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DYNAMIC COMPRESSION AND VOLATILE RELEASE OF CARBONATES 

James A. Tyburczy and Thomas J. Ahrens 
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Abstract. Particle velocity profiles upon shock 
compression and adiabatic release were measured for 
polycrystalline calcite (Solenhofen limestone) to 12-24 GPa 
and for porous calcite (Dover chalk, Po = 1.40 g/cm s, 49% 
porosity) to between 5 and 11 GPa. The electromagnetic 
particle velocity gauge method was used. Upon shock 
compression of Solenhofen limestone, the Hugoniot elastic 
limit was determined to vary from 0.36 to 0.45 GPa. Tran- 
sition shocks at between 2.5 and 3.7 GPa, possibly arising 
from the calcite II-III transition, were observed. For the 
Solenhofen limestone, the release paths lie relatively close 
to the Hugoniot. Evidence for the occurrence of the calcite 
III-II transition upon release was observed, but no rarefac- 
tion shocks were detected. Initial release wave speeds sug- 
gest retention of shear strength up to at least 20 GPa, with 
a possible loss of shear strength at higher pressures. The 
measured equation of state is used to predict the fraction 
of material devolatilized upon adiabatic release as a func- 
tion of shock pressure. The effect of ambient partial pres- 
sure of CO 2 on the calculations is demonstrated. Pco2 
should be taken into account in models of atmospheric evo- 
lution by means of impact-induced mineral devolatilization. 
Mass fractions of CO2 released expected on the basis of a 
continuum model are much lower than determined experi- 
mentally. This discrepancy, and radiative characteristics of 
shocked calcite, indicate that localization of thermal energy 
(shear banding) occurs under shock compression even 
though no solid-solid transitions occur in this pressure 
range. Release adiabatic data indicate that Dover chalk 
loses its shear strength when shocked to 10 GPa pressure. 
At 5 GPa the present data are ambiguous regarding shear 
strength. For Dover chalk, continuum shock entropy cal- 
culations result in a minimum estimate of 90% devolatiliza- 
tion upon complete release from 10 GPa. For calcite, isen- 
tropic release paths from calculated continuum Hugoniot 
temperatures cross into the CaO (solid) + GO 2 •vapor) field 
at improbably low pressures (for example, 10-' GPa for a 
shock pressure of 25 GPa). However, calculated isentropic 
release paths originating from PT points corresponding to 
previous color temperature under shock measurements 
cross into the melt plus vapor field at pressures greater 
than 0.5 GPa, suggesting that devolatilization is initiated 
at the shear banding sites. 

Introduction 

The shock compression and release behavior of car- 
bonates is of interest in the study of cratering mechanics, 
shock metamorphism in carbonate terranes, and the gen- 
eration of COe-bearing atmospheres on the terrestrial 
planets. Approximately 30% of the known or probable ter- 
restrial meteorite impact craters occur at least partially in 
carbonate rocks [Grieve and Robertson, 1979]. Impact- 
induced devolatilization of hydrous and carbonate minerals 
appears to play a role in the evolution of terrestrial plane- 
tary atmospheres [Lange and Ahrens, 1983, and unpub- 
lished manuscript, 1985]. 

Calcite phase transitions under static and dynamic 
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loading have been the subject of many studies. Static 
compression studies indicate that two metastable 
polymorphs of calcite (CaCOs), exist at pressures above 
that of the calcite-aragonite transition [Bridgman, 1939; 
Jamieson, 1957]. The single-crystal calcite Hugoniot shows 
density discontinuities at pressures of between 1.8 to 2.4 
GPa, at about 3 GPa, at about 4.5 GPa, and at about 9.5 
GPa, corresponding to the Hugoniot elastic limit (HEL) 
and the calcite I-II, II-III, and III-VI (see below) transitions, 
respectively [Ahrens and Gregson, 1964]. Analogous transi- 
tions occur in shocked limestone (polycrystalline calcite), 
although at somewhat lower pressures [Ahrens and Greg- 
son, 1964; Grady et al., 1978; Grady, 1979]. The aragonite 
Hugoniot also displays evidence of several transitions [Viz- 
girda and Ahrens, 1982] which are probably unrelated to 
calcite II and III since aragonite is denser than these 
phases. Above about 10 GPa the single-crystal calcite 
[Ahrens and Gregson, 1964], polycrystalline calcite [Ada- 
durov et al., 1961; Kalashnikov et al., 1973; van Thiel et 
al., 1977], and single-crystal aragonite [Vizgirda and 
Ahrens, 1982] Hugoniots are very similar, suggesting 
transformation to a similar high-pressure polymorph above 
that pressure. In the remainder of the text we refer to this 
stable high-pressure polymorph as calcite VI. Calcite IV 
and V are low-pressure, high-temperature forms of CaCOa 
[Carlson, 1983]. 

Release isentropes for polycrystalline calcite rocks 
shocked to pressures up to about 4 GPa have been deter- 
mined using laser interferometry [Schuler and Grady, 1977; 
Grady et al., 1978; Grady, 1983] and electromagnetic parti- 
cle velocity gauges [Murri et al., 1975; Larson and Ander- 
son, 1979]. Murri et al. [1975] employed electromagnetic 
particle velocity gauges to determine release paths for 
selected carbonate rocks (porosity 0 and 15%)shocked to 
between 10 and 30 GPa. In this pressure range the initial 
release paths lie at greater densities than the Hugoniot. 
Release paths for single-crystal aragonite shocked to pres- 
sures up to 40 GPa have been determined using buffer and 
inclined mirror techniques [Vizgirda and Ahrens, 1982]. 
For shock pressures up to about 13 GPa the release paths 
are steep, and maximum postshock densities are greater 
than the initial densities. For shock pressures between 
about 13 and 40 GPa the release paths generally lie close to 
the Hugoniot, and maximum postshock densities are less 
than or equal to the initial density. 

Incipient devolatilization (i.e., decomposition to CaO 
plus CO:•) of shock-loaded calcite hast been reported for 
shock pressures as low as 10 GPa, with significant devola- 
tilization (greater than 50%) occurring after shock 
compression to 20 GPa [Lange and Ahrens, 1983, and 
unpublished manuscript, 1985]. However, other studies sug- 
gest that incipient devolatilization occurs only at pressures 
of 18 GPa or higher, with only modest amounts of devola- 
tilization (5-10%) at pressures of 50-60 GPa [Boslough et 
al., 1982; Kotra et al., 1983]. Theoretical calculations of 
postshock energy content assuming that the release path is 
identical to the Hugoniot require a shock pressure of 45 
GPa for incipient devolatilization [Kieffer and Simonds, 
1980] and consideration of postshock entropy content 
assuming isentropic release [Zel'dovich and Raizer, 1967; 
Ahrens and O'Keefe, 1972] indicates shock pressures of at 
least 33 GPa for incipient devolatilization [Vizgirda and 
Ahrens, 1982]. However, these previous experiments and 
calculations have failed to consider the effect of the 
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Fig. 1. Schematic diagram of particle velocity gauge experiment. Top view, active element of 
foil gauge is oriented in and out of plane of page. Gauges are epoxied between plates of 
Solenhofen limestone, and their electrical leads each go to an oscilloscope. Impact-induced velo- 
city of gauge generates a voltage which is proportional to the magnetic field (generated by the 
Helmholtz coils). Pin signal triggers oscilloscopes. 

ambient partial pressure of the volatile species on the 
equilibrium of the devolatilization reaction. The law of 
mass action indicates that low volatile partial pressures 
result in lower equilibrium temperatures for devolatilization 
reactions, which in turn lead to increased devolatilization 
for a given shock pressure. 

Localization of thermal energy may also play a role in 
impact-induced devolatilization. A shock temperature 
measurement at 40 GPa on single-crystM calcite yields a 
color temperature of 3700 K, which is over twice the 
Hugoniot temperature calculated from continuum thermo- 
dynamic models, with an emissivity of 0.0025 [Kondo and 
Ahrens, 1983]. This result has been interpreted as indicat- 
ing the presence of a large number of closely spaced high- 
temperature shear band regions immediately behind the 
shock front, in support of the shear instability models of 
Grady [1977, 1980] and Horie [1980]. These zones of 
intense heating would cause devolatilization to begin at 
much lower pressures than those calculated on the basis of 
continuum models. 

We have determined the release paths for a slightly 
porous polycrystalline carbonate (Solenhofen limestone, 
Po = 2.58 g/cm 3) shocked to pressures between 12 and 24 
GPa and for a very porous calcite (Dover chalk, 
Po-- 1.40 g/cm 3) shocked to between 5 and 11 GPa pres- 
sure, using the electromagnetic particle velocity gauge tech- 
nique. Release paths have not been previously determined 
for these materials shocked to these pressures. The sound 
velocity data obtained for the shocked state provide con- 
strMnts on the mechanical strength properties under shock 
compression. We find that in the limestone a partial loss 
of shear strength occurs at shock pressures greater than 
about 20 GPa. This result is consistent with the concept 
of extensive formation of shear bands occurring in this 
pressure range but is not correlated with solid-solid phase 
transitions. The release path data are then used to evalu- 
ate a model for the postshock internal energy increase. 
The energy and entropy models are then employed in 
model equilibrium chemical calculations that demonstrate 
the effects of ambient Pc% on impact-induced devolitiliza- 
tion of calcite. 

Experimental Technique 

The particle velocity gauge technique used in these 
experiments is described elsewhere in detail IBoslough, 

1983] and shown schematically in Figure 1. The targets 
consisted of four 1.5-mm-thick plates of Solenhofen lime- 
stone with 12.5-ttm-thick copper, polyamide-backed (Kap- 
ton, 12.5 ttm)particle velocity gauges epoxied between each 
plate and onto the free surface. The faces of the assembled 
target were parallel to within 25 ttm. Archimedean and 
bulk densities were determined individually for each plate. 
The chalk target assemblies are shown in Figure 2. In the 
chalk assemblies the gauges were stretched across each 
plate and epoxied only on a 3-mm-wide strip along the 
plate edge. Because the chalk is relatively weak, each tar- 
get assembly consisted of only three 2- to 2.5-mm-thick 
plates. Additional clamping was provided by a circular 
clamp ring on the front and clamping strips on the rear of 
the mounting ring. 

The target was mounted at the center of a set of 
Helmholtz coils so that the active element of each gauge, 
the incident projectile velocity, and the magnetic field gen- 
erated by the coils were mutually perpendicular. Upon 
impact a voltage is induced across the active element of the 
gauge which is proportional to the effective gauge (active 
element) length L, the magnetic induction B, and the parti- 
cle velocity Up, 

V(t): B r Up(t) (1) 

where t is the time after impact. V(t) is in units of volts 
when B is in gauss, L is in centimeters, and Up is in centim- 
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Fig. 2. Chalk (porous calcite) target assembly. Electrical 
leads from gauges and pins are omitted for clarity. 
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Fig. 3. Schematic diagram of current-generating and signM-measuring circuits. 
four signal circuits is shown. 

Only one of 

eters per second. In these experiments, B was approxi- 
mately 1.8 kG, and L was approximately 0.95 cm. The 
gauge voltages were recorded by a series of four Tektronix 
oscilloscopes using the circuits sketched in Figure 3. 

The shots were performed on the 40-mm propellant gun 
at the California Institute of Technology [Ahrens et al., 
1971]. The impact tank pressure was between 50 and 160 
#m Hg. Fused quartz and polycrystalline alumina flyer 
plates between 6 and 18 mm thick were employed. The 
projectile velocity was measured by determining the flight 
distance of the projectile during the known time interval 
between two flash X ray photographs of the projectile. 

Typical experimental results are shown in Figure 4, 
which shows particle velocity versus time after impact 
obtained from digitized oscilloscope records. The shock 
wave generated by the impact reaches each of the gauges 
in sequence (gauge 1 is nearest the impacted surface, gauge 
4 is on the rear, or free, surface) accelerating it to the par- 
ticle velocity of the Hugoniot state. Gauge 4 is accelerated 
immediately to the free surface velocity. Gauge 3 and then 
gauge 2 are later accelerated to higher particle velocities by 
the rarefaction wave propagating back into the sample 
from the free surface. Gauge 2 is disrupted by rarefactions 
originating at the edges of the target before reaching the 
final free surface velocity. Gauge i is intercepted by the 
forward traveling rarefaction originating at the upstream 
side of the flyer plate and is therefore accelerated to lower 
particle velocities. These relationships are shown more 
clearly in a schematic position-time (x-t) plot, shown in 
Figure 5. 

The time interval between the shock arrival at each 

gauge was used to determine the shock wave velocity. 
This was combined with the projectile velocity and the 
known flyer material Hugoniot [Marsh, 1980] in an 
impedance match solution [McQueen et al., 1970] to yield 
the Hugoniot state. The Hugoniot particle velocity 

obtained in this way provided the reference point for the 
gauge voltage versus particle velocity calibration. 

The stress and density along the release path are given 
by equations for conservation of mass and linear momen- 
tum [CowperthwMte and Williams, 1971]: 

/9 2 =--Cu (2) [0/9/0 Up] h Po 

[ 0•/0 Up]h --- Po Ca (3) 

where p is the density, Po is initial density, up is particle 
velocity, h is the Lagrangian space coordinate, and 

Cu: (Oh/Ot)u (4a) 

Ca -- (0h/Ot)a (4b) 

where t is time. Cu is the velocity of propagation of a wave 
with particle velocity up, and Ca is the velocity of propaga- 
tion of a wave of stress rr. The release waves are nonsteady 
simple waves [Courant and Friedrichs, 1948; Petersen et 
al., 1970]. Therefore C u and C a are equal but depend on up. 
The digitized particle-velocity-as-a-function-of-time records 
were used to compute C u and then equations (2) and (3) 
were integrated numerically to obtain the stress-density 
path of the release. The Lagrangian sound speed, Cu, is 
obtained using the finite difference approximation, 

C. • Ah (s) 
where Ah is the initial distance between gauges and At is 
the transit time for a disturbance with a particle velocity 
up. Eulerian sound speeds are equal to 
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The Eulerian sound speed corresponds to the sound speed 
re!ative to the laboratory reference frame. 

Results 

The experimental results for the shocked states of the 
Solenhofen limestone and the Dover chalk are summarized 

in Table 1. Figures 6 and 7 are shock velocity-particle 
velocity (Us-up)and pressure-density (P-p) plots of the 
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Fig. 5. Position-time (x-t) diagram of a particle velocity 
experiment. Projectile approaches from left and im, pacts 
stationary target at x=0, t--0. The diagram shows the 
(undesirable) case in which gauge I is intercepted by the 
rarefaction propagating forward from the projectile rear 
surface before arrival of rarefaction from rear surface. 

data, respectively. The experimental data for shot 599 
(Dover chalk) appear to be erroneous. The results are 
listed in Table I but are not plotted. No release path data 
were obtained from shot 601. 

In two of the shots, shots 596 and 602 (Hugoniot pres- 
sures 13.10 and 11.96 GPa, respectively), multiple wave 
structure was observed (Figure 8). Transitions occurring 
between 0.36 and 0.45 GPa and between 2.5 and 3.7 GPa 

were identified. Multiple wave structure has been observed 
in previous shock wave experiments on carbonates and is 
caused by dynamic yielding and at least three additional 
phase changes that calcite undergoes at low pressures 
[Ahrens and Gregson, 1964; Grady et al., 1978]. However, 
in the experiments reported here the shock and particle 
velocities of the intermediate states are poorly constrained 
and are not completely consistent. These less reliable data 
are shown in parentheses in Table 1. 

The ve!ocity of 5.7 q- 0.3 km/s for the first wave of 
shot 602 (Table 1) is comparable to the ultrasonically 
determined longitudinal wave velocity of Solenhofen lime- 
stone, 5.84-5.97 km/s [Peselnick, 1962; Hughes and Cross, 
1951], indicating that this transition represents the 
Hugoniot elastic limit (HEL). Ahrens and Gregson [1964] 
report elastic precursor velocities of 5.3-5.7 km/s and a 
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Fig. 6. Shock wave velocity U s versus particle velocity Up 
data for experiments reported here and comparison with 
previous results. Filled symbols show present data for the 
Solenhofen limestone, open symbols show data for Dover 
chalk. Crosses with no symbol represent intermediate 
states. Lines represent fits of form U s -- C O + s Up. 
Parameters for fits are listed in Table 2. Curves are 

labeled as follows: 1, Solenhofen limestone, this study, Po 
-- 2.594; 2, single crystal aragonite [Vizgirda and Ahrens, 
1982], Po---- 2.93; 3, polycrystalline calcite [Adadurov et al., 
1961], Po = 2.703; 4, Solenhofen limestone [van Thiel et M., 
1977], Po ---- 2.585; 5, polycrystalline calcite [Kalashnikov et 
a]., 1973], Po -- 2..665; 6, polycrystalline calcite [Kalashni- 
kov et M., 1973], Po = 2.02; 7, polycrystalline calcite 
[Kalashnikov et al., 1973], Po -- 1.705; 8, Dover chalk, this 
study, Po-- 1.40. Units of density are grams per cubic 
centimeter. 
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TABLE 1. Summary of Intermediate, State, Hugoniot State, and Release Path Release Transition Data 

Shot 
Projectile 
Material 

Release Path Phase 

Shock States a Transitions 

Projectile Initial Shock Particle Particle 
Velocity Density Velocity Velocity Pressure Density Velocity Pressure 

Yp, P, P, Up1, 1, km/s g/•;n a Us' Up, P km/s km/s GPa g/cm a km/s GPa 

Density 

g]'cl;n 

59O 

596 

598 

6OO 

602 

599 

601 

620 

622 

A12Oa 

fused 

quar.tz 

A12Oa 

A12Oa 

fused 

quartz 

Solenhofen Limestone 
2.209 2.591 5.819 1.487 22.41 3.480 2.44 6.48 

q-o.017 q-o.010 q-0.150 4.018 q-0.44 q-0.042 q-0.10 q-1.27 

2.158 2.584 (4.60) (0.030) (0.36) (2.601) 1.26 8.20 
4-0.020 4-0.009 4-0.08 4-0.010 4-0.12 4-0.021 4-0.03 4-0.60 

(4.415) (0.40) (4.58) (2.841) 
4-0.435 4-0.10 4-1.05 4-0.079 

5.081 0.997 13.10 3.215 

4-0.080 4-0.015 4-0.16 4-0.021 

2.310 2.584 6.073 1.538 24.14 3.461 2.65 3.21 
4-0.150 4-0.010 4-0.120 4-0.110 4-1.67 4-0.085 4-0.06 4-0.80 

1.965 2.608 5.741 1.319 19.75 3.386 2.11 4.97 

4-0.005 4-0.002 4-0.008 4-0.004 4-0.06 4-0.004 4-0.04 4-0.51 

1.992 2.604 (5.706) (0.030) (0.45) (2.618) 1.34 5.97 
4-0.010 4-0.005 4-0.300 4-0.010 4-0.15 4-0.021 4-0.04 4-0.47 

(4.774) (0.200) (2.56) (2.715) 
+0.090 +0.0 +o.ao +0.0 

4.903 0.936 11.96 3.219 

4-0.050 4-0.008 4-0.09 4-0.013 

Dover Chalk 

A120 o 2.078 1.434 3.750 1.745 9.39 2.683 
4-0.015 4-0.030 4-0.100 4-0.018 q-0.26 4-0.085 

A120 a 2.331 1.434 3.845 1.959 10.80 2.924 
4-0.020 q-0.030 4-0.050 4-0.020 q-0.22 4-0.066 

A120 a 1.619 1.365 2.933 1.414 5.66 2.635 
4-0.019 4-0.024 4-0.047 4-0.180 4-0.13 4-0.064 

A120 a 2.235 1.365 3.652 1.900 9.47 2.846 
4-0.022 4-0.024 4-0.127 4-0.023 4-0.32 4-0.131 

2.90 

4-O.O8 

3.11 

4-0.02 

2.87 

4-0.04 

2.95 

4-0.03 

3.00 

4-0.02 

a Highest-pressure state is final shock state. All •)thers are intermediate states. 
Values in parentheses are less reliable data. 

HEL of 1.0-1.5 GPa for carbonate-bearing rocks. Grady et 
al. [1978] report a break in the Solenhofen limestone load- 
ing wave profile at 0.6 GPa and conclude that the calcite 
I-II phase transition occurs at this pressure, coincident with 
the onset of dynamic yielding. Our data are not of 
sufficient resolution in this pressure range to resolve this 
question. Comparison with the results of Grady et al. 
[1978] suggests that the transition at 2.5-3.7 GPa 
corresponds to the calcite II-III transition. In the higher 
shock pressure shots these transitions are apparently over- 
driven, in agreement with previous shock experimental 
results [Ahrens and Gregson, 1964]. No precursory waves 
were observed in the shots on Dover chalk. 

Figure 6 shows the Us-u p data determined in this study 
compared to trends observed in various calcium carbonate- 
bearing rocks and minerals by previous investigators. For 

Solenhofen limestone the valqes of Us and Up lie within the 
range of values previously determined by other investiga- 
tors, but the slope of the line defined by the data is 
greater. The data in the range of 12 to 24 GPa can be fit 
by an equation of the form 

U s : C o q- s Up (7) 

where C O and s are constants, with Co ---- 3.269 km/s and s 
--- 1.796 (r 2 = 0.97). Previously determined values of Co 
and s range from 3.62 to 3.99 km/s and 1.a:z to 1.61, 
respectively, and are summarized in Table 2. The Us-u p 
data for Dover chalk, Po = 1.40 g/em a, can be fit with 
C o ----0.667 and s -- 1.598 (r 2 ---- 0.989). This line is con- 
sistent with the trend formed by the porous calcite results 
of Kalashnikov et al. [1973]. 
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As shown in Figures 4 and 8, the slopes of the particle 
velocity records of all the Solenhofen limestone shots exhi- 
bit a discontinuity during release. The pressures and den- 
sities at which the discontinuity occurs for each shot are 
listed in Table i. The data are somewhat scattered but 

the transition occurs at about 5.5-t-2.5 GPa, and no trend 
with peak stress level is apparent. Previous observations of 
a phase transition upon release in calcite shocked up to 5 
GPa have been attributed to the calcite III-II transition 
[Grady et M., 1978]. Rarefaction shocks have been observed 
in calcite shocked to between 18 and 31 GPa [Murri et 
1975; Grady and Moody, 1985]. Rarefaction shocks are not 
evident in the particle velocity records reported here. 
However, the pressures behind the rarefaction shocks 
reported by the previous investigators correspond roughly 
to the stress levels at which we observe the particle vel(> 
city slope discontinuities. We thus interpret the discon- 
tinuities as indicating a high-pressure (calcite VI) to low- 
pressure (unspecified) polymorphic transition during the 
release. 

The initial release paths for Solenhofen limestone plot- 
ted in Figure 7 lie hear the Hugoniot, but at slightly higher 
densities, for all shock pressures studied. The particle velo- 
city records do not give complete information down to zero 
pressure due to disruption of the foil gauges by rarefactions 
propagating inward from the sample edges. Extrapolation 
to zero-pressure yields complete release densities between 
2.59 and 2.81 g/cm 3. In contrast to the behavior for 
Solenhofen limestone reported here, previously reported 
release paths for single crystal aragonite vary significantly 

SHOT 596 

Free Surface 
Intermediate 
Release State •i 

Hugoniot State 

Rarefaction Wave 

I I I I I 
o I 2 3 4 

Time After Impact, p. sec 
Fig. 8. Particle velocity versus time after impact for shot 
596 (Solenhofen limestone, 13.1 GPa), showing multiple 
shock fronts on leading edge of record (including HEL) and 
indicating presence of an intermediate release state during 
unloading. 
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TABLE 2. Summary of Polycrystalline Calcite Hugoniot Data, 

Material Reference Po, g/cms Co, km/s Pressfire Range, 
GPa 

Solenhofen limestone 

Dover chalk 

Polycrystalline calcite 

Polycrystalline calcite 

Solenhofen limestone 

this work 2.594 3.269 1.7•g6 12-24 

this work 1.40 0.67 1.60 5-11 

Adadurov et al., 1961 2.703 3.40 2.00 5-13 
3.99 1.32 13-51 

2.665 3.70 1.44 10-94 
2.020 1.74 1.61 13-71 

1.705 1.15 1.60 10-59 

Kalashnikov et al., 1973 

van Thiel et al., 1977 2.585 3.62 1.39 8-90 

with shock pressure. For shock pressures between about 
10 and 15 GPa the aragonite release paths are very steep, 
with complete release densities (determined via inclined 
mirror experiments) equal to or greater than the initial 
density. For shock pressures greater than about 20 GPa, 
the release paths approximate the Hugoniot, with complete 

, 

release densities equal to or less than the initial density 
[Vizgirda and Ahrens, 1982]. Release paths for Solenhofen 
limestone [Schuler and Grady, 1977] and other carbonate 
rocks [Grady et al., 1976; Grady, 1983] shocked to pres- 
sures up to about 5 GPa generally follow the Hugoniot, 
with extrapolated complete release densities approximately 
equal to the initial density. 

The release paths for Dover chalk lie at higher densities 
than the Hugoniot. The extrapolated complete release den- 
sities lie between 2.44 and 2.55 g/cm 3. Eulerian sound 
speeds for the shocked states were calculated according to 
equations 5 and 6 and are plotted in Figure 9. 

Discussion 

Sound Speeds and Shear Strength 

Properties of calcite VI, reached at about 10 GPa shock 
pressure, have been deduced by Vizgirda and Ahrens [1982] 
and are listed in Table 3. The zero-pressure bulk sound 
velocity 

V4, = (Kos/Po) 1/2 (8) 
where Kos is the zero-pressure isentropic bulk modulus, is 
between about 5.00 and 5.54 km/s at 300 K. Assuming 
Poisson's ratio a of 0.25 we obtain a zero-pressure, 300 K 
compressional velocity Vp of between 6.46 and 7.15 km/s 
using the relationship 

1/2 

gp = {Kos/P'[l+2 (1-2a)/(1 + a)]} (9) 
We can compare the observed Hugoniot sound velocities 
with compressional wave velocities Vp along an isentrope 
for calcite VI using finite strain theory [Sammis et 
1970] (see also Burdick and Anderson [1975]). Thus 

Vp 2 (p)•-- V 2 (1-2e)[1-2e(3 Dp- 1)] (10) p,o 

Vs 2 (p)---- V 2 (1-2e)[1-2e(3 D s - 1)] (11) $•O 

and 

P -- -3Kos e (1-2e) s/2 (l+2e •). (12) 
The volumetric strain e is 

e: [1- (p/po) 2/3 ]/2 (13) 

the finite strain parameter { is 

• ---- 3 [4 -(d Kos/dP)s]/4 (14) 

D r --- Kos d I n Vp/d P (15) 
and 

D s ---- Kos d In Vs/d P (16) 

No det'6rniinations of D r and D s for calcite VI exist. For 
many minerals, Dp lies in the range 1.0 _• D r _• 1.6, and 
Da lies between 0.1 < D s _• 1.0 [Anderson et al., 1968; 
Sammis et al., 1970]. This range of values was used in com- 
priting Vp(p)and V s (•). The variation of bulk sound speed 
V4 along an isentrope is given by 

V• (p)= Vp (p)2_ 4 Vs • (p)/3 (17) 

The effect of temperature on sound velocity is small. 
The temperature on the Hugoniot T $ was calculated using 
the relation 

IO- Release Wave Velocity - 
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Fig. 9. Eu]erian sound speeds, C•., on the Hugoniot of 
shocked So]enhofen limestone. Ranges of compressional 
wave velocity V• and bulk sound speed V• for cMcite VI 
•e computed usin• Eu]erJ•n finite strain theory [see text) 
•nd p•r•mete•s.]isted in T•b]e 3. VMues plotted •re for •n 
bentrope ofi•in•tJn• •t 250 • •t zero pressure. D•hed 
line is V• Mog• the Hu•oni•t of c•]cite VI cMcu]• 
•cco•din• •o equation (•9) usin• equation of state p•r•me- 
te•s determined in this work (T•b]e 2) •nd Gruneben 
p•mmeter q •iven in T•b]e 3. Dotted lines sho• e•ect of • 
f•ctor of 2 v•ri•Jon Jn q. 
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TABLE 3. Properties of the Calcite Polymorphs 

Property Symbol (Units) I II III VI 

STP density (300 K) Po (g/cm3) 2-71 • 2.71 • 2.71 • 3.0-3.1 b 

Isentropic bulk modulus Kos (GPa) 71.1 • 14.7 • 51.7 • 75-95 b 

dK/dP I• 4.15 a 4.62 a 8.28 a 4.1-3.5 b 

Transition energy Etr (j/g)C 0 - - 200-20 b 

Transition entropy Str (J/g K) c 0 - - -0.101 

Gruneisen parameter "• 1.5 (VfVo) d 1.5 (V/Vo) d 1.5 (V/Vo) d 1.5 (V/Vo) d 
Poisson's ratio cr 0.25 d 0.25 d 0.25 d 0.25 d 

Kos'd In Vp/dP Dp 2.13 e 0.44 e 1.55 e 1.0-1.6 f 

Kos'd In Vs/dP D s 2.13 e 0.44 e 1.55 e 1.0_0.1 f 

d Vp/dT (km/s K) -3.3>(10 -4 f -3.3>(10 -4 f -3.3>(10 -4 f -3.3>(10 -4 f 

d Vs/dT (km/s K) -2.4 X 10 -4 • -2.4 X 10 -4 • -2.4 X 10 -4 • -2.4 X 10 -4 f 

Specific heat C v (J/g K) 1.25 g 1.25 g 1.25 g 1.25 g 

Singh and Kennedy [1974]. 
Vizgirda and Ahrens [1982]. 
Relative to calcite I at 298K, I bar 
Assumed. 
Peselnick and Wilson [1968] and Wang and Meltzer [1973]. 
Anderson et al. [1968] and Sammis et al. [1970]. 
Dulong-Petit value, T _> 650 [Vizgirda and Ahrens, 1982]; at lower temperatures Cp of 
calcite given by Robie et al. [1978]. 

l ff dV T H--298exp - , • 

[ 1 (Po + P}t)(Vo-V}t)+ f (PdV)• / Cv (18) + v: 
where -• is the Gruneisen parameter and C v is the heat 
capacity at constant volume. V o refers to the initial 
volume of the experimentally shocked material, whereas ! 

V o is the volume at standard temperature and pressure 
(STP) conditions of the high-pressure polymorph, calcite 
VI. The energy of transition Err does not enter into the 
temperature calculation because, in performing the calcula- 
tion, the calcite I to VI transition occurs isothermally at 
STP. The first term on the right-hand side of equation 

! 

(18) is the temperature increase between V o and V H along 
the calcite VI adiabat, and the second term represents the 
temperature increase in going from the adiabat to the 
Hugoniot isochoricMly at V H. The parameters used for the 
calculation of T H are listed in Table 3. For the Dover 
chalk, the temperatures are sufficiently high that calculated 
Hugoniot temperatures are relatively insensitive to the 
specific isentrope employed in the calculation. Assuming a 
value of (d Vp/dT)p of-3.3 x 10 -4 km/s K (values tabu- 
lated by Anderson et M. [1968] range from about-1.5 x 
10 -4 to-5.2 x 10 -4 km/s K), an increase in the initial tem- 
perature of 450 K results in a Vp decrease of 0.15 km/s. 
(dVs/dT)p is estimated to be about-2.4 x 10 -4 km/s K 
[Anderson et M., 1968]. 

The range of values of Vp and V• along a 750 K isen- 

trope calculated using the parameters listed in Table 3 is 
shown in Figure 9. Although the calculated bulk and 
compressional sound speeds are poorly constrained, the 
data indicate that the measured initial release wave speed 
is equal to that of the compressional wave velocity for 
shock pressures up to about 20 GPa. In other words, cal- 
cite VI retains its shear strength in the shocked state up to 
this pressure. At the highest pressures attained, 22-24 GPa, 
a loss of strength in the shocked state may occur. 

The bulk sound speed V• at the Hugoniot may also be 
calculated from the shock wave equation of state (equation 
(7)) and a model for the Gruneisen parameter if, using the 
relationship 

V•--VH { dr [ ff---1]-{'-rHff/2VH} 1/2 •1 H (Vo-VH) 2V H (19) 
[McQueen et al., 1967] where V o is the initial sample 
volume, V H is the Hugoniot volume, and dP/dV I H is the 
slope of the Hugoniot. We use the relationship 
ff =fro (Po/P) n where fro = 1.5 and n •-- 1.0 [Vizgirda and 
Ahrens, 1982] (Table 3). This curve is plotted as a dashed 
line in Figure 9 and supports the conclusion that at least a 
partial loss of shear strength occurs at a pressure of 22-24 
GPa. A variation in -• of a factor of 2 from the above value 
does not change the conclusion (dotted lines in Figure 9). 

The Eulerian sound speeds along the release paths of 
the shocked Dover chalk are plotted in Figure 10. At the 
relatively low shock pressures and high continuum tem- 
peratures reached in these experiments it is unlikely that 
the starting material transformed to calcite VI. However, 
it is not known which of the three calcite low-pressure 
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Fig. 10. Eulerian sound speeds C E on Hugoniot of Dover 
chalk. Solid and dashed lines represent compressional wave 
velocities and bulk sound velocities, respectively, of calcite 
polymorphs along isentropes centered at 750 K and 
ambient pressure, calculated using the parameters in Table 
3. Roman numerals refer to the assumed calcite 

polymorph. Dotted line labeled H represents bulk sound 
speed along low-pressure (5-13 GPa) polycrystalline calcite 
Hugoniot of Adadurov et al. [1961] (Table 2) using equa- 
tion (19). 

polymorphs exists in the shocked state. We have therefore 
plotted the bulk and compressional wave velocities for cal- 
cite I, II, and III using, for comparison, the data of Singh 
and Kennedy [1974], assuming that Poisson's ratio cr 
0.25 [Anderson et al., 1968; Grady et M., 1978]. Also plot- 
ted is the bulk sound speed in the shocked state calculated 
using the low pressure (5-13 GPa) polycrystalline calcite 
Hugoniot of Adadurov et al. [1961] and equation (19). The 
data for shots 620 and 622 plot between the bulk and 
compressional wave velocities for calcite I and III, but the 
result for shot 622 (PH = 9.47 GPa) lies nearer the bulk 
sound speed of calcite I and III. 

An alternative approach is to assume that the measured 
initial release wave velocities correspond to the bulk sound 
speeds, then to calculate ff using equation (19). However, 
the values of ff calculated this way are less than zero for all 
the shots in both materials, save one (shot 590, Solenhofen 
limestone, 22.4 GPa, yields • = 0.23). These nonphysical 
results are a further indication that the measured release 

wave velocities are compressional wave velocities and that 
Solenhofen limestone and Dover chalk retain their shear 

strength in the Hugoniot state. The intermediate value of 
• at 22.4 GPa for the Solenhofen limestone is an indication 
of at least a partial loss of shear strength. 

Retention of shear strength in the shocked state has 
been documented for several materials, for example, A1203 
shocked to 40 GPa [Bless and Ahrens, 1976], MgO to 12 
GPa [Grady, 1977], and anorthosite to 10 GPa [Boslough 
and Ahrens, 1985]. Loss of shear strength in materials 
shocked to pressures lower than those required for bulk 
melting of the sample has been reported for quartz shocked 

to 15-40 GPa [Grady et al., 1975] and for calcite rocks to 
about 5 GPa [Grady et al., 1978]. Both quartz and calcite 
undergo solid-solid phase transitions throughout these pres- 
sure ranges. In these materials, the loss of shear strength 
is apparently caused by the occurrence of molten "shear 
bands" caused by localization of thermal energy under 
shock compression. The rates of the solid-solid phase tran- 
sitions are enhanced by the existence of, and high tempera- 
tures in, the molten regions [Grady et al., 1975; Grady, 
1980]. The reduction of shear strength of Solenhofen lime- 
stone at 22-24 GPa indicates that extensive shear band for- 

mation can occur in the absence of bulk solid-solid phase 
transformation. The measured color temperature (shear 
band temperature) of 2455 K at 22 GPa (D. Schmitt, per- 
sonal communication, 1984) supports this conclusion. Thus 
the occurrence of solid-solid phase transitions under shock 
implies thermal energy localization (shear bands), but the 
existence of shear bands (as indicated by loss of shear 
strength and by very high color temperatures) is not an 
indication of, nor is it dependent on, solid-solid transitions. 

Impact-Induced Devolatilization 

Recent shock recovery experiments on single crystal cal- 
cite have given differing results for the extent of impact- 
induced devolatilization as a function of shock pressures. 
The process under discussion can be described by the reac- 
tion 

CaCO3(i) --• impact, release --• CaO(s) + CO2 (gas) (20) 
The gas recovery experiments of Boslough et al. [1982] indi- 
cated that incipient devolatilization (0.03-0.3 % devolatili- 
zation) occurred at a shock pressure of 18 GPa. Solid 
recovery experiments by Lange and Ahrens [1983] resulted 
in roughly 30-40 % devolatilization at 20 GPa, with inci- 
pient devolatilization occurring at less than 10 GPa. Solid 
recovery experiments by Kotra et al. [1983] yielded very lit- 
tle devolatilization, only 5-10 % devolatilization took place 
at shock pressures up to 50-60 GPa. In the following sec- 
tions we compare these experimentally determined values 
of the fraction of CO2 volatilized with calculations based 
on postshock energy and entropy content. 

The energy imparted to a material upon shock compres- 
sion E H relative to the energy of the initial state E o is 

1 

Es- Eo = •- (PH + Po)(Vo- VH) + Err (21) 
where Err is the energy of transition from the low pressure 
to the high-pressure polymorph (if such a transition 
occurs). The energy released upon relaxation to zero pres- 
sure Ere I is 

Voo 

Erd- EI-I =-f P•dV + Et•r (22) 
vs 

where Vc• is the complete release volume, the integral is 
! 

taken along the appropriate (see below) isentrope, and Err 
is the energy of phase changes that occur during release 
(see below). The total post-shock energy Ep (relative to the 
initial energy content Eo) is the sum 

Ep - E o ----(EH-Eo) + (Ere I - EH) (23) 
The release paths for the shots reported here can be 

integrated directly (with extrapolation to zero pressure) to 
yield the first term on t, he right-hand side of equation (22). 
In addition, the particle velocity records indicate that a 
phase transition occurs a.t some pressure greater than zero 
upon release, although the precise nature of the phase 
change is uncertain (see results section). For simplicity, we 
assume that the transition involved is from the calcite VI 

polymorph back to calcite I. Thus Err •- Err , and 
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Fig. 11. Menured rele•e p•th for So]enhofen limestone 
shocked to 24 GP• (shot 598), heavy line, relative to isen- 

tro re]e•e of c•]cite VI; d•shed ]ine•,K • 95 GP•, . ; d•sh-dot line, K • 75 GP•, 4.1 GP•. Lines 
"C•O" •nd "C•CO3" •re Hugoniots (C•O Hugoniot, B1 
ph•e [Je•nloz •nd Ahrens, 1980]). Line "CO•" is the den- 
sity of CO• •t the P •nd T of the c•]cite VI isentrope, 
cullted by extrapolation of the equation of state of Kerrick 
•nd J•cobs [1981]. The dotted line "C•O + CO•" is the 
density of •n equimol•r mixture of C•O •nd CO•. 

Yoo 

Ep-Eo=•(P.+Po)(Vo-V.)- f (PdV)release path (24) 
VH 

Figure 11 shows, as an example, the measured release 
path from 24 GPa (shot 598) and isentropes of calcite VI 
(Table 3) centered on the Hugoniot. The data lie very 
close to the calculated isentropes, indicating that to a rea- 
sonable degree of accuracy, the integral along the actual 
release path in equation (24)may be approximated by the 
integral along the calcite VI isentrope. Thus, for purposes 
of calculation and generalization, the postshock energy 
increase is given by 

Voo 

Ep-Eo---- i'•'(PH-I-Po)(Vo-VH) - f (rs d Y)calcite VI (25) 
VH 

For the Dover chalk, anomalies in the Hugoniot or the 
release data are not observed; therefore we assume that 
transformation to calcite VI does not occur in the pressure 
range studied. Thus, in equation (25) the integration is 
carried out using the calcite I and II isentropes as limiting 
cases. 

Figure 11 also shows the density of an equimolar mix- 
ture of CaO and CO• at the temperatures and pressures of 
the calcite VI isentrope centered at the 24 GPa data point. 
The density of CaO is approximated by the CaO (B1 
phase) Hugoniot [Jeanloz and Ahrens, 1980]. The CO• 
density was estimated for each PT point of the isentrope 
by extrapolation of the equation of state proposed by Ker- 
rick and Jacobs [1981]. Use of the CO• equation of state of 
Bottinga and Richer [1981] yields similar values. Extrapo- 
lation of these equations of state to the temperatures and 
pressures considered here is, of course, extremely specula- 
tive because the data on which they are based extend up to 
only 1273 K and 0.8 GPa. The calculated CaO + CO• 
curve indicates that if complete devolatilization occurred 
during the portion of the release measured, a much lower 

density release curve would be expected. However, within 
the error limits of the Hugoniot data and the release path, 
up to about 15% devolatilization at the lowest pressure 
point on the release path (•--•2.5 GPa) cannot be ruled out. 
For definitive determination of the exact point during (or 
immediately subsequent to) release at which devolatiliza- 
tion comrnences, more precise determinations of the release 
path must be made down to lower pressures. 

Figure 12 shows the postshock energy gain versus pres- 
sure for the experimental data (using equation (24)) and for 
the model calculation (equation (25)). The agreement 
between the two indicates that the model used and the 

parameters employed (Table 3) provide a self-consistent 
representation of the energy changes involved in shock 
compression and release of calcite. We can now compare 
the postshock energy content of the calcite with the energy 
required for devolatilization ElV. 

The energy required for incipient decarbonation (volatil- 
ization) Erv can be calculated using the data of Robie et 
[1978]. It is important to bear in mind that the equili- 
brium of the reaction 

CaCO3 (calcite) •- CaO(solid) -]- CO2 (gas) (26) 
is strongly influenced by the ambient pressure of 
CO•, Pc%- Thus for pure solid calcite and pure solid CaO, 
the Gibbs free energy of reaction (26) A Grx is 

16 
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Fig. 12. Postshock energy increase AEp as a function of 
shock pressure. Data points show AEp calculated from the 
experimental release paths, using equation (24). Hatched 
regions represent values of AEp calculated using calcite VI 
parameters (Table 3) for Solenhofen limestone and calcite I 
and II parameters for Dover chalk, using equation (25). 
The Hugoniot pressure of the porous material was calcu- 
lated using equation (31). Also shown is energy of incipient 
vaporization Eiv calculated for several values of 
"STP air" refers to Pco2 in dry air, 3.3x10 -4 bars; "Tank" 
refers to Pc% in impact tank under shot conditions, about 
4.3 x 10 -8 bars. 
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Shock-induced CO,• loss as a function of peak 

shock pressure in experimentally shock loaded single crystal 
calcite. Circles, Lange and Ahrens [1983]; square, Boslough 
et •.l. [1982]; triangles, Kotra et al. [1983]. Also shown are 
COg losses calculated using shock entropy method for vari- 
ous values of ambient CO 2 pressure. "Tank" refers to the 
ambient COg pressure in impact t•.nk, •.bout 4.3 x 10 -s 
bars; "STP air" refers to the Pco2 in dry air at standard 
temperature and pressure conditions, about 3.3 x 10 -4 bars; 
Solid lines refer to the following combination of parameters 
of calcite VI; Po -- 3.1 g/cm •, Kos-- 95 GPa, K • = 3.5, 
Etra,s -- 20 J/g. For dashed lines, Po = 3.0 g/cm 3, Kos -- 
75 GPa, K • -- 4.1, Etra, s -- 200 J/g. 

A (]rx--- A Gr% q- RT In Pc% (27) 
where the reference state for the solids is defined as pure 
solids at 1 bar pressure and the temperature of interest T, 
and for COg the reference state is pure COg gas at 1 bar 
(10 $Pa) pressure and T. Thus for Pc%-- 1 bar the tem- 
perature of incipient vaporization Tiv is approximately 
1171 K and the energy of incipient vaporization Ew, given 
by 

Ely: f Cv (calcite) dT (28) 
To 

is approximately 980 J/g [Vizgirda and Ahrens, 1982; 
Kieffer and Simonds, 1980]. However, for Pc% •3.3110-4 
bar (corresponding to dry air at I bar total pressure ) TIV 
is approximately 800 K, and Eiv is about 530 J/g, and for 
Pco2•4.3110-s bar (corresponding to dry air at a total pre- 
sure of 100 #m Hg) ,Tiv is about 596 K and Eiv is 296 J/g. 
Thus Eiv is strongly dependent on the explicit value of 
Pc% used in the calculation of Tiv , and conversely, the 
amount of COg evolved during release may depend on the 
ambient Pc%. 

Previous applications of shock energy and entropy cacu- 
lations to mineral devolatilization have implicitly (and arbi- 
trarily) a•sumed that the partial pressure of the volatile 

species is equal to 1 bar [Ahrens and O'Keefe, 1972; Kieffer 
and Simonds, 1980; Vizgirda and Ahrens, 1982; Lange and 
Ahrens, 1982b]. Note that although Eiv (Pc%), Ecv 
(Pco•), SIV (Pc%), and Scv (Pc%) are precisely known for 
calcite I, in Figures 12 and 14 they are shown as ranges 
because of the ambiguity in whether it is actually calcite I, 
II, or III that decomposes upon release. 

Such equilibrium considerations do not apply absolutely 
in a dynamic shock experiment, but evidence that ambient 
CO2 pressure affects the amount of evolved CO2 comes 
from consideration of the experimental details of the three 
studies of impact-induced volatilization of calcite cited ear- 
lier. Boslough et al. [1982] studied the evolution of COg 
during shock compression of calcite by capturing the 
evolved gas in an initially evacuated, confined chamber. 
For a shock pressure of 18 GPa, only 0.03-0.3 % of the 
COg was volatilized, and the final Pc% in the chamber at 
room temperature was between about 2.7110 -3 to 7.2110 -a 
bars (M. Boslough, personal communication, 1984). For 
Pc% • 6x10-a bars, Tiv • 900 K and E•v-- 648 J/g. 
The studies of Lange and Ahrens [1983, and unpublished 
manuscript, 1985] were performed using vented assemblies 
[Lange and Ahrens, 1982b]; therefore the final Pc% was 
that of air, 3.4110 -4 bar. For 
Pc%---- 3.4110-4 bar, T•v = 800 K, and E•v = 528 J/g. 
They found significant decarbonation; as much as 30% at 
pressures as low as 10 GPa (see Figure 13). The analytical 
method was different in each of the two sets of experi- 
ments; Boslough et al. determined the amount of CO 2 
evolved, whereas Lange and Ahrens determined the amount 
of COg remaining in the recovered solid material. Nonethe- 
less, it appears that at least part of the difference in results 
may be attributed to differences in Pco•- The results of 
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Fig. 14. Shock entropy as a function of shock pressure. 
The curves for porous calcite are calculated using the cal- 
cite Sugoniot of Adadurov et al. [1961] (Table 2), the 
correction for porosity embodied in equation (31), and the 
equation of state parameters for calcite VI listed in Table 
3. Scv and Siv are calculated as a function of Pc% as 
described in text. Solid and dashed curves assume 

transformation to calcite VI; dotted curves assume no 
transformation, i.e., the low-pressure Hugoniot of calcite is 
employed (Table 2). 
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Kotm et al. [1983] differ from these discussed above 
because their targets (both vented and nonvented) were 
exposed to the CO2-rich muzzle gases from the gun barrel. 
The very low fraction of CO• volatilized as a function of 
shock pressure obtained by these workers may be caused 
by very high Pc% during release. 

There are several implications of these results. 
1. The release paths determined in this study may not 

be completely comparable to the volatilization results of 
either Boslough et M. or Lange and Ahrens, inasmuch as 
the experiments reported here were performed at about 100 
#m air pressure (Pco2•4.3x10-Sbar). It is likely, however, 
that any differences would occur at release pressures lower 
than the lowest pressure for which we were able to obtain 
data. 

2. The evolution of Pc% must be taken into account 
when calculating the evolution of impact-induced planetary 
atmospheric CO 2 content. Note also that these considera- 
tions apply to the shock entropy criterion for vaporization 
upon release [Ahrens and O'Keefe, 1972; Zel'dovich and 
RMzer, 1967] because this method also depends on the 
identification of a Tiv for calculation of Siv (entropy of 
incipient vaporization). Furthermore, the equilibrium con- 
siderations apply to any shock devolatilization process, 
especially shock dehydration [cf. Boslough et M., 1980; 
Lange and Ahren•, 1982a, b]. 

Having demonstrated the consistency of experimental 
and theoretical postshock energy calculations, we now 
employ the postshock entropy method for further calcula- 
tions of shock devolatilization of calcite [Zel'dovich and 
RMzer, 1967; Ahrens and O'Keefe, 1972]. This method 
uses the same parameters as the postshock energy method 
(i.e., Ko, K', Po, and q of the high-pressure polymorph, 
Table 3) and thus gives similar values for pressures of inci- 
pient devolatilization. It is, however, more convenient to 
use because it does not require or assume knowledge of the 
exact release path. Instead, the entropy gain in the 
shocked state AS• is calculated according to 

ASH =Str + Cv In (TH/Ts) (29) 

where Str is the entropy of transition from calcite I to 
cite VI at 1 bar and 298 K and T• •nd Ts are calculated 
by continuum methods (equation (18)[Zel'dovich and 
RMzer, 1967]). The entropy of transition has been 
estimated to be between-0.116 and-0.086 J/g on the basis 
of entropy-molar volume systematics [Vizgirda and Ahrens, 
1982] and we have adopted the value of-0.101 J/g for use 
here (Table 3). Note that Vizgirda and Ahrens [1982] 
apparently fail to include Str in the shock entropy calcula- 
tions for calcite and aragonite. The shock entropy is 
dependent on TH, which in turn is greatly influenced by 
the initial porosity of the material. Assuming isentropic 
release from the shocked state [Kieffer and Delaney, 1979; 
Jeanloz and Ahrens, 1979], and isentropic phase change 
upon release [Cowperthwaite and Ahrens, 1967], the 
entropy of the completely released state will be equal to 
that of the shocked state, and this value is compared to 
the entropy of incipient vaporization S•v , where 

TrY Cp 
S,v = f dT (so) To 

where Cp is the atmospheric pressure heat capacity at con- 
stant pressure [Robie et al., 1978]. As discussed above, T•v 
will be dependent on the Pc% chosen. The entropy of 
complete vaporization at Try, Sc•, is computed from the 
values of entropy as a function of temperature of Robie et 
M. [1978]. Figure 13 compares the impact-induced volatile 
loss at several values of Pc%, calculated using the shock 
entropy method, with the existing experimental data. The 

data of Boslough et al. [1982] and Kotra et al. [1983] are 
consistent with having been obtained at elevated CO2 pres- 
sures. The results of Lange and Ahrens [1983] were 
obtained at STP. The agreement between the STP calcu- 
lation and the data is improved over the calculation assum- 
ing Pc% equal to 1 bar, and the general shapes of the 
curves are similar. This suggests that the process modeled 
in the calculations are important for impact-induced devo- 
latilization. On the other hand, the substantial level of 
disagreement is, of course, a clear indication that some 
other process must also be considered (see below). 

Figure 14 is a plot of shock entropy versus shock pres- 
sure for calcite of varying porosities calculated using the 
calcite Hugoniot of Adadurov et al. [1961] and the parame- 
ters for calcite VI listed in Table 3. The Hugoniots for the 
porous material are calculated according to 

Pp=PD { 1-if-- / Vø'D ' ••ø• -1 1) 
where Pp and PD are the pressures at volume V H of the 
porous material and the dense material, respectively, "7 is 
the Gruneisen parameter, and Vo, p and Vo, D are the zero- 
pressure volumes of the porous and dense materials, respec- 
tively [Zel'dovich and Raizer, 1067; Ahrens and O'Keefe, 
1072]. The experimentally determined shock entropies 
from this study are also plotted. The results for the 
Solenhofen limestone (initial porosity about .04) indicate 
that Sir for Pco•. •--4.3x10-s bar (dry air atmosphere at 
100 #m Hg total pressure, the conditions of the particle 
velocity experiment) is reached at about 12-17 GPa, and 
that at about 25 GPa between 20-30% of the CO 2 would 
be volatilized. The results from the Dover chalk shots (ini- 
tial porosity of 0.40) indicate that greater than 00% of the 
material would be decarbonated at 10 GPa shock pressure 
under the experimental conditions. For an air atmosphere 
(Pco•. = 3.3x10-4 bar) the figure indicates a minimum pres- 
sure for incipient devolatilization of nonporous calcite of 21 
to 32 GPa, compared with the experimental value of less 
than 10 GPa determined by Lange and Ahrens. 

The shock energy or entropy criteria for incipient and 
complete vaporization when applied using the ambient 
vapor composition (as opposed, for example, to an arbi- 
trary assumption of 1 bar pressure of the volatile species) 
yield the lowest values of E•v or Siv and thus predict the 
greatest amount of devolatilization consistent with equili- 
brium thermodynamics. We assume that the atmospheric 
reservoir is large and that the addition of volatile species 
from the sample does not affect Pvolatile. Thus equilibrium 
thermodynamic considerations fail to describe the experi- 
mental results for Solenhofen limestone even when the 

most generous assumptions concerning the final state of 
equilibrium are made. 

We therefore conclude that a mechanism for the locali- 

zation of thermal energy such as the shear instability 
model [Grady, 1077, 1980; Horie, 1080] is required to 
explain the experimental observations. In the case of single 
crystal calcite the existing determinations of color tem- 
perature under shock support this conclusion. Kondo and 
Ahrens [1983] report a temperature of 3700 K and an emis- 
sivity of 0.0025 for single crystal calcite shocked to 40 GPa. 
This temperature is several times the continuum shock 
temperature of 1300-1500 K [Vizgirda and Ahrens, 1082]. 
Textural examination of recovered calcite shocked to 40 

GPa suggests the presence of partially molten material into 
which shock released CO• has been injected [M. A. Lange 
and T. J. Ahrens, manuscript in preparation, 1985]. D. R. 
Schmitt (personal communication, 1984) has measured a 
color temperature of 2455 K for single-crystal calcite 
shocked to 22.5 GPa. 

The relationships between measured shock tempera- 
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CaCO 3 phase diagram showing schematic paths of isentropic decompression from Fig. 15. 
shocked states. The PT phase diagram is based on the results of Carlson [1983], Huang and 
Wyllie [1976], Irving and Wyllie [1973], Baker [1962], and Jamieson [1957]. Stability fields of 
each polymorph are labeled with the appropriate roman numeral. The range of Hugoniot and 
release path temperatures for Solenhofen limestone are calculated using the range of values of 
properties of calcite VI (Table 3). Hugoniot and representative release path temperatures of 
Dover chalk are based on the low-pressure calcite properties (Table 3). Open squares are shear 
band color temperature measurements on single-crystal calcite by Kondo and Ahrens [1983] (K 
& A) and by D. R. Schmitt (personal communication, 1984)(S). These are interpreted as 
representing points on the fusion curve. The representative isentropic release path for the point 
S is calculated using the calcite VI physical property data. Note that 10 -4 GPa corresponds to 1 
bar pressure. Q1 is the invariant point, at which CaCO3(s) , CaO(s), CO2(vapor) , and liquid coexist. 
CaCO 3 melts incongruently between points Q1 and Q2 and melts congruently at pressures 
higher than Q2. Metastable calcite II and III fields are separated by dashed lines. Extrapolated 
or inferred phase boundaries are shown by dash-dot lines. Dotted line represents the aragonite 
Z calcite VI phase boundary constrained to lie below the limestone Hugoniot. Error bar on the 
dotted line represents the position of the line calculated using the range of property values for 
calcite VI listed in Table 3. 

tures, calculated continuum temperatures, release paths, 
and the calcite devolatilization equilibria are shown in Fig- 
ure 15. Figure 15 shows the PT phase diagram for CaCO3, 
the Hugoniot (continuum) PT data for the Solenhofen lime- 
stone and Dover chalk reported here, and the measured 
shock temperatures of single-crystal calcite of D. R. 
Schmitt (personal communication, 1984) and Kondo and 
Ahrens [1983]. The calcite VI-liquid boundary is drawn 
through the two measured shock temperature values, but 
the conclusions drawn below do not depend critically on 
this particular placement of the boundary. Representative 
isentropic release paths, using the parameters in Table 3, 
are shown for several points. The diagram illustrates that 
the isentropic release paths of shocked nonporous car- 
bonates (Solenhofen limestone), calculated using continuum 
temperatures, do not cross into the CaO(s ) + CO2(v?por) 
field until very low pressures (10 -7- 10 -s GPa) are reached. 
Shocked Dover chalk, particularly at shock pressures as 
high as 10 GPa, relaxes into the solid plus vapor region at 
pressures of 10 -3 to 10 -4 GPa. However, isentropic release 
from points corresponding to measured shock temperatures 
pass into the liquid field region at pressures of 10 • GPa or 
higher, into the liquid plus vapor field at pressures of 10 -1 

GPa or higher, and then into the solid plus vapor region at 
pressures of about 10 -2 GPa. The high measured shock 
temperatures are related to shear banding phenomena, and 
it thus appears that localization of thermal energy is an 
integral part of the devolatilization process. The diagram 
also indicates that the effect of CO 2 pressure on the frac- 
tion devolatilized will be more modest in the case of shear 
band controlled devolatilization than in the case of devola- 

tilization controlled by continuum temperatures. 

Conclusions 

Solenhofen limestone shocked into the calcite VI region 
retains its shear strength in the shocked state at pressures 
between about 12 and 20 GPa. Equilibrium thermo- 
dynamic calculation of the energy and entropy required for 
incipient devolatilization combined with calculated values 
of the postshock energy and entropy gain fail to predict 
quantitatively the amount of volatile loss upon release. 
This result indicates that inhomogeneous deformation 
processes occur in this pressure range. The shear bands 
may be sites of initiation of partial melting and nucleation 
of evolved CO 2 upon release. Therefore the density of the 
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shear bands created in this shock-pressure interval must be 
insufficient to modify the bulk mechanical properties of the 
polycrystalline aggregate. At shock pressures above about 
20 GPa loss of strength of the material may occur, imply- 
ing that the shear band density is large enough to affect 
mechanical properties. These shear band related 
phenomena occur in a shock pressure range in which no 
o,..,11,-1_ o^1 i,-,1 •1,, •.• •- .... 1•-i .... 1., ...... •1 

release paths of material initially at the shock pressure and 
the measured shock temperature pass through the vapor 
plus liquid field into the vapor plus solid field, giving 
further support to the concept that devolatilization is asso- 
ciated with shear band formation. 

At shock pressures of about 10 GPa, Dover chalk 
(Po = 1.40 g/cm a) appears to have lost its shear strength, 
but at 5 GPa the results are ambiguous. Postshock 
entropy calculations indicate that greater than 90% of the 
CO 2 is devolatilized upon release from 10 GPa pressure. 

Equilibrium calculations and experimental observations 
indicate that the amount of devolatilization of volatile- 

bearing minerals upon impact is dependent on the ambient 
partial pressure of the volatile species. The shock pressure 
required for incipient devolatilization increases with 
ambient volatile species partial pressure. This effect causes 
the range of planet sizes in which partial devolatilization of 
carbonates occurs to be larger than that calculated based 
on devolatilization experiments carried out in air [Lange 
and Ahrens, 1983, and unpublished manuscript, 1985]. 
Volatile release is enhanced relative to that calculated by 
Lange and Ahrens in the early stages of planetary 
accretion, when the atmosphere is sparse, and is inhibited 
in the later stages, when the atmosphere is relatively dense. 
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