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Shock compression and isentropic release of granite 
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S U M M A R Y  
New equation of state data for a weathered granite shocked to about 125 GPa are 
reported and combined with the Westerly granite data of McQueen, Marsh & Fritz 
(1967). The shock velocity (Us)-particle velocity (Up) relations can be fitted with 
two linear regressions: Us = 4.40 + 0.6Up for a range of Up up to about 2 km s-' and 
Us = 2.66 + 1.49Up for a range of about 2 to 5 km s-'. The third-order Birch- 
Murnaghan equation of state parameters are KO, = 51-57 GPa and KAs = 1.4-1.8 for 
the low-pressure regime and KO, = 251 f 30 GPa and an assumed Kb, = 4 for the 
high-pressure regime. Compressive waveforms in dry and water-saturated granite 
were measured at 10-15GPa using the VISAR technique. The measured wave 
profiles were successfully modelled using a Maxwellian stress-relaxation material 
model. Water-saturated granite is characterized by a -25 per cent lower yield 
strength and a -75 per cent longer material relaxation time than dry granite. 

From measurements of partially released states in granite, it is proposed that the 
high-pressure forms of tectosilicates, including granite, relax isentropically to a 
metastable, intermediate phase characterized by a dense (about 3.7 g ~ m - ~ ) ,  highly 
disordered, six-fold coordinated phase which is subsequently quenched to diaplectic 
glasses of density -2.3 g ~ m - ~ ,  starting at pressure of -10 GPa. We develop an 
analytical model to describe the release isentropes in the mixed-phase regime which 
prescribe release to a glass phase with increasing transformation to the high-pressure 
phase. Hugoniot and post-shock energies and temperatures derived from the release 
isentropes are consistent with available data and theoretical expectations for quartz 
and granite. 
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INTRODUCTION 

Shock Hugoniot data on silicate rocks and minerals all 
demonstrate major shock-induced phase transformations 
(e.g. see van Thiel 1977; Marsh 1980; Trunin 1986). The 
shock response of this class of materials is of importance in 
describing shock propagation from impact and explosive 
Sources on the Earth and other planetary surfaces, as well as 
having applications in the study of the Earth's interior. 

Granitic rocks are the most common component of the 
upper continental crust, and consist mainly of quartz and 
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feldspars. The Hugoniots of tectosilicates and rocks 
composed chiefly of tectosilicates are all quite similar. A 
number of studies have been performed to measure the 
high-pressure properties of these minerals and their 
mixtures (e.g. Wackerle 1962; Ahrens, Peterson & 
Rosenberg 1969b; Grady, Murri & DeCarli 1975; Lyzenga, 
Ahrens & Mitchell 1983). The derived equation of state 
parameters have been compared with theoretical considera- 
tions (e.g. McQueen, Fritz & Marsh 1963; Ahrens, 
Anderson & Ringwood 1969a). The onset of shock-induced 
phase transformations usually does not occur at the 
thermodynamic equilibrium pressure or temperature. For 
example, in the case of quartz, the shock-induced 
high-pressure phase is inferred to be stishovite (McQueen et 
al. 1963), and this idenitfication is consistent with 
shock-wave recovery experiments (e.g. Milton & DeCarli 
1963). For feldspars, the measured Hugoniots above 30 GPa 
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can be interpreted in terms of a high-pressure polymorph 
with the hollandite structure (Ahrens et al. 1969a: Sekine & 
Ahrens 1991). 

Shock-recovered samples of quartz and feldspars from 
above 25-30 GPa indicate transformation to diaplectic 
glasses, which are characterized by higher refractive indices 
and densities than normal fused glasses of the same 
composition (DeCarli & Jamieson 1959; Wackerle 1962; 
Kleeman 1971; Velde er al. 1989; Heyman & Horz 1990). 
These diaplectic glasses have been intensively studied (e.g. 
Stoffler & Hornemann 1972). Are these diaplectic glasses 
characteristic of tectosilicates? Are they produced during 
shock compression or during isentropic release? If formation 
of glass occurs upon isentropic release, what is the phase 
present in the compressed state and at what pressure does 
the shocked tectosilicate transform to diaplectic glass? 

Recently, isothermal compression of tectosilicates, as well 
as fayalite in the diamond anvil cell at room temperature, 
has indicated that transformation to a dense, amorphous 
phase occurs with an increase in the coordination of silicon 
and aluminium by oxygen (Hemley et al. 1988; Williams & 
Jeanloz 1989; Williams et al. 1990). 

The purpose of this study is to present new experimental 
data for Hugoniot and partially released states of a 
weathered granite, to combine these and previous data, and 
to generate a complete equation of state. Initially, we 
summarize available data on the equation of state of granite, 
as well as on its major constituents, quartz and feldspar. The 
release adiabat states are described in terms of the 
third-order Birch-Murnaghan equation of state and 
compared with those for quartz and feldspars. We then 
construct analytic expressions for the release isentropes in 
the low-pressure, mixed-phase, and high-pressure regimes. 
The mixed-phase and high-pressure release isentropes are 
described in terms of frozen release isentropes (Grady, 
Murri & Fowles 1974; Swegle 1990), and, upon release to 
pressures in the 2 to 10 GPa range, the high-pressure phase 
is assumed to transform to glass, as indicated by a number of 

release data (Ahrens & Rosenberg 1968; Podurets, Simakov 
& Trunin 1976; Chhabildas & Grady 1984; Chhabildas & 
Miller 1985). 

Experimental details 

The chemical composition of the weathered granite used in 
the present study was determined by electron microprobe 
analyses of a glass formed from rock powder quenched in 
water. The weathered granite was melted at 1600 "C in air to 
obtain a homogeneous glass. Modal analysis of the 
weathered granite was determined by point counting. Table 
1 lists the chemical composition and the mode, together with 
the compositions of the other granites for which equations 
of state have been measured (McQueen et al. 1967; Van 
Thiel 1977; Marsh 1980). The chemical compositions of all 
the granites are similar. 

The present shock specimens were cut from a disc, 10 cm 
in diameter and 3 cm thick. Bulk densities ranged from 2.619 
to 2.642 g cmp3, while crystal densities ranged from 2.640 to 
2.645 g cmP3, indicating that the porosity of the samples is 
low. The measured longitudinal and shear sound velocities 
were 5.36 & 0.10 and 3.3 f 0.2 km s-', respectively. 

Shock compression was conducted by launching impactors 
with the Caltech 25 mm bore, two-stage light gas gun and a 
40 mm bore propellant gun. Metal-flyer-plate-bearing 
projectiles were used to impact the samples. The metal flyer 
plates were A1 or Ta. In each experiment, the impact 
velocity of the projectile was measured by the flash X-ray 
method, and the shock-wave velocity was determined by 
measuring the traveltime of the shock wave through the 
sample of known thickness by means of a rotating-mirror or 
an image-converter streak camera. Flat and inclined mirrors 
were employed to observe the shock-wave traveltime 
(Ahrens 1987). The Hugoniot state was calculated by 
applying the impedance match conditions to the measured 
initial density, impact velocity and shock-wave velocity. 

A partial or fully released state was also determined by a 

Table 1. Chemical and modal compositions of several granites used for equation of state 
experiments. 

Composition Mineral Contenl 

1 2 3 4 

73.1 

13.9 
0.15 

1.09 
0.37 
0.80 
0.02 
3.93 
4.68 -- 

41.3 19.5 28.5 21.1 
24.8 26.5 32.5 46.1 

71.94 Q 
0.26 PI 

13.68 K-fd 25.3 41.0 35.4 20.3 
4.25 Mica 8.6 5.0 3.6 4.9 
0.63 Others _- -2.5 _- 7.0 
2.96 

1.44 
2.94 
1.38 

-- 

Total 98.1 99.48 

* All Fe reported as FeO. 
1. Weathered granite used in the present study. 
2. Grey granite from the Nevada Test Site no. 15 (van Thiel 1977). 
3. Westerly granite (McQueen et al. 1967; Marsh 1980). 
4. Biotite-chlorite granite (van Thiel 1977). 



free-surface or buffer impedance mismatch observation, 
reduced by way of the Riemann-integral formalism (Rice, 
McQueen & Walsh 1958; Lyzenga et al. 1983). Lexan and 
polyethylene were used as buffer materials, mounted at the 
rear of the sample. Streak camera cut-offs could not always 
be observed for the buffer. 

A velocity-sensitive interferometer (VISAR-Velocity 
Interferometer System for Any Reflector) (Barker & 
Hollenbach 1972) was employed to investigate compressive 
wave profiles in dry and water-saturated granite at low 
stresses (-10 GPa). This technique makes use of the 
Doppler shift of reflected laser light produced by the motion 
of a diffuse surface. Interference fringes proportional to the 
velocity of the reflector are developed in a modified 
Michelson interferometer and recorded using photo- 
multiplier tubes (Burle 7764) and digitizing oscilloscopes 
(HP 54111D). The VISAR used in the present experiments 
incorporates the push-pull modification (Hemsing 1979) for 
improved signal quality. The time resolution of our VISAR 
is estimated to be 3ns and the velocity precision is 1 per 
cent. The target assembly for these experiments consisted of 
an aluminum driver plate (1.5mm thick), a granite target 
(6.25 mm thick), a diffuse reflecting aluminum buffer 
(0.75 mm thick), and a LiF window (4-8 mm thick) (Fig. 1). 
For one shot (no. 806), the target was held in an aluminum 
cup and was water-saturated in vacuum. The shock 

41 A1 Granite LiF 

Pins Light to VISAR 

Figure 1. Experimental geometry for VISAR experiments. The 
impactor assembly consisted of a lexan-backed aluminum flyer plate 
fired at speeds of between 1.21 and 1.78kms-'. The target 
assembly consisted of a granite sample sandwiched between an 
aluminum driver and buffer. The VISAR monitors the velocity at 
the interface between the diffuse aluminum reflector and the LiF 
window. 

impactor Assembly Target Assembly 
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equations of state for Al, Ta, LiF, lexan and polystyrene 
employed in these and the Hugoniot experiments are 
summarized in Table 2. 

RESULTS 

The results of the present experiments are given in Table 3, 
and are shown in Figs 2 and 3. For comparison, the Westerly 
granite data (McQueen et al. 1967) are also plotted in the 
figures and included in the analysis. 

The shock velocity (Us)  versus particle velocity (Up) 
relations shown in Fig. 2 can be characterized by two fits 
(Us = C, + SU,), with C, = 4.40 km s-' and S = 0.60 for 
particle velocities up to 2.1 km sP1, and C, = 2.66 km s-' 
and S = 1.49 for a range of Up = 1.8 to 4.8 km s-'. The bulk 
sound velocity resulting from the measurements of Vp and V, 
for dry granite at 1 atm is 3.77 f 0.05 km s-', which is close 
to Westerly granite data (Marsh 1980). 

However, the P -  and S-wave velocities increase rapidly 
under confining pressure due to the closure of cracks and 
pores (Birch 1961). As discussed by McQueen et al. (1967), 
the extrapolation of longitudinal and shear velocities 
measured by Birch between 0.4 and 1.0GPa to ambient 
pressure yields a longitudinal velocity of 6.04 km s f 1  and a 
shear velocity of 3.47 km s-I. It is expected that these values 
will more closely reflect the intrinsic elastic properties of 
granite, whereas ultrasonic velocities measured at ambient 
pressure will be very sensitive to the porosity of the 
specimen ( c t  Table 4). The bulk sound speed, V,, from the 
extrapolated Westerly data is 4.5 km s-'. 

Table 4 summarizes the Us-Up relations for various 
granites. Their compositions are given in Table 1. Despite 
their chemical variations, the Us& relations for granites 
are all similar. C, ranges between 2.10 and 2.66 kms-' and 
S is between 1.49 and 1.63, when Up ranges from 1.8 to 
6kms-'. Above U p = 5  kms-', only a few data are 
available (biotite-chlorite granite and Soviet granite), and 
Trunin et al. (1988) obtained a linear relation for the Soviet 
granite (Table 4). 

Telegin et al. (1980) have demonstrated good agreement 
between the observed Hugoniot and the calculated 
Hugoniot based upon the oxide-mixture model. According 

Table 2. Equation of state and constitutive parameters used in the present study. 

Material 
Initial 

Density c, (W=d 
Wcm3) 

Granite(dry) 2.62 4.40 
Granite (wet) 2.62 4.40 
A mu 2.785 5.328 
Ta 16.656 3.43 
LiF 2.638 5.15 
Lexan 1.193 2.449 
Polystyrene 0.055 0.243 

foam 

References. 
1. Marsh (1980). 
2. McQueen et al. (1970). 
3. This study. 

S 

0.60 
0.60 
1.338 
1.19 
1.35 
1.498 
1.118 

0.24 3.6 
0.24 2.7 
0.34 0.3 

Ref. 

3 
3 
1 
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Table 3. Experimental results for granite. 
Hugoniot State Parual Releav State 

805 

803 

832 

827 

222 

24@ 

237' 

229 

236 

230 

220 

A1 1.21 
fo.01 

A1 I .43 
fo.01 

A1 

Ta 

A1 

A1 

A1 

A1 

A1 

Ta 

T. 

1.78 
fo.01 

2.2 I 
M.01 

2.465 
M.010 

4.54 
fo.005 

4.524 
M.003 

5225 
fo.003 

5.3 I 
fo.05 

5.379 
fo.003 

4.09 
M.04 

6.22 
fo.06 

a Release points not plotted in Fig. 8 for clarity. 

to this model, 

c, = a ,  + a lp ,  + 2 a , z i ,  
1 

S = b ,  + b,p ,  + b i z i ,  
1 

lnrbal 
Deorlly 
WCJ) 

2.630 
fo.002 

2.619 
m.002 

2.628 
m.002 

2.633 
M.001 

2.642 
fo.002 

2.624 
M.002 

2.622 
fo.001 

2.619 
fo.002 

2.638 
M.002 

2.620 
M.001 

2.638 
fo.002 

2.625 
M.002 

Shock Panicle 
vsloclly Vcl1wity 
W = c )  WWC) 

plastic 
4.64 0.69 
f0.2 fo.02 

VlSAR Experiments 

pl&SlJC 
4.88 0.78 

f0.2 M.02 

plasIic 
4.88 1.03 
f0.2 fo.01 

Streak Camera Experiments 

elwtic 
5.87 

M.14 
plastic 
5.38 
fo.10 

plastic 
5.73 

fo.05 

plraic 
6.64 

fo.10 

plrrtic 
6.61 
M.08 

plastic 
6.78 

M.14 

plastic 
6.92 
M.10 

plastic 
7.21 
fo.1 I 

plastic 
7.52 

fo.05 

plastic 
9.89 
M.03 

(la) 

(1b) 

where p, is the initial density, Zi is the weight percentage of 
component oxide i, and a,, a,, a,, b,, b ,  and bi are 
constants. The constants reported by Telegin et al. (1980) 
are used in the present calculations. The calculations are 
restricted to the high-pressure phase region. The results 
shown in Fig. 2 (dotted curve) (Us = 2.369 + 1.59Up km s - l )  
demonstrate a good approximation to the Hugoniot data in 
the high-pressure regime. 

We also apply a mineral-mixture model (Al'tshuler & 
Sharipdzhanov 1971) to obtain a theoretical Hugoniot for 

0.575 
0.045 

1.86 
m.09 

2.01 
M.01 

2.53 
M.03 

2.54 
fo.04 

2.96 
fo.10 

2.97 
33.04 

2.99 
fo.08 

3.23 
fo.03 

4.77 
fo.05 

Pressure 
(GPd 

8.5 
fO.5 

9.9 
i 0 . 6  

13.2 
f0.5 

8.9 
f1.6 

27. I 
f2.5 

30.4 
20.3 

44. I 
f0.7 

44. I 
f O .  I 

52.6 
f2.1 

54.1 
f0.9 

56.6 
f1.8 

64.0 
f0.7 

124.0 
f1.3 

Dcnsity 
wen?) 

3.09 
f0.04 

3.1 1 
fO.04 

3.333 
M.03 

2.919 
fo.102 

3.985 
f0.218 

4.066 
fo.024 

4.238 
m.063 

4.259 
M.050 

4.652 
M.097 

4.608 
M.096 

4.419 
fo.066 

4.621 
fo.045 

5.075 
m.052 

Shock 
vclwlly 
( W = c )  

lexao 
5.00 

M.12 
postshock - 

lcxao 
5.45 
M.06 

I t U n  
6.82 
f.23 

l c m  
7.28 
f.44 

lCXan 
10.22 

M.052 

Paruclz 
vcloclly 
W = )  

1.78 
M.08 

3.799 
M.166 

2.00 
M.04 

2.92 
f.17 

3.65 
f .34 

5.91 
39.10 

Pressure 
0'4 

10.2 
f0.7 

0 

13.0 
f0.4 

23.7 
f.2.2 

31.7 
f . 5 .  I 

72.0 
M.08 

the present weathered granite. In this model, 

V ( P )  = 2 W ) ~ , ,  
1 

Cknsily 
wen?) 

3 . 9 a  
M.046 

2.566 
M.046 

4.065 
M.118 

4.139 
f.094 

4.214 
f.117 

4.5 I2 
tO.127 

(2) 

where v. is the volume of constituent mineral i at pressure P 
and Mi is the mass fraction of mineral i. Using the 
Rankine-Hugoniot equations, Us and Up are computed from 
the resulting P-V relation. The granite is taken to be a 
mineral mixture consisting of the modal composition (Table 
1). The Hugoniots for plagioclase and K-feldspar have been 
recognized to be insensitive to composition, and the 
microcline Hugoniot (Ahrens et al. 1969b; Simakov et al. 
1974) was used in the present calculation. The quartz 
Hugoniot was taken from the data of Wackerle (1962) and 
Trunin et al. (1970). The muscovite Hugoniot, which has 
recently been determined (Sekine, Rubin & Ahrens 1991), 
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Granite 

Mmeral Mlxture 

-0nde Mixture 

Present Study 
0 Westerly \Us = 4 4  + 06up 

vs 

0 0  1 0  20 3 0  4 0  5 0  
Particle Velocity (km/s) 

me 2. Shock velocity (Us,  km s-’)  versus particle velocity 
up, km s-’) for granite. The solid line in the low-pressure phase 
rgs obtained from the VISAR experiments, as discussed in the text. 
he solid line in the high-pressure phase was obtained from a linear 
:gression to the data. Dashed lines represent the calculations for 
ie mineral mixture model with the modal composition, and the 
tted line represents the calculation for the oxide-mixture model 1 constituent oxides. These calculations do not suggest any 

gnificant difference between the present granite and the Westerly 
Mite in the high-pressure regime (McQueen ef al. 1967). 
PL = Hugoniot elastic limit. 

I I 

t 

Granite 

a Present Study 
o Westerly 
m *egle (1990) 

2.5 3.0 3.5 4.0 4.5 5.0 5.5 
Density (g/cm3) 

3. Pressure-density relation for Hugoniot states of granite. 
he solid curve corresponds to the Hugoniot equation of state 
own in Fig. 2. Solid symbols represent the Hugoniot states, and 
“S and dashed lines are the measured partial release states 
able 3). For the present study, dashed lines serve only to connect 
e data and are not intended to display the actual release path. 

was also employed to obtain the calculation of the 
weathered granite Hugoniot. The resulting Us- Up relation is 
shown in Fig. 2 (dashed line). It approximates the 
experimental data in the high-pressure regime (Up 2 
2.0 kms-’), but not in the low-pressure regime (Up< 
2 km s-I). 

In Fig. 3, pressure-density relations are plotted for the 
present granite and Westerly granite. The pressure-density 
relation may essentially be divided into three parts: 
low-pressure regime, mixed-phase regime and high-pressure 
regime. The separation between the low-pressure and 
mixed-phase regimes is not complete, as it is in the 
pressure-density Hugoniot for quartz (Swegle 1990). 
Mixed-phase states are achieved from HEL states. 

The goal of the VISAR experiments was to determine 
both the effect of water saturation on the HEL and the 
shock structure in the two-wave regime (Ahrens 1987). 
Impact conditions are listed in Table 3, and the 
experimental geometry is shown in Fig. 1. Particle velocity 
profiles for the Al-LiF interface are shown in Fig. 4. In all 
experiments, two-wave structure is visible, but is sig- 
nificantly more dispersive in the case of the wet experiment. 
Furthermore, the amplitude of the elastic precursor is lower 
for the wet experiment. 

Shock velocities from the VISAR experiments (Table 3) 
were obtained from the time separation between the toe of 
the elastic precursor and the midpoint of the plastic shock 
front. The elastic precursor velocity was assumed to be 
6.04 km s-’, as inferred from high-pressure ultrasonic data 
(Birch 1961; McQueen er al. 1967). This is in reasonable 
agreement with the result of the inclined-mirror experiment 
(shot no. 832), which yielded a precursor velocity of 
5.87 f 0.14 kms-’. No correction for wave interaction 
effects was made in calculating the shock velocities. Particle 
velocities were determined from the measured interface 
velocity by using the known equations of state of A1 and LiF 
(Table 2), the measured interface particle velocity, and the 
impedance matching conditions (Ahren 1987). For shot no. 
803, a slight optical misalignment resulted in non-normal 
incidence of the laser beam, in which case the measured 
velocity is a lower limit to the actual particle velocity. For 
this experiment, the particle velocity was obtained using the 
measured flyer-plate velocity, 

The Lagrangian finite-difference wave code WONDY IV 
(Kipp & Lawrence 1982) was used to model the compressive 
waveforms shown in Fig. 4. This program solves equations 
for conservation of mass, momentum and energy, together 
with a constitutive relation. For an elastic-plastic solid, the 
constitutive relation was specified by supplying the Hugo- 
niot equation of state constants, the Griineisen parameter 
and its volume dependence, Poisson’s ratio, and the yield 
strength (Table 2). Poisson’s ratio, v, was taken to be 0.24, 
which is consistent with ultrasonic data (v  = 0.25-0.26; Birch 
1961). The Griineisen parameter, y, was assumed to be 1, 
and the product py was assumed to be constant. The 
intercept of the Hugoniot was fixed at 4.4 km s-l (close to 
the extrapolated ultrasonic value of 4.5 km s-l) and the 
slope of the Us-Up relationship (s) and the yield strength, 
Yo, were varied to give the best fit to the wave profiles. The 
results for dry and water-saturated granite are shown in Fig. 
4 and Table 3. In order to simulate the dispersive nature of 
the plastic waves, strain-rate-dependent stress relaxation was 
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Table 4. A comparison of equations of state for granites. 

co 
No. W S )  S 

1 4.40 0.60 
2.66 1.49 

2 2.52 1.50 
3 2.10 1.63 

2.59 1.51 
4 2.22 1.63 
5 2.435 1.525 

3.75 1.28 

Initial 
Density 
~ m 3 )  
2.630 

2.61 
2.62 
2.62 
2.68 
2.60 
2.60 

U Range "P VS 
PMS) W s )  (km/s) 
0-2.1 5.36f0.10 3.3f0.2 

1.8-4.8 
2-4 5.64 3.53 

2.1-4 5.33 3.28 
1.8-4 
3-6 

2.16-5.10 
5.10-8.9 

Notes. Granites nos. 1 to 4 correspond to the number in Table 1. Granite No. 5 is from 
Trunin et a/. (1988). 

included in the model. In this case, the deviatoric stresses 
are obtained from a relation of the form 

-=2G($-g),  dud 
at 

where ud is the deviatoric stress, G is the shear modulus, E is 
the strain, I is the time, and g is a relaxation function. The 
relaxation function, g, is simply given by 

g =- 

where u," is the equilibrium stress deviator, and t ,  is the 
material relaxation time. The predicted waveforms are in 
very good agreement with the experimental data (Fig. 4). 

u d  - u: 

Gt, 

The main differences between the model and data are in the 
elastic portion, where the data is significantly more 
dispersive than the model prediction. 

There are significant differences in the compressive 
behaviour of dry and water-saturated granite. The dry 
experiments were fitted using a yield stress of 3.6 GPa and a 
relaxation time of 20 ns. The wet experiment, however, 
required a lower yield stress (2.7GPa) and a longer 
relaxation time (35 ns). The lower compressive strength of 
the wet sample could be due to the presence of water along 
cracks, reducing the effective normal stress and therefore 
the frictional strength of the flaws, thus promoting brittle 
failure. Furthermore, the longer relaxation time of the 
water-saturated sample may reflect an increase in viscosity 
due to the presence of fluid. Swegle (1989) reported a yield 

1.0 I 

h c, 0.6 

0 
0 
Q, > 

.* 
4 

* 0.4 
0 la 
k 
(u 

+I 

0.2 F1 
c.( 

0.0 
1 .o 1.2 1.4 1.6 1 .B 2.0 

Time (,us) 

Figure 4. Interface compressive wave profiles in dry and water-saturated granite. Solid curves are experimental data and dashed curves are 
WONDY simulations. Shot 803 was scaled by a factor of 1.12 to account for optical misalignment of the VISAR. The times are arbitrary. 
Granite was modelled as a Maxwellian elastic-stress-relaxing solid. Initial response is assumed to be elastic, although measured profiles show 
significant dispersion. The water-saturated sample is characterized by a longer relaxation time constant and lower yield stress. 



stress of 3.1 GPa from wave profile measurements on dry 
granite. 

The same precursor velocity was used in the models for 
both dry and wet granite, indicating that elastic velocity IS 

not significantly affected by water saturation at these 
pressures. The value of Vp of granite increases under 
H,O-saturated conditions (Nur & Simmons 1969). It would 
*em that the presence of water in granite has a critical 
influence only in the relatively low-pressure regime 
(psO.1 GPa). It appears that the small amount of water 
fiat can be injected in the granite’s pores has little effect on 
wave velocity in the range of the present experiments. This 
is consistent with other studies on wet, low-porosity rocks. 

me precursor velocity used to fit the VISAR experiments 
is consistent with ultrasonic data and the inclined-mirror 

periment. The equation of state used to fit the wave 
profiles is shown as the solid line in Fig. 2, and it agrees with 
the determinations from the elastic-plastic wave separa- 
tions. The low-pressure-phase data lie slightly below the 
Westerly granite data of McQueen et al. (19b7) and this may 
reflect compositional differences. For all experiments, 

oading begins well before the time predicted by the 
vecode models. This is due to the arrival of edge effects 
or to unloading from the rear of the flyer. 

e measured release states of the present granite are 
n in Fig. 3, together with the data of Swegle (1990). 

e release of shocked granite from about 26-30GPa 
pressures was found to occur along pressure- 

aths characteristic of the high-pressure phase(s). At 
essures, the final unloading states were generally 
he low-pressure-phase initial density. Swegle (1989) 
Ned that the unloading data of granite from 

demonstrated initial unloading characteristic of the 
essure phase. Swegle’s (1990) data indicate that the 

transition is not initiated immediately upon 
This behaviour can be seen at least up to the 

ot pressure of 54GPa for granite (Swegle 1990). 
the release path observed from one datum at the 
pressure of 124GPa indicates a shallower slope 
Hugoniot. Swegle (1989) provides a similar 

llllloading profile for granite at 92 GPa. 
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where 

ISCUSSION 

%he shock-wave data are used to obtain equation of state 
s KO, (the zero-pressure adiabatic bulk modulus) 

(its first pressure derivative) from the third-order 
finite-strain (Birch-Murnaghan) equation of state 
te. We use the approach of Ahrens & Jeanloz 
d Heinz & Jeanloz (1984) to analyse the Hugoniot 

data. 
The Eulerian strain f is expressed as 

1 v, 2/3 f=&) - l j ,  (3) 

where V and V, are the Hugoniot and ambient volumes of 
:he sample, respectively. The normalized pressure FLs is 
$ven by 

?is = F H S  + A& = Ko5(1 - 25,f;H + . . .>, (4) 

1 - y / [ (  1 + 2f)”* - 1]/2 
FHs = 3f( 1 + 2f)”’[1 + (2 - 1.Sy)fJ ‘‘W 

PoYE,, AF,, = 
3f[l + (2 - 1.Sy)fJ ’ 

(7) 

and 

where PH is the Hugoniot pressure. 
The parameters FFrs, hH, and A&, are obtained from the 

experimental data, and the parameters K,, and KA, are 
obtained from a linear fit to eq. (4). y is calculated according 
to the following equations: 

and 

(9) 

where a is the volume coefficient of thermal expansion, C, 
is the specific heat at constant pressure, and 4 is a free 
parameter. Errors in FLs  and hH are estimated by standard 
error propagation techniques using the expressions in 
Ahrens & Jeanloz (1987). 

Low-pressure regime 

For granite in the low-pressure regime ( P  < 20 GPa), 
E,, = 0, po = 2.63 g ~ m - ~ ,  yo = 1.0 f 0.5, and 4 = 1.0 f 1.0 
were used in the present computation. These vaiues cover 
reasonable ranges for yo and q,  and the resulting K,,, and 
K &  are not strongly sensitive to the values of yo and 4 
used. An unweighted linear least-squares fit to the 
experimental data of McQueen et al. (1967) below a shock 
pressure of 20 GPa yields KO, = 57 GPa and K:,, = 1.8. A 
zero-order fit ( K b s = 4 )  of the experimental data yields 
K,, = 40 GPa. Ultrasonic determinations of K,,, give 
37GPa, which is close to the value of K,,, of quartz, while 
the extrapolated value from the data of Birch (1961) IS 

53GPa. The Hugoniot fit to the VISAR data yields 
KO, = 51 GPa and Kb, = 1.4. 

The bulk moduli for end-member feldspars range between 
67 and 106GPa (Angel et a1 1988). The value of 
KO, = 51-57 GPa for granite is consistent with a mixture of 
quartz and feldspars. However, some of the deformational 
Hugoniot points below 20 GPa may be mixed-phase states. 
The equations of state are summarized in Table 5. 

High-pressure regime 

Equation of state parameters are calculated for granite in 
the high-pressure regime (P > 39 GPa) in the same manner 
as for the low-pressure regime. The values of yo and q are 
not well constrained, however. E,,  is estimated to be 
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Table 5. Summary of equation of state parameters of granite (Gra), quartz (Qz), and Feldspar (Fld) for the 
low-pressure regime (LP) and high-pressure regime (HP). 

Gra Qz 2) Fld 3) 

LP HP 

p0(g/cm3) 2.63 4.02 1) 2.65 4.19 2.65 4.29 2.65 4.281 2.65 3.15 

LP HP LP HP LP HP LP HP 

KQ,(GPa) 51-51 251 31.1 350 31.1 306 31.1 350 80 200 

K'OS 1.4-1.8 4.0 6.4 3.3 7.0 5.4 6.4 3.3 4.0 2.3 

_--- 0.5 Etr (kJ@ 0.8 0.82 --_- 
Ref. 1 2 3 2 4 5 

Notes. ' Obtained as a mixture of 50 per cent stishovite and 50 per cent high-presure feldspar with the 
hollandite structure. 
' Quartz transforms to stishovite. 
' Feldspar transforms to the hollandite form. 
References I-present study, 2-Swegle (1990), 3-Lyzenga er al. (1983) and Tan & Ahrens (1990), 4-Angel ei 
a/. (1988), and 5-Sekine & Ahrens (1992). 

0.8 f 0.5 kJ g-' based on the transition energies of quartz to 
stishovite, and of feldspars to the hollandite structures. 
Although the transition energy varies with feldspar 
composition, the stated error range for E,,  covers the whole 
range of variation of feldspar composition. The zero- 
pressure density of the granite in the high-pressure regime is 
calculated to be 4.02 g c K 3  from stishovite and hollandite 
densities. The hollandite density varies also with the initial 
feldspar composition, and was approximated by the modal 
composition. We assumed that yo = 1.0&0.5 and q = 
1.0 f 1.0. A weighted least-squares fit to the data yields 
KO, = 325 f 50 GPa and Kb, = 1.3 f 1.9. If the pressure 
derivative of the bulk modulus is assumed to be 4, a bulk 
modulus of 251 f 30 GPa is obtained. Fits to the data in the 
FHS-f3H plane are shown in Fig. 5. The data of shot numbers 

222 and 240 were excluded from the analysis because of 
errors in FHs that were 2 times greater than the remaining 
data. The high-pressure-phase parameters for granite are 
comparable to those obtained for quartz (Table 5) ,  although 
there are differences in the assumed Griineisen parameter 
and its volume dependence for the two materials. Swegle 
(1990) gave the same bulk modulus and pressure derivative 
for quartz and granite in both the low-pressure and 
high-pressure regimes. They are compared in Table 5. 
Recent analyses of Hugoniot data for various feldspars 
provide ranges of KO, and KL, as well as the zero-pressure 
densities, based on shocked feldspars possessing the 
hollandite structure (Sekine & Ahrens 1992). The equation 
of state parameters for granite are between those of quartz 
and feldspars for both the low- and high-pressure regimes. 

Granite 
High-pressure Phase 

I I I I I 
0.00 0.02 0.04 0.06 0.08 0.10 

f3H 
Figure 5. Shock-wave data for the high-pressure phases of granite displayed in terms of normalized pressure versus normalized strain. The 
symbols represent the data of this study and Marsh (1980) for P>39GPa,  with the exception of shot no. 222. The error bars reflect 
uncertainties in the density of the high-pressure phase, the Griineisen parameter and its volume dependence, and the transition energy, but not 
the uncertainty of the individual pressure-density points. The parameters of two possible fits to the data are indicated. 
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that a material with a specific volume of about 0.270 cm3 g-l 
is produced during the unloading process, and may then 
revert to a diaplectic glass on further pressure release to 
ambient pressure and temperature, as observed in the 
shock-recovery experiments on quartz. This apparent 
density, in fact, may be due to the formation of a diaplectic 
glass with six-fold coordinated silicon with oxygen. We set 
the post-shock quartz specific volume to be 0.44 cm' g-', a 
density proposed by Stoffler & Hornemann (1972). 
Chhabildas & Miller (1985) suggest that material of this 
density might represent a high-density quartz liquid 
produced above the melting point during unloading. 

Figure 7 displays calculations of release adiabats in the 
mixed-phase regime, based on the mixing of Hugoniots for 
the quartz reigme and the stishovite regime, for a range of 
pressures. In this model, the mass fraction of stishovite is 
frozen in the mixed phase during the release state until the 
pressure drops down to a critical a value represented by the 
relation P (GPa) = 32.2-85.5 V (cm'g-I) shown in Fig. 7. 
The reverse transformation is likely to be thermally 
controlled. Huffman et al. (1993) have recently discussed 
kinetic effects in the shock response of quartz. The above 
equation is chosen to match both the release isentrope data 
and the post-shock densities measured by Stoffler & 
Hornemann (1972). Further release causes the formation of 

Release states 

m e  Hugoniots and equation of state parameters for quartz, 
:Idspars and granite are quite similar, as summarized in 
'able 5. The release adiabat states measured for shocked 
uartz (Podurets et al. 1976; Chhabildas & Miller 1985), 
eldspars (Ahrens et al. 1969b; Grady & Murri 1976) and 
ranite (Swegle 1989, 1990) also show similar release paths, 
epending mainly upon the initial shock state. These release 
diabats have been measured by independent methods: the 
npedance mismatch buffer method (Ahrens et al. 1969; 
'odurets et al. 1976), the manganin transducer record 
Grady & Murri 1976) and the velocity interferometer 
VISAR) method (Chhabildas & Miller 1985; Swegle 1989). 
Because quartz has been studied widely under dynamic 

anditions and shows similar behaviour to granite, we begin 
)ur analysis with a detailed examination of the release 
lehaviour of quartz. Fig. 6 shows the release adiabats 
measured for quartz. The release adiabats from shocked 
luartz in the mixed-phase regime are approximated by 
inloading paths in which the quantity of low- and 
dgh-pressure phase in the mixture is frozen at pressures 
lown to about 8GPa (Grady et al. 1974; Swegle 1989). At 
his point, the volumes expand to the initial volume with 
urther decreasing pressure. 

The release adiabats from the stishovite regime, however, 
eem to occur along paths leading to less dense 
ero-pressure material than the zero-pressure density of the 
ugh-pressure form (stishovite), especially when the release 
ressure reaches within the mixed-phase regime. It appears 
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0.18 0.23 0.28 0.33 0.38 0.43 0.48 
Specific Volume (cms/g) 

%We 6. Pressure-volume relations for quartz release paths. Data 
r0m Podurets et al. (1976), Chhabildas & Miller (1985) and Swegle 
1%). St: stishovite; MP mixed phase; Qtz: quartz; FQ: fused 
IWrtZ. 
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Figure 7. Pressure-volume relations for quartz release paths. 
Dotted and broken curves illustrate experimental data, and solid 
curves illustrate Hugoniot curves and calculated release paths. Solid 
curves are computed based on mixed Hugoniots of quartz and 
stishovite regimes, with mass fractions at 0.1 intervals for stishovite. 
Below critical pressures (Table 6), the release paths are modelled 
by straight lines. The zero-pressure volume of post-shock quartz 
shocked above some 50 GPa was taken to be 0.44 cm3 g-'. 
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Table 6. Summary of equation of state parameters of model release adiabats for quartz. 

1.0 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 .o 

20.5 
23.5 
26 
28.5 
31 
33.5 
35 
37 
40 

.288 

.277 

.266 

.258 

.248 

.238 

.23 1 

.223 

.215 

912 
1175 
1443 
1696 
2ooo 
2328 
2555 
2849 
3240 

792 
1017 
1232 
1502 
1768 
1982 
2265 
2583 
2995 

2.65 
2.75 
2.87 
2.99 
3.13 
3.28 
3.44 
3.62 
3.82 
4.05 
4.29 

881) 
37 
42 
47 
47 
59 
72 
93 

112 
213 

3161) 

6.4') 
7.9 
8.3 
8.1 

10.7 
10.1 
9.3 
8.7 
9.9 
4.3 
4.0. 

- 
3.1 
5 .O 
6.0 
7.4 
8.4 
9.0 

10.5 
11.4 
12.0 
12' 

_ _  
2.61 
2.56 
2.53 
2.49 
2.44 
2.41 
2.38 
2.34 
2.30 
2.27* 

_ _  
616 
721 
844 
928 

1086 
1232 
1373 
1509 
1687 

-- 
614 
753 
874 

1022 
1148 
1301 
1373 
1502 
1673 

* Assumed values. 
' Sumino & Anderson (1984). 

diaplectic glass and the final volume of post-shock quartz is 
given by the relation V (cm' g-') = 0.063M + 0.377 at 
ambient conditions, where M is the mass fraction of 
stishovite at the Hugoniot state, as listed in Table 6. This 
model calculation is compared with the experimental data 
(Podurets et a/. 1976; Chhabildas & Miller 1985; Swegle 
1990). The calculated unloading curves in the mixed-phase 
region were used to obtain Birch-Murnaghan parameters 
for the release curves (Table 6). The zero-pressure densities 
were taken from the relative mass fraction of quartz 
fpo  = 2.65 g cm-') and stishovite (p,, = 4.29 g cm-'). The 
bulk modulus increases with increasing stishovite fraction, 
whereas the pressure derivative of the bulk modulus ranges 
from 8 to 10. Ultrasonic values for quartz and stishovite are 
also listed in Table 6. Unloading from higher pressures in 
the stishovite regime leads to a lower apparent density of 
the high-pressure phase, as discussed above. This is 
consistent with initial transformation to stishovite followed 
by formation of glass at higher stresses (Kleeman & Ahrens 
1973). For release paths from the stishovite Hugoniot 
regime at 71 and 108GPa, the zero-pressure density of 
3.7 gcm-', yo = 1.0 and q = 1.0 were taken to obtain the 
equation of state parameters. The fit yields Ko,=65- 
69 GPa and K& = 6-9. 

As seen in Fig. 3, the release path of granite from 30 GPa 
also appears to behave in a similar manner to that proposed 
for quartz. Fig. 8 compares the calculated release paths of 
granite in the mixed-phase regime with the experimental 
data. The calculations are based on the mixing of the two 
Hugoniots for the low-pressure (p , ,  = 2.63 g cm-') and 
high-pressure (po = 4.03 g cm-') regimes and the frozen 
mass fraction of the Hugoniot state, down to a critical 
pressure. Below the critical pressure, given by P(GPa) = 
29.1-77.2 V (cm-' g-'), the release paths are represented by 
straight lines on which the formation of diaplectic glasses 
proceeds. 

By applying the finite-strain formalism to parts of the 
release adiabats as above, we obtain K ,  and KL, for 
granite. The results are lisfed in Table 7, together with the 
zero-pressure density of granite, the critical pressure and 
final density for the release paths, and the zero-pressure 
density of post-shock granite. We assumed the same density 
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Figure 8. Comparison of pressure-volume relations for measured 
granite release paths with the model calculations. HP: high pressure; 
L P  low pressure; MP: mixed phase; DG: diaplectic glass. 

of 2.27 g cm-3 as in quartz for the proposed diaplectic glass 
of granite (Stoffler & Hornemann 1972). The unloading 
paths below the critical pressure are associated with 
relatively large volume changes (Fig. 8). The critical 
pressure (and density) may vary with the pressure of the 
Hugoniot state (Chhabildas & Miller 1985). KO, and Kb, 
along the release paths for granite are similar to quartz 
values. At higher pressure, the unloading behaviour is 
distinctly different and proceeds to a final density of 
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Table 7. Summary of equation of state parameters of model release adiabats for granite. 

M W  Hugooiot State Birch-Mumaghan relations for 
frozen release isentmpe kislion 

Lp H P  hi(GPa) VH(UII~/~)  EH(J@) T H W  p,(g/m3) L ( G P a )  K O ,  

1 .o 0.0 2.63 
0.9 0.1 14.5 ,302 566 615 2.72 31 10.3 
0.8 0.2 17 ,290 765 763 2.83 44 7.3 
0.1 0.3 20 ,279 I012 955 2.93 45 8.1 
0.6 0.4 22.5 .269 1249 I152 3.05 55 1.1 
0.5 0.5 24.5 .260 1470 1326 3.18 58 9.5 
0.4 0.6 26.5 ,253 1683 1545 3.32 73 9.4 
0.3 0.7 30 .245 2022 1886 3.47 90 9.8 
0.2 0.8 35 ,231 2501 2411 3.64 133 8.1 
0.1 0.9 40 ,230 3004 2943 3.82 189 8.0 
0 1 .o 4.02. 

* Assumed values. 

3.7 g cmP3. The Birch-Murnaghan parameters are also very 
different. By fitting to the unloading path from 54GPa 
(Swegle 1989), we obtain KO,  = 205 GPa and KA, = 0.56. 

According to Swegle (1989), the unloading processes of 
granite differ from those of quartz. In crystalline quartz, the 
reverse transformation is well described by the equilibrium 
reverse transition and by frozen phases until the equilibrium 
phase boundary is reached, and then the material reverts to 
the initial phase. This behaviour is also the case for 
fine-grained polycrystalline quartz (Grady et al. 1974). In the 
unloading paths of granite, no part is described by the 
equilibrium reverse transition, although they are charac- 
terized by frozen high- and low-pressure phases. The 
unloading paths of feldspars (Ahrens et al. 1969; Grady & 
Murri 1976) illustrate a different behaviour from that of 
quartz, showing a deviation from the frozen high- and 
low-pressure-phase mixtures towards low density, well 
above the expected equilibrium boundary for the high- 
pressure phase (hollandite). 

The conditions for formation of diaplectic glasses appear 
to be restricted to only part of the high-pressure phase 
present in the Hugoniot state, which reverts to a disordered 
diaplectic glass via solid-solid transition. Shock-melted 
glasses have been also recognized (e.g. Stoffler & 
Hornemann 1972). The formation of shock-melted glasses, 
characterized by closer relation of the physical properties to 
normal glasses quenched from melt, requires much higher 
shock pressures and consequently higher shock tempera- 
tures. The release adiabat for the shock-melt state must be 
quite different from the release adiabats discussed here. 
There appears to be no significant change in the unloading 
behaviour for quartz release paths observed up to the 
Hugoniot pressure of 108 GPa (Chhabildas & Miller 1985). 
This is consistent with the shock-temperature measurements 
of quartz that are required to support the presence of 
crystalline stishovite without melting up to a pressure of 
about 110GPa (Lyzenga et al. 1983), although the shock 
equation of state for quartz at much higher pressures reveals 
some phase transformation (Trunin et al. 1970). 

For anorthite glass, the adiabatic releases from Hugoniot 
pressures of up to 40 GPa are consistent with the frozen 
high- and low-pressure-phase mixture (Boslough, Ahrens & 
Mitchell 1986). The releases from shock pressures much 
higher than 90 GPa, however, showed a significant change 
of the release adiabat slope. It seems to be due to melting 

2.4 2.59 
3.5 2.55 
5.0 2.51 
5.6 2.48 
6.6 2.44 
1.4 2.40 
8.1 2.37 
8.8 2.34 
10.0 2.30 
10. 2.27* 

395 492 
497 587 
622 691 
125 81 I 
845 896 
937 1003 
1063 1186 
1206 1465 
1400 1713 

according to a proposed phase diagram for anorthite 
(Schmitt & Ahrens 1983). For the other feldspars, no 
significant change of the adiabatic release behaviour was 
observed, at least up to the Hugoniot pressure of 46GPa 
(Ahrens et al. 1969b; Grady & Murri 1976). The results of 
investigations of post-shock samples reveal slightly lower 
pressure values for formation of shock-fused glasses, i.e. 
about 43GPa for feldspars and 50 or 40GPa for quartz 
(Stoffler & Hornemann 1972; Tattevin et al. 1990). 

P-V-E relations for quartz and granite 

The pressure-volume unloading paths depicted in Figs 6-8 
provide additional information regarding energies, and 
hence temperatures, achieved during the shock and 
subsequent release process. This offers a means to test 
further the inferred release paths by comparing shock and 
post-shock temperatures with available data and theoretical 
expectations. The specific energy due to compression is 
obtained from conservation of energy across the shock front: 

E, PH(Vo - V)/2. 

The Hugoniot energies for quartz and granite are listed in 
Tables 6 and 7 for points in the mixed-phase region 
corresponding to increasing fractions of frozen high-pressure 
material. Integration of the P-V release paths in Figs 7 and 
8 yields the total energy under the release isentrope, E,. 
These are also listed in Tables 6 and 7 for quartz and 
granite, respectively. Residual (post-shock) temperatures 
were calculated from 

where c, is the average specific heat at constant volume 
over the temperature interval ?-To. 

The resulting post-shock temperatures for quartz and 
granite are contained in Tables 6 and 7 and Fig. 9. For 
quartz, the maximum temperature achieved is 1673 K, which 
is less than the 1 atm melting temperature of SiOz (1996 K). 
The maximum temperature achieved in granite is similar 
(1713K at 40GPa). We therefore infer that at pressures 
between 15 and 40 GPa both quartz and granite remain solid 
upon isentropic unloading. As discussed above, Chhabildas 
& Miller (1985) infer that release from pressures above 
50 GPa results in a high-density quartz liquid. The transition 



258 T. Sekine et al. 

n x 
W 

al 
k 3 4000 
(d 
k 
9) a 
al 
b 
E 

2 
0 2000 

300 
0 

1 Post Shock Temperatures I 
I stishovite 

/ 
This study 

- Wackerle, 1962 
A Raikes and Ahrens, 1979 

Chhabildas and Miller, 1985- 
o Boslough, 1988 

_ _  / 

--- 
0 20 40 60 80 100 

Shock Pressure (GPa) 
Figure 9. Post-shock temperatures for quartz and granite plotted as a function of peak shock pressure. The heavy solid line represents 
preferred values for post-shock temperatures in quartz between 0 and 100 GPa. Post-shock temperatures calculated for granite in the 
mixed-phase region are shown as the solid line. Also shown are experimental determinations for SO, in both the quartz and stishovite stability 
fields. The data sets of Raikes & Ahrens (1979) and Boslough (1988) are from measurements of post-shock radiation. The data of Chhabildas 
& Miller (1985) represent calculated values determined from measured wave profiles and the Mie-Gruneisen equation. The dashed line is the 
calculation of Wackerle for Si02. 

energy associated with the transformation of the high- 
pressure component to diaplectic glass can be estimated 
using the quartz-to-fused-quartz transition energy 
(123 J g- ‘) for the transforming high-pressure-phase frac- 
tion. The effect of including this term is to produce a slight 
change in the calculated post-shock (and shock) 
temperature. 

Also shown in Fig. 9 are experimentally determined 
post-shock temperatures for quartz (Raikes & Ahrens 1979) 
and stishovite (Chhabildas & Miller 1985; Boslough 1988). 
The present results are in good agreement with the highest 
pressure quartz data, but are -500K colder than the 
stishovite data extrapolated to the top of the mixed-phase 
region (-40GPa). The results of Chhabildas & Miller 
(1985), and possibly also of Boslough (1988), do not 
represent complete unloading and may therefore overestim- 
ate the residual temperature. The calculation of Wackerle 
(1962) based on the Mie-Griineisen Equation predicts lower 
temperatures in the mixed-phase region and a P-T  slope in 
the stishovite field that is much steeper than that suggested 
by the experiments. 

The temperature decrease along the isentropic path from 
the shock state to complete unloading can be used to infer 
the Hugoniot temperature. Using the definition of the 
Gruneisen parameter, together with the assumption that 
y / V  is constant, results in the following: 

where the subscript ‘H’ refers to Hugoniot conditions, 0 to 

the initial state, and ‘r’ to the post-shock state. Hugoniot 
temperatures calculated in this manner are displayed in 
Tables 6 and 7 and Figs 10 and 11. The incorporation of the 
quartz-fused-quartz phase transition energy has only a small 
effect (Fig. 10). Temperatures in the mixed-phase region are 
found to increase much more rapidly with pressure than 
those in either the low-pressure phase or high-pressure 
phase. This is due to large increases in energy caused by the 
large volume change associated with the transformation. It is 
interesting to note that the calculated temperature for SiO, 
at the top of the mixed-phase region is very similar to the 
extrapolated value for stishovite at that pressure based on 
the measurements of Lyzenga et al. (1983). This contrasts 
with the calculation of Wackerle (1962), who used a 
different approach for calculating the temperatures and 
predicted a very shallow P-T slope in the mixed-phase 
region, but a much steeper slope than is observed in the 
stishovite region. Fig. 11 demonstrates that shock tempera- 
tures for quartz and granite are very similar in the 
mixed-phase region. The calculated temperature for granite 
at the top of the mixed-phase region is -700 K higher than 
that calculated for the high-pressure phase at nearly the 
same pressure. This difference may reflect uncertainties in 
the properties of the high-pressure phase. Temperatures for 
the high-pressure phase were obtained using the approach of 
McQueen et al. (1970) and the classical limit of 3R (R = gas 
constant) for the specific heat. These results demonstrate 
that the present models for both quartz and granite are 
generally consistent from an energetic viewpoint, and 
produce temperatures in reasonable accord with expected 
behaviour. 
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in the low-pressure, mixed-phase, and high-pressure regimes of SiO,. The steep P-T slope calculated for the mixed-phase region in this study 
contrasts with the shallow slope calculated by Wackerle (1962). The data of Lyzenga ef al. (1983) were obtained from pyrometer 
measurements. The present results agree well with the extrapolated trends from this data set. 
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CONCLUSIONS 

New equation of state data for granite have been obtained 
and combined with the Westerly granite data of McQueen et 
al. (1967). The shock equation of state can be described by 
two linear relations, U, = 4.40 + @.6Ui, (km s-‘)  for a range 
of U p  up to 2 km s- ’ ,  and U, = 2.66 + 1.49UP for a range of 
Up from 2 to 5 km s-’. These shock equations of state are 
comparable with other data previously determined for 
various granites. The third-order Birch-Murnaghan equa- 
tion of state parameters are KO,=51-57GPa and 
K:’s = 1.4-1.8 for the low-pressure regime (p,, = 
2.63 g cmp3), and K,, = 251 f 30 GPa for an assumed 
K:,s = 4 for the high-pressure regime (po = 4.02 g cm-’)). 
These parameters are comparable to those of quartz and 
feldspar in the low-pressure regime, and those of stishovite 
and the hollandite form in the high-pressure regime. 

The compressive wave structure of dry and water- 
saturated granite at 10-15GPa can be described by a 
rate-dependent stress relaxation material model. There are 
significant differences in the loading wave structures of dry 
and water-saturated granite. The effect of water saturation is 
to decrease the yield strength by -25 per cent and to 
increase the material relaxation time by -75 per cent. 

For the release adiabats from the mixed-phase regime, the 
mixed Hugoniot model is applied and compared with 
experimental data. In this model, the release adiabats are: 
calculated for the high-pressure-phase and low-pressure- 
phase mixture, with the same mass fraction as at the 
Hugoniot state, to critical pressures given by P(GPa) = 
29.1-77.2 V (cmp3 g-I). Further releases below the critical 
pressures are associated with large volume changes related 
to the formation of diaplectic glasses as quenched 
modifications of the high-pressure fractions. 

Based on the measurements of partially released states of 
granite, as well as quartz shocked in the high-pressure 
regime ( P  > 50 GPa), it is proposed that the high-pressure 
form relaxes isentropically to a metastable, intermediate 
phase characterized by dense, highly disordered material. 
This material is subsequently quenched to diaplectic glass. 
The process of diaplectic glass formation differs from that of 
shock-fused glass, which can result only from a much higher 
Hugoniot pressure. The release adiabat associated with the 
shock-fused glass formation must be distinguished from the 
release adiabat discussed in the present study. The inferred 
release curves from the mixed region for quartz yield 
Hugoniot temperatures that are considerably higher than 
those of Wackerle (1962), but are consistent with the data of 
Lyzenga et al. (1983). Moreover, the post-shock tempera- 
tures predicted agree closely with the data of Raikes & 
Ahrens (1979) at low pressures and the data of Chhabildas 
& Miller (1985) and Boslough (1988) at higher pressures. 
These agreements lend further support to the release model 
developed here. 
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