 2.98˙ 0.21
85 2.15˙ 0.02 2.268˙ 0.005 3.92˙ 0.12 1.88˙ 0.01 15.83˙ 0.52 4.13˙ 0.28
86 2.16˙ 0.02 2.551˙ 0.008 4.63˙ 0.15 2.06˙ 0.01 20.60˙ 0.70 3.89˙ 0.26
89 2.14˙ 0.02 1.116˙ 0.009 2.64˙ 0.06 0.97˙ 0.01 5.48˙ 0.01 3.38˙ 0.14
90 2.14˙ 0.03 1.024˙ 0.050 3.15˙ 0.05 0.87˙ 0.00 5.85˙ 0.13 2.96˙ 0.09
93 2.17˙ 0.02 1.881˙ 0.006 3.88˙ 0.14 1.55˙ 0.01 13.10˙ 0.50 3.62˙ 0.27

aWhere �0 is the initial density of the samples, Vimp is the measured flyer plate impact velocity, Us is the measured
shock velocity in the sample, up is the impedance matched particle velocity, P is the shock pressure, and �1 is the
shocked density.

[10] Sharp et al. [2012] conducted a series of controlled
planar shock recovery experiments on clays in an unvented
stainless steel recovery cell. They recovered samples of non-
tronite that achieved peak pressures ranging from about 10
to 40 GPa. They observe increasing modification to the vis-
ible and infrared reflectance spectrum with increasing peak
shock pressure [Friedlander et al., 2012] and a broadening
of the peaks in the X-ray diffraction spectrum leading to
amorphization during the experiment that achieved a �40
GPa peak shock state.

2. Shock Experiments on Nontronite
[11] We conducted shock Hugoniot measurements and

shock recovery experiments on the Harvard 40 mm single
stage gun [Stewart, 2004]. The nontronite samples were the
American Petroleum Institute Clay Mineral Standards H-33a
and H-33b from the Lockwood Siding road cut, Manito,
Washington.

[12] In most shock recovery experiments on clays, the
effects of the shock are presented as a function of peak
shock pressure within the recovery cell [e.g., Sharp et al.,
2012; Gavin et al., 2013]. The decision to present the recov-
ery data against peak shock pressure is often necessitated
by the uncertainty in the Hugoniot of the clay sample, and
hence, uncertainty in the first shock step in the shock rever-
beration. In this work, we measured the Hugoniot of the
nontronite clay used in our shock recovery experiments to
be able to determine the shock loading path in the metal
recovery cells.

2.1. Hugoniot Measurements
[13] The nontronite samples were powdered, sieved to

less than 65 �m, and pressed to an average density of
2.14˙ 0.06 g cm–3. Impact velocities from 1.3 to 2.6 km s–1

with aluminum or steel flyers generated shock pressures
from 2.5 to 23 GPa in the nontronite clay. In experi-
ments 80 and 82, shock velocities were measured by transit
times between multiple embedded magnetic particle velocity
gauges [Dremin and Adadurov, 1964; Dremin and Shvedov,
1964; Petersen et al., 1970; Sheffield et al., 2006]. In exper-
iments 85–93, shock velocities were determined by using
the relative transit time between two samples of different
thickness. A multibeam velocity interferometer system for
any reflector [Barker and Hollenbach, 1972] or piezoelec-
tric pins was used to determine the time that the shock
wave reached the free surface. Piezoelectric pins were also
applied to the driver plate to determine the tilt of the flyer

at impact, which was then used to correct the transit times
where appropriate. We impedance matched the shocked non-
tronite sample to the polycarbonate driver (experiments 80
and 82) or the stainless steel driver (experiments 85–93)
assuming that the release path of the driver is described by
the reflected Hugoniot, which is an accurate approximation
for the relatively low pressures achieved in this study.

[14] To determine the Hugoniot of the polycarbonate
drivers for the purposes of impedance matching, we com-
bined the Hugoniot data sets of Millett and Bourne [2006]
with those of Marsh [1980] and fit the shock velocity ver-
sus particle velocity, Us-up, data below a particle velocity
of 1 km s–1 with a linear function. Above 1 km s–1 particle
velocity, the data deviate significantly from the low pressure
linear fit. To impedance match to polycarbonate to higher
pressures, one should use a higher order polynomial fit to
account for the change in slope. Below a particle velocity of
1 km s–1, the polycarbonate Hugoniot is well fit by

Us = 2.00(0.11) + 2.09(16)up, (1)

where the correlation coefficient between the intercept and
slope is –0.93498, the velocities are in km s–1, and the initial
density is �0 = 1.196 g cm–3. To impedance match to the
stainless steel driver, we used the Hugoniot for SS-304 from
Duffy and Ahrens [1997].
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Figure 1. Principal Hugoniot of nontronite pressed pow-
der with an average initial density of 2.14 ˙ 0.06 g cm–3.
Also shown is the best fit Hugoniot (black) and the Hugoniot
of nontronite corrected for an initial density of 2.31 g cm–3

using a Mie-Grüneison equation of state (gray).
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Figure 2. Schematic of a typical target configuration for a shock recovery experiment where two off-axis
samples are shocked simultaneously, modified from Louzada et al. [2010]. The disc-shaped specimens are
positioned 1.5 mm from the impact surface. Samples are set off-axis to avoid stress concentrations on the
center line. Lateral and rear momentum traps prevent pressure excursions after the primary shock wave.
In a subset of these experiments, the sample capsule was vented by four grooves that are approximately
0.5 mm in depth down the entire length of the rear screw holding the specimen in place. The grooves
were sufficiently small to avoid heterogeneous loading of the sample during the ring-up of the sample,
however, these grooves closed during the experiments, limiting the possible venting.

[15] The Hugoniot data for nontronite and best fit are pre-
sented in Table 1 and in Figure 1. Over this particle velocity
range, the linear fit is

Us = 1.62(9) + 1.37(8)up, (2)

where the correlation coefficient between the intercept and
slope is –0.9368. In Figure 1, note the large range of shock
velocities near particle velocities of�0.9 km s–1. The scatter
is not a result of a systematic difference in the shock veloc-
ity measurement techniques as both the embedded magnetic
gauge method and the multisample transit time method pro-
duced a relatively high and low shock velocity point in this
region of the Hugoniot. The reason for this feature on the
Hugoniot is not known.

[16] In general, the intercept of the Us-up fit is the bulk
sound velocity in the material. In this work, we measured the
longitudinal and transverse sound velocity of the nontron-
ite samples at a density of 2.14 ˙ 0.02 g cm–3 and find the
longitudinal, shear, and bulk sound velocities to be 1.47(2),
0.99(5), and 0.93(8) km s–1, respectively. The measured bulk
sound velocity is significantly lower than the intercept of a
linear fit to the Us-up data. A difference between the mea-
sured bulk sound speed and intercept of the linear fit to Us-up
data is not unexpected for porous or heterogeneous materials
due to the crush-up of pore space and modified grain-grain
interactions.

[17] While there are significant residuals, our Us-up data
for nontronite are nearly identical to the Hugoniot for a
“green deep-lying clay” with low water content studied by
Al’tshuler and Pavlovskii [1971]: Us = 1.6 + 1.47up. While
the clay studied by Al’tshuler and Pavlovskii [1971] is not
positively identified as nontronite, the description, density
(�0 = 2.15 g cm–3), and similar Hugoniot lends confidence
to the Hugoniot measurements obtained in this study.

3. Shock Recovery Experiments
[18] Two specimens of nontronite were shocked simulta-

neously in recovery capsules made of either stainless steel
(SS-304) or aluminum (Al-2024). The recovery capsule
design, shown in Figure 2, includes both lateral and rear

momentum traps to minimize late time reflections of the
shock wave from the free surfaces of the recovery capsule.

[19] The nontronite samples were powdered, sieved to
less than 65 �m, baked at 95ıC to remove adsorbed water
on the surface of the nontronite particles, and pressed to a
density of 2.30˙ 0.05 and 2.32˙ 0.08 g cm–3 in 8 � 2 mm
discs within the steel and aluminum recovery cells, respec-
tively. The recovery samples could be pressed to higher
density than the Hugoniot samples because of their smaller
diameter. This pressed density of 2.31 g cm–3 is within
2% of the crystal density of nontronite. At the relatively
low pressures considered here, the mechanical (P, V, Us,
and up) variables on the Hugoniot are not strongly affected
by the � 9% porosity in the nontronite samples used for
the Hugoniot measurements; however, the temperature and
entropy along the Hugoniot is sensitive to the starting poros-
ity. Consequently, we attempted to reach the crystal density
in the nontronite samples used in the recovery experiments
to more accurately match the shock temperature and entropy
of natural samples.

3.1. Mie-Grüneisen Hugoniot Correction
[20] To accurately determine the first-step shock pressure

in the recovered nontronite samples, we account for the
lower porosity in the recovered samples by developing a
correction to the Hugoniot of porous nontronite using a Mie-
Grüneison equation of state. Here we assume a value of 1.2
for the Grüneison parameter, which is consistent with K00=4
[Vocadlo et al., 2000], and that the Grüneison parameter
varies inversely with the density. In Figure 1, the corrected
Hugoniot is shown in gray with the dashed gray lines rep-
resenting an illustrative 50% variation in the Grüneison
parameter about �0 = 1.2. Over the particle velocity range
of interest, 0.5 to 2.5 km s–1, the effect of the porosity cor-
rection is to systematically increase the shock velocity by
5˙ 1%. Below is the corrected Hugoniot of nontronite clay
with an initial density of 2.31 g cm–3,

Us = 1.88 + 1.35up, (3)

assuming that the Grüneison parameter at 2.14 g cm–3 is 1.2
and varies inversely with density.
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Figure 3. Model pressure histories within the center of the
nontronite samples for recovery experiments using the steel
(SS304) and aluminum (Al2024) recovery cells. The shock
pressure in the sample is released by the rarefaction wave
from the rear of the flyer plate.

3.2. Shock Pressure History
[21] The impact velocities for the aluminum and steel

recovery fixture were designed so that the first-step shock
pressure, and hence peak temperature, would be approxi-
mately equal. However, the peak shock pressure is much
higher in the steel capsule. The stainless steel recovery fix-
ture was impacted at 1.211 ˙ 0.005 km s–1 by a steel flyer.
Using the Hugoniot for stainless steel [Duffy and Ahrens,
1997] and our Hugoniot for nontronite, equation (3), we
find the first-step shock pressure in the nontronite to be
7.6 ˙ 0.2 GPa and the peak shock stress after ring-up in
the steel to be 26.1 ˙ 0.2 GPa. The aluminum recovery
fixture was impacted at 1.293 ˙ 0.006 km s–1 by an alu-
minum flyer. Using the Hugoniot for aluminum (Al-2024)
(fit presented in Duffy and Ahrens [1997]) and our measured
Hugoniot for nontronite, we find the first-step shock pressure
in the nontronite to be 6.4 ˙ 0.2 GPa and the peak shock
stress after ring-up in the aluminum to be 11.2 ˙ 0.1 GPa.
The impact parameters and shock pressure histories in each
experiment are shown in Table 2. The uncertainty in the first-
step shock pressure is dominated by the uncertainty in the
measured nontronite Hugoniot; the contribution to the uncer-
tainty in the first-step shock pressure by a 50% variation in
the Grüneison parameter is �1%.

[22] Using the CTH shock physics code [McGlaun et
al., 1990], we modeled the pressure history within the cen-
ter of the nontronite samples, shown in Figure 3. To model
the nontronite, we used a Mie-Grüneisen equation of state
[Asay and Shahinpoor, 1993] derived from the Hugoniot
measurements and again an assumed value for the Grüneisen
parameter of 1.2. For the stainless steel recovery cell, we use

the Sesame 4272 tabular equation of state [Lyon and John-
son, 1992], and for the aluminum recovery cell, we used the
Sesame 3700 equation of state [Lyon and Johnson, 1992].
Both tables accurately represent the Hugoniot and reshock
states within the pressure range investigated. One can see
that the first-step shock pressures achieved were very close
in magnitude, within 15% of each other, while the peak
shock stress in the steel recovery cell was greater than in
the aluminum by more than a factor of 2. If the postshock
devolatilization of nontronite is solely driven by the entropic
contribution to the Gibbs free energy, as opposed to a change
in bonding sites, then we would expect these recovery exper-
iments to show qualitatively similar results as most of the
entropy generated during a ring-up experiment occurs during
the first shock step.

3.3. Venting the Sample
[23] Another difference that has been thought to be impor-

tant in some studies [Skala et al., 2002] is whether the
sample is allowed to release into vacuum, hereafter called
vented, or if it is contained within the recovery fixture over
the entire release path to ambient pressure and temperature,
hereafter unvented. The unvented samples may not follow
an isentropic release path as the recovery cell may conduct
heat across the sample-recovery cell interface during the
decompression process, thereby changing the entropy of the
sample and the thermodynamic drive for devolatilization.
For the timescale of the experiment, �1 �s, and a reason-
able thermal diffusivity of a rock, �10–7 m2 s–1, the thermal
diffusion length scale during the decompression process is
of order 1 �m, which suggests a negligible mass of non-
tronite will be affected by thermal conduction from the steel
or aluminum recovery cell during the decompression pro-
cess. Boslough et al. [1980] considered the possibility that
the postshock temperature of the recovery cell was sufficient
to devolatilize the sample prior to the experimenter remov-
ing the nontronite from the cell, over a timescale of tens
of minutes. However, as was concluded by Boslough et al.
[1980], the postshock temperature of the aluminum and steel
recovery cells would be approximately 130ıC and 200ıC
[Raikes and Ahrens, 1979], respectively, which is insuffi-
cient to devolatilize bound OH from nontronite [Frost et al.,
2002].

[24] To test the effect of venting on devolatilization, we
reduced the thickness of one of the nontronite samples in the
aluminum recovery cell to 1 mm and increased the thick-
ness of the corresponding aluminum capsule face, from 1.5
to 2.5 mm, which decreased the plastic strain caused by the
differential compression of the nontronite and the recovery
cells and so did not fracture during the compression and
release process. In the stainless steel recovery experiment,
grooves to vent the sample capsule were also machined to

Table 2. Summary of Shock States for the Recovered Nontronite
Samplesa

Recovery Cell �0 (g cm–3) Vimp (km s–1) P1 (GPa) PF (GPa)

Al-2024 2.32˙ 0.08 1.293˙ 0.006 6.4˙ 0.2 11.2˙ 0.1
SS-304 2.30˙ 0.05 1.211˙ 0.005 7.6˙ 0.2 26.1˙ 0.2

aWhere �0 is the initial density of the samples, Vimp is the measured flyer plate
impact velocity, P1 is the first-step shock pressure in the nontronite sample, and
PF is the peak ring-up pressure in the recovery cell.
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Figure 4. Near-infrared reflectance spectra of shocked and
unshocked nontronite. The spectra are offset vertically for
clarity.

�0.5 mm depth down the entire length of the rear screw
holding the sample in place, Figure 2; however, it was found
that the holes completely closed during the experiment. The
capsule face in the stainless steel recovery experiment was
1.5 mm thick with a 2 mm thick nontronite sample, and so
the capsule face failed during the compression and release
process, allowing the nontronite samples to vent during the
decompression process.

4. Analysis of Recovered Samples
4.1. Infrared Reflectance Spectroscopy

[25] A Thermo Nicolet 6700 Fourier transform infrared
spectrometer in reflectance mode was used to study the IR-
active vibrational spectrum of the shocked and unshocked
nontronite clay. In Figure 4, the near-infrared reflectance
spectra of the recovered samples are compared with an
unshocked sample. The nontronite absorption bands at 1.43,
1.91, 2.28, and 2.76 �m are marked by the dash-dotted ver-
tical black lines. The absorptions near 1.43 �m are caused
by both structural OH and molecular H2O, and the band
at 1.91 �m is related to interlayer molecular H2O [Gavin
et al., 2013]. The bands at 2.28 and 2.76 �m are related
to the Fe–OH bond. One can see the complete loss of
the aforementioned absorption bands in the nontronite sam-
ple recovered from the steel recovery cell, whereas very
little modification occurs to the nontronite samples recov-
ered from the aluminum recovery cell. In Figure 5, the
mid-infrared reflectance spectra of the recovered samples
are compared with the unshocked sample. Interestingly, the
6.2 �m feature related to H2O bending is observed in all
samples, even the steel recovery cell experiment. However,
this may be in part a result of postrecovery adsorbed H2O,
which is also consistent with the presence of the 3 �m band
in the steel recovery experiment.

4.2. X-Ray Diffraction
[26] A Scintag XDS2000 fixed sample position pow-

der diffractometer was used to obtain the X-ray diffraction
(XRD) spectrum from the shocked and unshocked nontron-
ite samples, where the samples were presented to the X-ray
beam in a randomly orientated state. The X-ray spectrum
was obtained over a 2� range of 2ı to 40ı with a step size of
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Figure 5. Mid-infrared reflectance spectra of shocked and
unshocked nontronite. The spectra are offset vertically for
clarity.

0.02ı and at a wavelength of 1.54 Å. In Figure 6, the X-ray
diffraction spectra of shocked and unshocked nontronite are
compared. The complete loss of scattered intensity from
the basal layer, at 2� = 6.45ı or �13.7 Å, and the broad
peak at higher scattering angles from the sample recovered
from the steel cell suggests amorphization of the nontronite
sample. As this is a recovery experiment without temporal
resolution, it is not clear whether amorphization occurred
during the compression or decompression path; however,
it is clear that the X-ray diffraction spectra is significantly
different from the nontronite sample recovered from the alu-
minum cell. For the nontronite sample recovered from the
aluminum recovery cell that vented to the chamber during
the experiment (blue line in Figure 6), there appears to be
no difference between the shocked and unshocked X-ray
diffraction spectra.

4.3. Effect of Venting
[27] At an impact velocity of 1.293 ˙ 0.006 km s–1, we

were successful in recovering unvented nontronite from the
aluminum capsule with the thicker face and also vented non-
tronite from the capsule with the thinner face that failed dur-
ing compression and separated from the recovery cell during
decompression. One can see in the infrared reflectance spec-
troscopy, Figures 4 and 5, that there is very little difference in
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Figure 6. X-ray diffraction spectra of shocked and
unshocked nontronite. The spectra are offset vertically for
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Figure 7. Model temperature histories within the center of
the nontronite samples for the recovery experiment using the
steel (SS304) and aluminum (Al2024) recovery cells. The
temperature histories are normalized to the first-step shock
temperature, showing the significantly greater second shock
temperature jump in the steel recovery cell than in the alu-
minum recovery cell. Absolute temperatures were extracted
from the CTH shock physics code using a Mie-Grüneison
equation of state and a constant specific heat; however, these
are not plotted because of the uncertainty in the heat capacity
and Grüneison parameter. Shock and postshock temperature
measurements are needed.

the molecular and bound water signal. Unexpectedly, there is
a slight decrease in the basal layer d-spacing in the unvented
sample, while there appears to be no modification to the
basal layer in the vented sample, Figure 6. The samples were
prepared in an identical manner, and consequently, a sig-
nificant difference in the preimpact mechanical properties
would not be expected.

[28] While we were not able to recover an unvented
sample from the highest pressure experiment in the steel
recovery cell, we can compare our result with the results
of Boslough et al. [1980] who were able to recover an
unvented sample of nontronite in a stainless steel cell that
was impacted at 1.36 km s–1, yielding a peak shock stress
of 30.0 GPa. Because of the significantly higher starting
density of their nontronite samples, 2.7 g cm–3, which is
suggestive of a mineral mixture, we avoid using our mea-
sured Hugoniot to compare the first-step shock pressure in
the Boslough et al. [1980] recovery experiments.

[29] While the peak shock stress in the work by Boslough
et al. [1980] is slightly higher than that of our experiment,
26.1 GPa, we find starkly different results. Boslough et al.
[1980] observe a decrease in the basal layer d-spacing from
14.9 to 11.7 Å and that only some of the bound OH was lost
in their unvented sample, whereas we observe a complete
loss in the basal layer peak and an overall X-ray diffraction
spectrum that is suggestive of amorphization in our vented
sample. We also observe complete loss of the absorption
bands in the near-infrared reflectance spectrum related to
bound OH. These results suggest that venting is an impor-
tant variable in the interpretation of recovered clay minerals
at high peak stresses, which is in contrast to the lower peak
stress experiment in the aluminum recovery cell where vent-
ing does not seem to be important to the interpretation of the
shock recovery experiment.

[30] It is possible that the nontronite sample recovered
from 30 GPa in the experiment by Boslough et al. [1980]
was significantly laterally released and hence did not achieve
the peak impedance matching pressure in the steel. However,
the experiment under consideration used a small sample of
nontronite, 16 mg, and is unlikely to have seen the same
degree of lateral release as the experiments conducted with
much thicker samples. Future experiments will be required
to unambiguously determine the effect of venting on the
interpretation of these shock recovery experiments.

5. Discussion
5.1. Natural Impacts and Laboratory Experiments

[31] The thermodynamic path taken by a clay sample
recovered from a laboratory experiment is significantly dif-
ferent than what would be achieved during a natural impact
event [DeCarli et al., 2002]. In the laboratory, one can see in
Figure 3 that the pressure increases by a series of steps, with
the step height depending on the recovery cell material. The
pressure history achieved by a clay sample during a natural
impact would be much simpler, a single strong shock wave
followed by adiabatic decompression to ambient pressure.

[32] Ignoring the thermal differences created by the path
differences, the compressive response of a material can
depend on the specific loading path due to the inherent rate
dependence of plastic deformation [e.g., Root and Asay,
2010]. For nontronite, the path difference between a ring-up
and single shock loading could lead to modified criteria for
amorphization during compression.

[33] The largest difference in material response between
a ring-up, or reverberation, and single shock loading to the
same stress is in the thermal state of the material. Because of
the lesser amount of work done in compressing the sample to
the same pressure, see Kraus et al. [2010, Figure 1], the tem-
perature will be significantly lower during a ring-up experi-
ment. It is also not entirely accurate to say that the first-step
shock in the ring-up is solely responsible for the temperature
and entropy increase. For the pressure states considered in
the recovery experiments performed here, Figure 7 presents
the relative temperature increase upon ring-up in a steel and
aluminum recovery cell. One can see that the second-step
shock temperature increase is greater than 30% of the first
step in the steel, while the maximum shock temperature is
over 140% of the first-step shock temperature. This is in con-
trast to a ring-up in an aluminum recovery cell where the
second-step shock temperature increase is just under 20%
of the first-step shock temperature increase, with only an
additional few percent increase in temperature to the peak
stress state. For comparison, the shock temperature increase
upon single shock loading to the peak stress state in the steel
(26.1 GPa) and aluminum (11.1 GPa), as in a natural impact
event, would be �4.5 and �2 times greater than the first-
step ring-up temperature increase and �3.2 and �1.6 times
greater than the maximum temperature increase achieved
in the ring-up experiments, respectively. Consequently, the
thermal state achieved during a ring-up experiment depends
sensitively on the type of recovery cell, for a given peak
stress. And in general, ring-up experiments at high shock
stresses do a very poor job of simulating the thermal state
achieved during a natural impact event.
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5.2. Recommendations for Future Clay
Recovery Experiments

[34] As there are currently no shock or postshock temper-
ature measurements on nontronite, it is difficult to interpret
the absolute thermal history during the ring-up experiment;
this is why we have presented the model temperatures as
ratios, which are relatively insensitive to the absolute value
of the heat capacity. Until such temperature measurements
become available, it will be important to experimentally sim-
ulate the loading path achieved in a natural impact event
in order to be confident that the laboratory experiments
mimic nature, while acknowledging the timescale differ-
ences between the laboratory and natural events DeCarli
et al., [2002].

[35] The closest impedance matched structural material
to the clay used in this study is polychlorotrifluoroethylene,
with trade name Kel-F. Kel-F is a high density thermoplas-
tic with a well-characterized Hugoniot up to 80 GPa [Marsh,
1980],

Us = 2.03 + 1.64up, (4)

where the velocities are in km s–1 and the initial density
is �0 = 2.122 g cm–3. Nontronite contained in a recovery
cell made from Kel-F that is impacted at 2.7 km s–1 would
reach a first-step shock pressure 11.4 GPa, which is �94%
of the peak ring-up stress, and a temperature that increases
by only a few percent after the first-step shock. However,
with a low impedance recovery cell, one cannot reach the
same peak stresses as with a higher impedance recovery cell,
such as steel, and one must also be sure to remove the recov-
ered nontronite clay rapidly from the recovery cell, as the
postshock temperature in the Kel-F recovery cell could be
sufficient to devolatilize the clay. Another aspect about using
Kel-F in a recovery cell is that it has approximately a factor
of 10 lower tensile strength than steel, and so the recovery
cell would have to be redesigned so that it is not disrupted
entirely during the shock wave experiment.

6. Conclusion
[36] Here we measured the principal Hugoniot of nontron-

ite, a smectite clay, over a stress range of 2 to 23 GPa. While
there is significant scatter in the individual Hugoniot points,
the best fit Hugoniot is in excellent agreement with a green
clay measured by Al’tshuler and Pavlovskii [1971].

[37] The measured Hugoniot of nontronite was used to
interpret the loading history of two shock recovery experi-
ments. One of the experiments used a stainless steel recov-
ery system and the other an aluminum recovery system.
The impact velocities were chosen so that the first-step
shock pressures were similar; however, they would have
a significantly different peak shock stress. We success-
fully recovered samples of nontronite shocked to a peak
stress of 26.1 GPa in the steel and 11.2 GPa in the alu-
minum, with first-step shock pressures of 7.1 and 6.1 GPa,
respectively. Based on near- and mid-infrared reflectance
spectroscopy and X-ray diffraction, we found significantly
different results between the samples recovered in the steel
and aluminum recovery cells, which suggests that one can-
not solely use the first-step shock pressure to interpret these
types of shock recovery experiments. This statement is espe-
cially true for steel and other high impedance recovery cells;

because of the large difference in impedance between the
nontronite and steel recovery cell, the second-step shock
increases the temperature, and hence entropy, of the non-
tronite by a significant fraction of the peak ring-up state.
Consequently, for shock recovery experiments that depend
on the thermal and not just the mechanical state achieved,
it is extremely important to both know the pressure his-
tory in the sample and mitigate the effects of secondary
wave reflections by impedance matching the sample to the
recovery cell.

[38] The effect of venting on the devolatilization of non-
tronite was tested in both recovery experiments. For the
aluminum recovery system, one of the nontronite samples
vented to the chamber during the experiment and the other
was contained for the duration of the experiment. Very little
difference was found between the vented and the unvented
sample for the specific stress history achieved in the alu-
minum recovery cell. At significantly higher peak stresses,
the vented nontronite sample recovered in these experiments
could be compared to the unvented sample recovered in
the work of Boslough et al. [1980]. A significant difference
was found, with the vented sample appearing to amorphize
and lose all spectral and XRD signatures of being a well-
crystalline clay mineral and the unvented sample showing
only some loss of interlayer H2O and bound OH. However,
because of the uncertain loading history in the unvented
sample recovered by Boslough et al. [1980], more work
is needed to determine the significance of venting at high
peak stresses.

[39] Given the state of our understanding of how
nontronite behaves during shock compression experiments,
any inferences made about the shock modification of
phyllosilicates on Mars will have significant and unquanti-
fied uncertainties.
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