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Abstract

The temperatures induced in crystalline calcite (CaCO3) upon planar shock compression (95^160 GPa) are reported
from two-stage light gas gun experiments. Temperatures of 3300^5400 K are obtained by fitting six-channel optical
pyrometer radiances in the 450^900 nm range to the Planck gray-body radiation law. Thermodynamic calculations
demonstrate that these temperatures are some 400^1350 K lower than expected for vibronic excitations of the lattice
with a 3R/mole-atom specific heat (R is gas constant). The temperature deficit along the Hugoniot is larger than that
expected from only melting. In addition to melting, it appears likely that shock-induced decomposition of calcite
occurs behind the shock front. We modeled disproportionation of calcite into CaO (solid) plus CO2 (gas). For
temperature calculations, specific heat at constant volume for 1 mole of CO2 is taken to be 6.7R as compared to 9R in
the solid state; whereas a mole of calcite and a mole of CaO have their solid state values 15R and 6R, respectively.
Calculations suggest that the calcite decomposes to CaO and CO2 at V1108 10 GPa along the Hugoniot. Recent
reanalysis of earlier VISAR measurements of particle velocity profiles [1] indicates that calcite shocked to 18 GPa
undergoes disproportionation at much lower pressures upon isentropic expansion. = 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Research on the shock-induced devolatilization
behavior of calcite has been motivated by the

need to understand the role CO2 gas has played
in the formation and evolution of the atmosphere
of Earth, and especially the planets, Mars [2] and
Venus [3]. The Earth, and, probably, Mars and
Venus have long been thought to contain substan-
tial amounts of carbonates in their crusts. If
abundant carbonates are, or were once, present
in the Martian crust, de¢nition of the shock pres-
sure required to volatilize substantial quantities
of CO2 can be used to de¢ne the cratering rate
and time interval over which Mars, operating a
CO2 greenhouse, became warm enough to sup-
port a liquid H2O surface reservoir that was avail-
able to host life on the planet. Many observers of
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Mars have concluded that the moderately mature
and wide range of erosional structures, ubiquitous
on the older hemisphere of Mars, require water
for erosion. Understanding the role of shock de-
volatilization is also important to evaluate the
mechanisms of impact induced extinction of ma-
rine and terrestrial biota at, for example, the K/T
boundary. It is now widely accepted that this ex-
tinction is related to the impact on Earth of a
large bolide [4]. Many researchers who have
been concerned about extinction mechanisms
now accept that sulfuric acid stratospheric aerosol
induced reduction in solar insolation resulting in
global cooling [5] (¢rst proposed by Brett [6]) led
to mass killing. The recent discovery of the Chic-
xulub crater as the impact site and related studies
suggesting the presence of about 70% carbonates
(limestone and dolomite) in the upper 3 km thick
layer at this site [7] have raised the possibility of
extinction mechanisms acting over a longer dura-
tion (100^104 yr) [8] arising from a global green-
house heating event at the K/T boundary. Such
longer duration heating is not precluded by our
present very general knowledge of the climate of
Earth. This has provided further motivation for
research e¡orts on de¢ning the shock-induced be-
havior of calcite.

Previously several theoretical and experimental
studies have focused on the shock devolatilization
behavior of calcite. Kie¡er and Simonds [9] ob-
tained a theoretical estimate of post-shock energy
content. They assumed release isentropes could
be approximated by the Hugoniot itself and de-
termined that isentropic release from a shock
pressure of 45 GPa resulted in incipient devolati-
lization. Vizgirda and Ahrens [10] actually deter-
mined release isentropes for aragonite and calcu-
lated post-shock energy content as a function of
pressure for calcite and aragonite and determined
that isentropic release of calcite from a Hugoniot
pressure of 33 GPa resulted in incipient vaporiza-
tion. Also, Boslough et al. [11] used a gas phase
recovery technique during shock compression and
decompression and found that a small fraction,
0.03^0.3 mole%, of calcite was devolatilized
upon exposure to V17^18 GPa. Lange and
Ahrens [12], on the other hand, used a solid re-
covery method to measure shock-induced CO2

loss for single-crystal calcite up to 42 GPa peak
pressure, and found in agreement with Boslough
et al. [11], that CO2 loss occurs around pressures
as low as 10 GPa. Extrapolating their data, they
determined that complete loss of CO2 would oc-
cur around 70 GPa. The fact that devolatilization
of calcite occurred upon exposure to shock pres-
sures lower than the theoretical values of Kie¡er
and Simonds [9] and Vizgirda and Ahrens [10] has
been attributed to heterogeneous heating (shear
banding) of calcite [13].

To further examine the vaporization criterion
of calcite, recently Yang [14] carried out shock
wave experiments on porous calcite (Dover chalk,
54% crystal density) up to 19 GPa using a propel-
lant gun. In these experiments, the shocked mate-
rial after isentropic expansion impacted against an
Al witness plate backed by a LiF window. The
particle velocity history of the Al/LiF interface
was monitored using a VISAR interferometer
[15]. The behavior of calcite was studied by com-
paring numerical simulation pro¢les with experi-
mental ones [1]. That study suggested that the
shock-induced devolatilization of single-crystal
calcite occurs after unloading from 18 GPa and,
of course, to a greater degree upon release from
higher shock pressures.

Temperature measurements along the Hugoniot
are very useful for detecting and characterizing
both polymorphic phase transitions [16] and mo-
lecular dissociation [17]. (Some of our results were
analyzed recently by Ivanov and Deutsch [18].) In
the present work, we report for planar shock
compressed crystalline calcite measurements in
which six 5.0 nm wide visible and near infrared
radiances versus time are recorded at 1 ns inter-
vals and inverted to yield shock temperatures in
the 95^160 GPa pressure range. Also, we have
performed model calculations for shock temper-
atures in calcite. The comparison of measure-
ments and calculations demonstrates that temper-
atures are lower than if melting and/or
devolatilization of calcite are not occurring. Since
the temperature de¢cit is much greater than that
expected from melting alone, it is inferred that
shock-induced decomposition of calcite occurs be-
hind the shock front. High-speed photographic
recording, employing a streak camera, indicates
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the occurrence of transient heterogeneous process-
es in shocked calcite.

2. Experiments

Experiments were performed on the two-stage
light gas gun (pump tube length 6 m, diameter 89
mm; launch tube length 5.7 m, diameter 25 mm)
at the Lindhurst laboratory. The 0.5 mm thick Ta
£yer plates molded onto Lexan projectiles were
accelerated to velocities of 5.0^6.9 km/s and im-
pacted target assemblies (Fig. 1). These consisted
of 0.5 mm thick Ta driver plates in contact with
the samples. Optically £awless samples of single-
crystal calcite were obtained in the form of discs,
12.7 mm in diameter and 3 mm thick, from the
Karl Lambrecht Inc. The average bulk density
of the samples was measured to be 2.6658 005
g/cm3. The impact of a Ta £yer plate induces a
shock wave in the driver plate, which then prop-
agates through the sample. The hot luminous
shock propagates across the sample in V200 ns.
The optical radiation from the shock-heated sam-
ple is directed into a six-channel optical pyrom-
eter [14]. Precautions were taken to minimize light
from unwanted sources from entering the pyrom-
eter. For example, the surface of the sample fac-
ing the driver plate was sputter-coated with a
1500 AR thick layer of silver. A silver ¢lm of this
thickness is opaque to optical and near-infrared

light. Silver, having a higher shock impedance
than calcite, will not emit su⁄cient light to be
detected against a bright background of the al-
ways much hotter shocked crystal calcite. This is
used to block any direct radiation emitted from
the shock-heated driver plate and also to suppress
the ‘gap £ash’ emission from residual gases result-
ing from the shock arrival at the driver^sample
interface. The free surface side of the sample
was covered with an annular mask that blocked
emission from the edges of the sample, which are
a¡ected by the release wave. The mask also con-
trols the light £ux from the experiment to avoid
saturating the optical pyrometer photodetectors.

The layout of the optical pyrometer is shown in
Fig. 2. The optical radiation from the sample
passes through the hole in the mask, re£ects at
a sacri¢cial turning mirror, passes through an op-
tical window at the port of the target chamber,
and ¢nally focuses through a lens onto a bundle
of optical ¢bers. The ¢ber bundle distributes light
evenly to six channels through wideband ¢lters in
the wavelength range of 450^900 nm. The optical
bandwidth of each channel is V5.0 nm and these
are centered at wavelengths of 451.5, 555.5, 603.7,
661.5, 748.2, 904.0 nm. The light intensity is mea-
sured via a photo-detector (Model 1801, New Fo-
cus, Inc.), which consists of a photodiode and a
built-in preampli¢er with a 125 MHz bandwidth
and 3 ns rise time. The detector signals are re-
corded with 500 MHz and 1 GHz sampling rate

Fig. 1. Sketch of projectile and target assembly. Projectile consists of Lexan sabot and tantalum impactor. Target assembly con-
sists of tantalum driver plate and single-crystal calcite sample with silver coating on one surface and annular mask on the other
surface.
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Gould (Model 4074) and Hewlett-Packard (Mod-
els 54111D and 54540) digital oscilloscopes. We
calibrate the optical pyrometer prior to each shot
with a NIST-certi¢ed 1000 W standard light
source (Optronic Laboratory lamp, Model
OL200M, driven using an Optronic, Model 83A,
power supply). For calibration, the standard
source is placed in the target chamber at the po-
sition later occupied by the sample so that the
light from the calibration source passes through
the optical system in precisely the same con¢gu-
ration as in the experiment. The voltage data
from the oscilloscopes are converted into absolute
intensities using the NIST standard lamp certi¢-
cation.

A typical oscilloscope record from one of the
pyrometer channels is shown in Fig. 3. This signal
shows a sharp peak of 10 ns width, followed by a
steady (plateau) value for about 80 ns, and then a
slow increase. The initial sharp peak could be

associated with initial ‘gap £ash’ arising due to
discontinuities between the target and driver
plate, and due to imperfection in the £ash sup-
pressant silver coating. The plateau voltage repre-
sents the light from the shock-heated sample. The
slow increase beyond 120 ns is attributed to the
late time increase in light or emission from the
sample lateral surface that becomes scattered
into the ¢eld of view of the pyrometer.

The plateau voltage level, obtained as the aver-
age value from a time period of 40^110 ns of
shock propagation for each channel of pyrometer,
is used for temperature determination. Tempera-
ture and emissivity are determined by ¢tting the
spectral intensities at six wavelengths to the gray-
body Planck spectrum:

NðV Þ ¼ OC1

V
5 ðe

c2=V T31Þ31

where N(V) is the measured intensity at wave-

Fig. 2. Sketch of experimental setup. Light from shock material passes through transparent unshocked portion and escapes
through hole in center of mask. Sacri¢cial turning mirror within evacuated target tank directs optical path through window into
a bundle of optical ¢bers, which distributes the light equally through six broad band optical ¢lters (center wavelengths 451.5,
555.5, 603.7, 661.5, 748.2, and 904.0 nm). Light intensity is detected by a photodiode, ampli¢ed, and recorded with high-speed
digital oscilloscopes.
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length V, O is the emissivity assumed to be con-
stant, T is the temperature, C1 = 1.191U10316

W/m2/sr, and C2 = 0.01438 mK. Fig. 4 displays
typical pyrometer intensities (Expt. 305) along
with our best ¢t Planck function.

Shock temperature results from six experi-
ments, in the pressure range 95^160 GPa, are
summarized in Table 1. Projectile velocities have

been measured. Shock pressures in the sample are
determined by performing impedance match cal-
culations employing measured £ying plate velocity
and known Hugoniots of tantalum [19] and cal-
cite [20,21]. The available experimental Hugoniot
relation between shock velocity and particle veloc-
ity is found to be linear in the pressure range
10.5^94.4 GPa [21]. We assumed this relation to
be valid for higher pressures in the present experi-
ments.

The uncertainties in the present temperature
and emissivity results arise mainly from errors in
estimating plateau and background voltage val-

Table 1
Measured temperatures and emissivities of calcite

Shot No. Sample No. Impact velocitya Pressureb Temperature Emissivity
(km/s) (GPa) (K)

299 2 6.938 0.01 158.38 1.6 54308 540 0.558 0.40
298 1 6.718 0.01 150.08 1.5 50408 1000 1.108 0.40
300 3 6.378 0.01 138.88 1.4 54258 600 0.778 0.40
301 5 6.008 0.01 126.38 1.3 45308 450 1.608 0.40
305 7 5.488 0.01 110.08 1.1 44108 440 0.758 0.40
308 6 5.008 0.01 95.08 1.0 32508 400 1.158 0.40

Projectile velocities are measured.
a Flyer and driver plates in all experiments are tantalum [19].
b Pressures are obtained by shock impedance matching.

Fig. 4. Sample ¢t of pyrometer radiance to a Planck gray-
body function for a typical experiment (#305). Error bars
are estimated from uncertainty in plateau value.

Fig. 3. Oscilloscope trace from a typical pyrometer channel
(channel 3, 603.7 nm center wavelength, Expt. 301). Strong
‘entrance £ash’ is attributable to discontinuities between driv-
er and target plates, and to imperfections in silver £ash-sup-
pressant coating. Dashed line indicates the ‘plateau’ used to
calculate the shock temperature. Signal growth towards end
of experiment is attributable to light emission from sample
lateral surfaces that become scattered into the ¢eld of view
of the pyrometer.
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ues. For most experiments, we made three inde-
pendent assessments of the plateau, and used
them to quantify these errors (usually a few per-
cent), which were used in turn to derive error
estimates for the six intensity values used in
Planck curve ¢tting. (In cases where a channel’s
output signal was near 1.0 V, the limit for linear-
ity of the photodetector, we increased the esti-
mated uncertainty to decrease that channel’s sta-
tistical weight in the ¢t. If the signal exceeded 1.0
V, we disregarded data from the channel.) The
most signi¢cant errors arise in ¢tting a Planck
function to the data points. Because of the ¢nite
uncertainty in data points, a range of tempera-
tures and emissivities ¢t the data indistinguishably
well. Boslough and Ahrens [22] estimate that the
uncertainty in temperature from this e¡ect is
about 5%, and that the uncertainty in emissivity
is as much as 50%. The uncertainties in our emis-
sivity results (Table 1) seem to corroborate the
estimate of Boslough and Ahrens [22]. A few
emissivity values are more than unity, which is
physically unreasonable. The highest emissivity
value of 1.6 (Expt. 301) would demand a temper-
ature increase of 12% to bring it down to a physi-
cally reasonable value of 1.0 with the same total
light output. Thus, 12% should be taken as an
upper limit to the uncertainty for the temperature
presented here. We conservatively show 10% un-
certainty for most of the points in Table 1 and
Fig. 5. A larger uncertainty is assumed for Expt.
298 which had a fewer number of channels of
useful data.

Before we proceed to carry out any analysis, it
is important to ensure that the temperatures in-
ferred from the present experiments are from cal-
cite and not from silver, as the emissivity of silver
is much higher than that of calcite at ambient
pressure. We believe that the temperatures we
are measuring are those of calcite due to the fol-
lowing reasons. (1) There is a large body of ex-
perimental data in the literature on shock-induced
temperature measurements, which demonstrate
that initially transparent samples acquire very
large emissivity during the shock propagation
and that the shock front is almost opaque [23].
(2) Even if we disregard this and assume the emis-
sivity of calcite in the shock-compressed state (as

at ambient conditions) is low, the recorded tem-
perature would correspond to the temperature of
the interface between the sample and the silver
layer deposited on the sample surface facing the
driver plate. The ¢rst shock into the silver layer
(due to its higher impedance) is of much higher
pressure than the shock pressure in the sample.
(Consequently the initial temperature in the silver
layer is much higher. For example, in Expt. 308,
the initial shock and temperature in the silver

Fig. 5. Measured and calculated shock temperatures along
Hugoniot. Solid circles with error bars are measurements.
Error bars in pressure are about the size of solid circles.
Measurements at 150 GPa have larger uncertainty in temper-
ature as this experiment had fewer data channels. Curves
represent di¡erent models. (A) c1 represents calculation with-
out decomposition; c2 through c9 depict calculations with
disproportionation; for c2, SI = 1.47 and SV = 2.91; for c3
through c9, SI is incremented successively by 0.1 (keeping
SV3SI = constant) so that for c9, SI = 2.87 and SV = 4.31;
(B) for c10 through c14, SV values are 4.11, 3.91, 3.71, 3.51
and 3.31 respectively (SI = 2.67 for all calculations). All en-
tropies are in units of kJ(kgWK)31.
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layer are estimated to be 275 GPa and 8400 K,
respectively.) However, within 5^10 shock rever-
berations in silver, which take V0.45^0.9 ns, the
silver layer shock pressure equilibrates with the
shock pressures of the sample interior and the
driver plate (95 GPa in case of Expt. 308). Com-
parison shows that the present temperatures are
larger than those expected upon conduction to the
silver layer from the underlying tantalum which
became shock heated to a much lower tempera-
ture. During the passage of shock wave, the silver
coating, being thermally conducting and only
1500 AR thick, would thermalize (through conduc-
tion) with the tantalum driver plate within 1^7 ns.
So, the interface (between sample and silver) tem-
perature would be the temperature of the Ta driv-
er plate. Comparison shows that the present tem-
peratures are larger than even those expected
from tantalum at corresponding pressures [24].
(3) Also, the temperature signals last for V200
ns, which is approximately equal to the transit
time of shock in the calcite samples.

In one experiment (#305), we performed high-
speed imaging also of the sample with a streak
camera along with temperature measurements
during shock loading. The streak camera record
from Expt. 305 is shown in Fig. 6. The bright line

at the bottom of this record marks the entry of
the shock wave into the sample. As time increases,
the record shows that the sample contains bright
spots that appear and coalesce. The bright line in
the record may indicate the movement of the
bright spot. The non-uniform brightness in the
record (Fig. 6) suggests occurrence of transient
non-heterogeneous processes in the shocked cal-
cite. This result is in conformity with the previous
results of Kondo and Ahrens [25].

3. Model temperature calculations

For interpreting the experimental data, we have
performed model temperature calculations. We
assume two cases: one in which calcite does not
decompose in the shocked state up to the highest
shock pressure of the experiment, and another in
which it disproportionates according to the chem-
ical reaction:

CaCO3 ! CaO ðsolid; B1 phaseÞ þ CO2 ðgasÞ
ð1Þ

It is clear that the disproportionation products of
Eq. 1 are not established. If disproportionation
occurs, it is expected that other species could be
present such as CaO (B2 phase, discovered by
Jeanloz and Ahrens [26]), Ca (metal), O2 and C
(diamond).

The two cases are brie£y described below. The
possibility of melting along the Hugoniot is also
assessed.

3.1. Temperature calculation without
decomposition of calcite (Model 1)

Temperature increase upon shock compression
of a material to a speci¢c volume V is calculated
using the relation:

Z TH

TS

CVdT ¼ EH3ES3vEtr ð2Þ

where TH and TS are temperatures along Hugo-
niot and isentrope at the same compression and
Etr is phase transition energy. Isentropic temper-

Fig. 6. Streak camera image record of Expt. 305. Time in-
creases vertically. Bright line at bottom indicates entry of
shock into sample and dark discontinuity near top marks un-
loading after V214 ns. Horizontal direction denotes position
along V4 mm long linear slit. Appearance and movement of
bright areas indicate occurrence of transient heterogeneous
processes in sample.
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ature TS, Hugoniot energy EH, and isentropic en-
ergy ES are given by the following relations:

Q ¼ Q r
V
V r

� �q

ð3Þ

TS ¼ T0 exp
Z V 0

V
ðQ ðVÞ=VÞdV

� �
ð4Þ

EH ¼ 1
2
PHðV03VÞ ð5Þ

ES ¼ 3

Z V

Vr

PSdV ð6Þ

PS ¼ 3K0

2
V r

V

� �7=3

3
V r

V

� �5=3� �

1þ 3
K 0

0

4
31

� �
V r

V

� �2=3

31
� �� �

ð7Þ

where PH and PS are pressures along Hugoniot
and isentrope at the same speci¢c volume V ; the
speci¢c volumes V0 and Vr correspond to initial
low-pressure phase and the shock-induced, high-
pressure phase at ambient pressure; T0 is the ini-
tial temperature; K0 and KP0 are the isentropic
bulk modulus and its pressure derivative; Qr is
the Gruneisen ratio at speci¢c volume Vr ; and
the exponent q is assumed to be equal to 1. The
analytic form assumed for the isentrope is the
Birch^Murnaghan equation. The entropy increase
along the Hugoniot has been determined using the
relation:

vSH ¼ vStr þ
Z TH

TS

CV

T
dT ð8Þ

where vStr is the entropy change of phase transi-
tion between the initial phase and the phase into
which the sample has been shocked. Thus vStr is
zero if there is no phase transition, otherwise it is
the entropy of the high-pressure phase relative to
that of the low-pressure phase at room temper-
ature and pressure.

3.2. Temperature calculation with
disproportionation of calcite (Model 2)

For disproportionation of calcite, the entropy
criterion is employed. The decomposition begins
at pressure for which shock entropy equals SI,
entropy of incipient decomposition at normal
pressure. The decomposition completes at pres-
sure for which shock entropy equals SV, the en-
tropy of complete decomposition at normal pres-
sure. The theoretical values of SI and SV are
estimated from thermodynamic data on Gibbs
free energies and entropies of reactants and prod-
ucts of the chemical reaction (Eq. 1). At normal
pressure the decomposition of calcite occurs at
temperature TI at which Gibbs free energies of
the reactants and the products are equal. SI is
given by entropy of calcite at TI. The excess en-
tropy required for complete reaction is:

SV ¼ SI þ vS ð9Þ

with vS as the entropy di¡erence between prod-
ucts and reactants at TI. Using the compilation of
thermodynamic data by Robie et al. [27], we have
estimated the values of SI and SV for calcite to be
1.47 kJ(kgWK)31 and 2.91 kJ(kgWK)31, respectively.
We may point out that the equilibrium of the
reaction represented by Eq. 1 is strongly in£u-
enced by the ambient pressure of CO2 ; the de-
crease in pressure of CO2 leads to lower values
of SI and SV (Tyburczy and Ahrens [28]). Our
present theoretical estimates assume the pressure
of CO2 for the reaction in Eq. 1 to be 1 bar,
which is too high for Earth and Mars and too
low for Venus.

Upon shock compressions down to speci¢c vol-
ume VI, for which vSH 9SI, the material does not
decompose. Temperature and entropy along the
Hugoniot are calculated using Eqs. 2^8, as in
Model 1. Decomposition of calcite is assumed to
set in as the shock entropy exceeds SI upon higher
compressions (to speci¢c volumes lower than VI).
The fraction K of decomposed calcite is deter-
mined from the entropy of shocked solid calcite
using the relation:
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K ¼ vSH3SI

SV3SI

In the shocked state, material consists of K mo-
les of each of solid CaO and gaseous CO2

and (13K) moles of the high-pressure phase of
calcite. The temperature for this mixture is given
by:

TH ¼ TS þ
EHI3ESI3Etr

CVI
þ

EH3ES3EHI þ ESI3KEsub

CVK
ð10Þ

EHI and ESI are the Hugoniot and isentropic en-
ergies corresponding to speci¢c volume VI ; CVK is
the mass weighted heat capacity of the mixture of
the solid calcite and the reaction products, and it
is given by:

CVK ¼ ð13K ÞCV1 þ KCV2

where CV1 is the heat capacity of the high-pres-
sure phase of calcite and CV2 that of the mixture
of reaction products. Esub is the energy required
for decomposing 1 mole of CaCO3 (high-pressure
phase), which is equal to the energy required to
generate entropy increment for the disproportio-
nation reaction (Eq. 1). It is approximated in
terms of SI, SV and TI (temperature of incipient
disproportionation) as:

EsubwT1ðSV3S1Þ

Eq. 10 is applicable at high pressure even when
calcite (high-pressure phase) is completely trans-
formed to CaO and CO2, i.e., K becomes 1.

Previous shock wave measurements reported
that calcite undergoes three phase transitions: cal-
cite I to II transition between 0.6 and 1.2 GPa,
calcite II to III transition around 2.4 GPa, and III
to IV transition around 10 GPa [20,29]. We have
used the isentrope of phase IV as the reference
state. The material parameters assumed for calcite
in the present calculation are listed in Table 2.
Since no thermal expansivity data are available
on CaCO3 and CaO, which could be used to de-

termine CV from the measurements of Cp (speci¢c
heat at constant pressure), the Dulong^Petit val-
ues of 15R and 6R per mole of molecules have
been used. For gaseous CO2 we have estimated it
from the data of speci¢c heat at constant pressure
[30]. The estimated value of 6.7R/mole for CO2

gas is smaller than the solid state value of
9R/mole.

4. Results and discussions

Experimental results along with model calcula-
tions are plotted in Fig. 5. The comparison of
measurements with calculations using Model 1
(curve c1 in Fig. 5A) indicates that the measured
temperatures are some 400^1350 K lower than if
shock-induced melting and/or decomposition is
not occurring.

Static high pressure, high temperature experi-
ments up to 3.5 GPa on calcite show that below
4 MPa it decomposes into solid CaO and gaseous
CO2 without melting, and undergoes congruent
melting to a molecular liquid at pressure above
0.1 GPa, but forms a mixture of molecular liquid,
solid CaO and gaseous CO2 in the intermediate
pressure range [31]. We have assessed the in£u-
ence of melting on our shock temperature mea-

Table 2
Material properties for single-crystal calcite

Property Value Ref.

b0 2.67 g/cm3 a
br 3.00 g/cm3 b
C0 3.80 km/s c
s 1.42 c
y0 1.84 d
K0 75.0 GPa b
KP0 4.1 b
Cv 1.25 kJ(kgWK)31 b
Etr 0.20 MJ/kg b
vStr 0.067 kJ(kgWK)31 e

a, measured value; b, [28]; c, the Hugoniot plotted in the
form of shock velocity versus particle velocity in the 10.5^
94.4 GPa pressure range is experimentally found to be line-
ar; C0 is the intercept on shock velocity axis and s is the
slope of the line [21]; these C0 and s values are assumed
to be valid at higher pressures in the present experiments;
d, y0 = 2s31 [33]; e, [14].
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surements. We assume the entropy of fusion to be
approximately equal to gas constant R per mole
of atoms, the same as those of simple elements
[32]. The value 0.41 kJ(kgWK)31 for calcite is about
28% of the value of entropy of vaporization. The
temperature de¢cit estimated for calcite is V450
K. Melting of calcite behind the shock front may
be occurring; however, even if it is occurring the
resulting temperature decrease due to congruent
melting is too small to account for the observed
temperature de¢cit. This implies that devolatiliza-
tion of calcite behind the shock front is taking
place.

In Fig. 5A, curves c2 through c9 show the cal-
culations using Model 2 in which calcite begins to
decompose at SI and completes at SV. Curve c2
corresponds to the theoretical values of entropies
SI = 1.47 kJ(kgWK)31 and SV = 2.91 kJ(kgWK)31.
Curves c3 through c9 depict calculations in which
larger than theoretical values of SI and SV are
used. For calculation c3, SI is 2.27 kJ(kgWK)31

and SV is 3.71 kJ(kgWK)31 ; for other calculation
(c4^c9), the values of SI and SV are successively
incremented in steps of 0.1 kJ(kgWK)31 (keeping
SV3SI constant) until for calculation c9 these
are 2.87 and 4.31 kJ(kgWK)31, respectively.

Fig. 5 shows that curve c2 lies below the exper-
imental data, suggesting that the decomposition
does not begin at the pressure at which shock
entropy equals the theoretical estimates of SI

but it sets in when the system is overdriven to
higher pressures. Considering the uncertainties in
the experimental data, the comparison through
visual inspection of all the calculations with mea-
surements shows that calculations c7 and c8
closely match the present measurements. This sug-
gests that the chemical disproportionation of cal-
cite behind the shock front begins around
1108 10 GPa.

Calculations are also performed by ¢xing the
values of SI at 2.67 and varying SV. For calcula-
tions c10 through c14, SV values are 4.11, 3.91,
3.71, 3.51, and 3.31 kJ(kgWK)31, respectively. Fig.
5B shows that calculations c10, c11 and c12 do
not di¡er from each other in the pressure range of
the experiment (these, however, di¡er at higher
pressures). Calculation c14 deviates from the ex-

perimental data suggesting that the lower bound
of SV is 3.31 kJ(kgWK)31.

The pressure of disproportionation 1108 10
GPa obtained above is higher than the 18 GPa
pressure at which calcite begins to decompose on
unloading. The 18 GPa value is based on the
comparison of VISAR measurements of particle
velocity pro¢le induced upon isentropic expansion
with one-dimensional numerical simulation [1].
The higher pressure for the onset of chemical de-
composition at the shock front could be due to
kinetic e¡ects, as the time available for the reac-
tion to occur within a few nanosecond duration of
temperature measurements at the shock front is
much smaller than in a few microsecond duration
of VISAR experiments involving isentropic re-
lease subsequent to loading.

In the above analysis, the shock compressed
state is assumed to be in thermal equilibrium dur-
ing a few nanosecond period over which the tem-
perature measurements are carried out. This is
reasonable, as the characteristic times of pho-
non^phonon and electron^phonon interactions
(which bring about equilibrium) are less than a
picosecond. The shock-induced disproportiona-
tion of calcite may be accompanied by a large
volume change, which is expected to cause anom-
aly in the Hugoniot also. So far, the Hugoniot of
calcite has been measured up to 94.4 GPa [21]. It
will be very interesting to perform Hugoniot mea-
surement at higher pressures and look for the sig-
nature of the calcite disproportionation.

5. Conclusions

Shock temperatures in single-crystal calcite
have been measured at 95^160 GPa in a two-stage
light gas gun using optical pyrometry. Model cal-
culations have been performed for shock temper-
atures in this material. Comparison of the mea-
sured and calculated temperatures suggests that
the onset of decomposition in calcite to CaO
and CO2 occurs at V1108 10 GPa. This decom-
position pressure is higher than 18 GPa from
which pressure calcite begins decomposing upon
unloading.
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