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Abstract. Temperatures in the high pressure shock state have been 
determined by measurement of optical radiation from pure samples of 
forsteritc (Mg2 SiOn), a-quartz, and fused silica. Shock waves of known 
amplitude were produced by tantalum flyer impact using a two-stage light 
gas gun. Shock pressures in the ranges 150-175 GPa and 70-115 GPa for 
Mg: SiOn and SiO2 respectively were achieved, and temperatures in the 
range 4500-6800 K were measured. The observed temperatures in 
Mg: SiOn are consistent with the occurrence of a shock-induced phase 
transition with a transition energy of • 1.5 MJ/kg, Measured Hugoniot 
temperatures versus pressure in both fused and crystalline SiO: shocked 
to the stishovite regime suggest the occurrence of a previously unknown 
transition, beginning at pressures of approximately 107 GPa and 70 GPa 
for a-quartz and fused quartz, respectively. The energies and tempera- 
tures appear to be consistent with the onset of melting of stishovite under 
shock loading. 

Introduction 

Compression of minerals by strong shock waves has been an important 
technique for the determination of equations of state of candidate earth 
materials. The major problem in the application of the resulting data has 
been in the evaluation of the thermal pressure component in the shock 
wave equation of state, and in uncertainty about the degree of 
thermodynamic equilibrium behind the shock front, particularly where 
shock-induced phase transitions are involved. 

We have developed a high speed optical pyrometry technique to yield 
shock temperature measurements, and have applied it to light gas gun 
driven shock experiments [Lyzenga and Ahrens, 1979]. The two-stage 
gun operated by Lawrence Livermore Laboratory was used in this series 
of experiments, and LLL provided technical assistance in carrying out the 
experiments. The concepts employed are an outgrowth of the pioneering 
experiments carried out by Kormer et at [ 1965] on alkali halides. The 
resulting data provide important constraints on the thermal contribution 
to equations of state in minerals, as well as yielding critical data bearing 
on the question of the existence and energetics of shock-induced phase 
changes. The present pyrometry method requires optically uniform and 
transparent (between 450 and 800 nm) samples, so that thermal radiation 
from the portion of the sample in a shock compressed state may pass 
through the unshocked sample to the detectors. The radiated energy is 
measured as a function of time in six narrow (• 9 nm) wavelength 
intervals across the visible spectrum, and recorded during the 200-400 
nsec (2-4 X 10 '7 sac) duration of shock propagation through the sample. 
Calibration of the pyrometer allows the observed levels to be converted 
to spectral radiance values (power radiated/solid angle/sample area/ 
spectral bandwidth). The observed spectral radiance versus time signals 
display a thermal equilibrium radiation spectrum, with an effective 
emissivity near unity. It is therefore believed that the temperatures 

Table 1. Mg2 SiOn Shock Temperatures 
Pressure (GPa) Temperature (K) 

153 + 3 4490 + 100 
166 + 3 4690 + 100 
175 + 4 4950 + 100 

• interpolated value 

Emissivity 
.66 + .08 

.60 + .06 l 

.53 + .03 
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Table 2 a-Quartz Shock Temperatures 
Pressure (GPa) Shock Direction Temperature (K) Emissivity 

75.5 + .8 œ (0001) 4600 + 150 .70 + .05 
86.0 4- 1.0 II (0001) 4860 4- 150 .90 4- .07 
92.0 4- 1.0 l (0001) 5400 4- 150 .87 4- .07 
98.0 4- 1.0 l (0001) 5470 4- 150 .97 4- .07 

106.5 4- 1.0 II (0001) 5820 4- 150 .97 4- .07 
108.0 4- 1.0 l (0001) 5700 4- 150 .96 4- .07 
115.0 4- 1.0 II (0001) 4880 4- 150 .88 4- .07 

reported here are those of a well deftned thermodynamic Hugoniot state. 
This observation is in agreement with the expectation that local thermal 
equilibrium should be achieved in a time short compared with the shock 
rise time. 

Shock temperatures are reported for forsterite (a-Mg•SiOn), quartz 
(a-SiO2), and fused silica, in the regimes of what have been termed the 
high pressure phases. In the case of forsterite, this corresponds to what 
may be the dominant lower mantle mineral assemblage [Jackson and 
Ahrens, 1979]. Although the presumed high pressure silica phase, 
stishovite, may not be itself a constituent of the earth's interior 
[Ringwood, 1975], its properties derived from shock data [McQueen, et 
aL, 1963, Davies, 1972] have provided models of lower mantle silicate 
properties. 

Experimental Results 

The samples were mounted on 2 mm thick tantalum driver plates, 
which were impacted by tantalum flyer plates at speeds between 4.6 and 
6.7 km/sec using a two-stage light gas gun which propels 30 mm diameter 
projectiles. Since the tantalum equation of state is well known in the 
pressure range of interest, existing Hugoniot data for single crystal 
forsterite [Jackson and Ahrbns, 1979], quartz, and fused silica 
[Wackerle, 1962] have been used to calculate shock pressure from 
measurements of impactor velocity, using the impedance match method 
[Al'tshuler, 1965]. 

The sample materials used were all synthetically prepared. Forsteritc 
samples were cut from a single crystal boule grown by the Czochralski 
technique, and this material is the same as that used by Jackson and 
Ahrens [1979]. Sample densities were measured by the Archimedean 
method to be 3.222 g/cm 3. Fused silica of stock commercial grade was 
supplied by Amersil Corp., and had a uniform initial density of 2.204 
g/cm 3 . Crystalline quartz supplied by Adolf Mailer Co. had a density of 
2.65 g/cm 3 . All samples were lapped and poli.shed to optical smoothness. 
High purity tantalum (density 16.66 g/cm 3 ) impactor and driver plates 
were supplied by Lawrence Livermore Laboratory. 

In the experiments carried out on Mg• SiOn (Table 1), the samples used 
were approximately 3 mm in thickness and the shock was propagated 
along the (001) direction (parallel to the C-axis). The temperature 
uncertainties reflect the errors of measurement and in the least-squares 
fitting of the six spectral radiance values to mean values of emissivity and 
temperature. Implicit in the analysis is the assumption that the observed 
radiation is characterized by a thermal spectrum with emissivity 
independent of wavelength in the visible region. 

In the case of a-quartz, shots were fired with samples whose (000 l) 
direction was oriented either perpendicular or parallel to the shock 
propagation direction (Table 2). These samples as well as those used in 
shots on fused silica (Table 3) were also approximately 3 mm in 
thickness. 
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Table 3. Fused Quartz Shock Temperatures 
Pressure (GPa) Temperature (K) Emissivity 

71.5 + 1.0 4700 + 150 .79 + .05 

80.0 + 0.5 5360 + !50 .75 + .05 
88.0 + !.0 5300 + 300 --• !.0 • 
90.0 + 1.5 5800 + 200 .84 + .04 
97.0 + 2.0 5650 + 200 --- !.0 • 

! 02.5 + 2.0 6500 + 300 .90 + !.0 
! 08.0 + 2.0 6800 + 300 • !.0 

lower quality data (not plotted in Figure 3) 

The pressure and temperature range of the data for forsteritc (Figure 
!), although relatively narrow, is in general agreement with the expected 
Hugoniot temperature on the basis of calculations [Ahrens et at !969a]. 
In contrast, the shock temperatures observed in both forms of SiO2 
display anomalous behavior. Notably, in the case of a-quartz, an abrupt 
!000 K decline in shock temperature occurs between pressures of 107 
and ! 15 GPa (Figure 2). Fused silica (Figure 3) displays a relatively 
smooth shock temperature curve which is more than !000 K lower than 
expected values throughout the investigated region. Temperature points 
reported as of "lower quality" suffered from poor instrument calibration 
and were calculated under the assumption of a strict blackbody. Thus, 
the lower quality temperature points should be regarded as lower limit 
values. Further data are required to determine the pressure at which 
a-quartz resumes a "normal" temperature increase, and whether at lower 
pressures, fused silica temperatures agree with the theoretical calculations 
discussed below. 

Interpretations 

Theoretical Hugoniot temperatures may be calculated for materials by 
assuming values for the Gr•/neisen parameter, 7 (V) = V (•P/aE)v and the 
specific heat. Consider the pressure PH along the Hugoniot of a material, 
and the pressure Ps at the same volume along the adiabat of isentropic 
compression from standard conditions. The Mie-Grflneisen assumption 
yields, 

PH - Ps = (7/V.)(EH - Es). O) 

E H and E s are the specific internal energies of the Hugoniot and 
isentropic states respectively, and V is the specific volume. Here E H = 1/2 
PH (Vo - V) and E = -/'P dV. Therefore, knowledge of the Hugoniot 
pressure PH (V) anSd a•um[ng a model for 7 (V) allows numerical 
solution for the unknown Ps(V) [Ahrens et al !969b] Using this 
calculated isentrope and the known Hugoniot to determine the internal 
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Figure !. Measured and calculated shock temperatures versus pressure for 
forsteritc. Calculations for three values of transition energy, Err are 
shown. 

8OOO 

7000 

6000 

T(K) 

5OO0 

4000 

3000 

i i i I 

c•- Quortz 

Shock Temperotures 

I I 

- ß shocked II to(0001) / - 
o shocked _L to (0001)/ 

calculated / 
_ Hugoniot / _ _ 

50 60 70 80 90 I00 I10 120 

Pressure (GPa) 
Figure 2. Shock temperatures versus pressure for single crystal a-quartz. 

energy difference E H - E s through equation (1), the specific heat is used 
to calculate the temperature rise between the isentrope and Hugoniot at 
various values of V. 

In the case that shock compression incorporates transition to a high 
pressure phase (hpp), the analysis must take account of any change of 
enthalpy in the phase change. In the present work, this is accomplished 
by computing the isentrope starting from a "metastable Hugoniot" 
[McQueen et aL 1967], or shock state locus centered on the putative 
high pressure phase. This metastable hpp Hugoniot is derived from the 
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Figure 3. Shock temperatures versus pressure for fused silica. 
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Figure 4. Hugoniot temperatures in the SiO: phase diagram. Measured temperatures are shown with the estimated melting line of Davies [1972], and 
the hypothetical melting curve derived in this work. Melting line slope is '" 11 K/GPa. 

principal experimental Hugoniot, given estimates of Etr, the change in 
specific internal energy upon transition at standard conditions, and the 
Griineisen parameter •/ (V). Etr may be obtained from independent 
thermochemical data, or may be constrained by fitting values to the 
experimental temperature data. 

If the particular metastable Hugoniot for which the initial high 
pressure phase has porosity so as to give it the same initial specific 
ß ,olume, Vo as the untransformed phase is chosen, then the metastable 
Hugoniot correction takes on a simple closed form. In that case, the 
amount AP by which the metastable Hugoniot pressure exceeds the 
principal Hugoniot pressure in the hpp regime is, 

AP ='r [1 'r Vo • Etr - •- (•-- - 1)] -t (2) 

This expression is derived by applying the Mie-Gr'fineisen equation for the 
pressure offset due to differences in internal energy between the principal 
and metastable Hugoniots, and is valid only in the hpp regime of the 
principal shock locus. Given the computed isentrope Ps (V), we assume 
the Debye model for specific heat to calculate Hugoniot temperatures 
from internal energy differences. For the high pressure phases considered, 
Debye temperatures of approximately 1000 K have been used. 

Shock experiments on single crystal forstedte carried out by Jackson 
and Ahrens [1979] support the existence of shock-induced transforma- 
tion to a high-pressure assemblage with a zero-pressure density of 
approximately 3.9 g/cm 3. Jackson and Ahrens [1979] could fit their 
data by assuming the olivine crystal structure changed to MgSiO3 
(perovskite) and MgO (periclase) or alternatively, mixed oxides, 2MgO + 
SiO2. They made estimates .of Etr = 1.0 + 0.5 MJ/kg and 7 = (1.5 + 0.5) 
o 2.5 + .s where o = V/Vo npp is the compression relative to the hpp 
volume. Those values were used as starting models in fitting the forsterite 
data. The measured temperatures are consistent with theoretical 
calculations using Etr = 1.5 + 0.3 MJ/kg. While the data presently do not 
constrain % the above range of values are consistent with the measured 
temperatures, with the central value of the range •/= 1.5 o 2'5 giving the 
best agreement. Varying the volume dependence of 7 through the volume 
exponent weakly varies the pressure-temperature slope, but does not 
strongly change the fit to the data. There appears to be some problem in 
exactly fitting the observed temperature-pressure slope, but further data 

will be required to determine whether this discrepancy is real. The slope 
slope centered on a pressur.e of 170 GPa is (dT/dP)H = 23 K/GPa ß 7. In 
contrast, the range of values calculated by varying the volume exponent 
between zero and 2.0 is 34 K/GPa +•2 _ 

In the case of SiO2, thermochemical data [Robie et at 1978] are 
available, assuming that the hpp is correctly identified as stishovite, the 
octahedrally coordinated SiO2 polymorph. The values of Etr for 
transition to stishovite from a-quartz and fused silica used here are 
0.822 MJ/kg and 0.675 MJ/kg respectively. Using silica shock compres- 
sion data centered on quartz of different initial densities, ? (V)has been 
estimated as 7 = 0.95 o• Iø's! using the results of Jeanloz and Richter 
[1979]. 

The calculated temperatures for a-quartz show reasonable agreement 
with experiment (Figure 2) at lower pressures, but a significant 
discrepancy in temperature is seen above approximately 100 GPa. If the 
temperature drop is the manifestation of a shock-induced phase transition 
in a solid of classical 3R specific heat, it corresponds to a latent heat of '" 
1.1 MJ/kg. While the calculations succeed in predicting stishovite 
temperatures below the transition for states shocked from initial 
a-quartz material, the fused quartz calculations fail to reproduce the 
experimental data. The data fall below the calculations with an offset of 
roughly the same magnitude as the temperature drop seen in shocked 
a-quartz. We propose that a transition with '" 1000 K temperature 
decline also occurs on the fused silica Hugoniot, at a pressure just below 
the range investigated here. This conclusion is strengthened by the 
observations of McQueen, Fritz, and Hopson [1979], in which radiation 
from shocked SiO2 has been recorded photographically, and quantitative- 
ly analyzed using microdensitometry techniques. These observations 
indicate that just such a temperature decline occurs near 60-70 GPa 
pressure, and that below this pressure, the observed temperatures agree 
more closely with the predictions. Further experiments using the present 
pyrometry technique may confirm this supposition in the near future. If 
this interpretation is correct, the stishovite shocked from initial fused 
silica displays a transition latent heat of roughly 1.2 MJ/kg. These 
estimates of transition energy (the thermal expansion is taken to be small 
enough so that the latent heat is given by the temperature change divided 
by specific heat) are in the correct range for melting transitions. The large 
latent heat without an obvious large volume change speaks strongly for a 
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melting transition as opposed to a solid state phase change. Experimental 
data and some theoretical suggestions [Stishov, 1975] support the 
observation that in the limit of high temperatures and pressure, the 
entropy of melting in a wide variety of substances is approximately 0.7 - 
0.9 R per mole of atoms. In the present case of SiO2, this corresponds to 
an expected latent heat of • 1.4 - 1.8 MJ/kg, in agreement with the 
observed values. Further studies by Stishov [1975] suggest a high 
pressure limit to relative volume change on melting of AV/V • .03 for 
some simple solids. If this holds for SiO2 we can use the Clausius-Clapey- 
ton relation to estimate the slope of the melting line (Figure 4). This gives 
(dT/dP)m < 26 K/GPa at a pressure of 90 GPa, in agreement with the 
trend of possible melting temperatures and pressures in a-quartz and 
fused silica. The hypothetical phase line in Figure 4 for example, exhibits 
a slope of • 11 K/GPa, which iS consistent with the small (• .02) relative 
volume change required if the transition escaped notice in previous 
Hugoniot measurements. Furthermore, the Lindemann melting criterion 
[Grover, 1971] predicts a temperature-volume melting line slope, given 
the value of the vibrational Griineisen 7 of a Debye solid. The Lindemann 
prediction using the previously mentioned 7 (V) for stishovite is in good 
agreement with the observed V-T slope. 

The proposed melting line shown in Figure 4 would indicate that for 
a-quartz and fused silica, the Hugoniot curves penetrate considerably 
into the liquid field before the onset of melting and its attendant heat of 
fusion. Thus, the superheated solid is apparently metastable on the time 
scale of the shock front rise time, and the fusion is observed only after 
the equilibrium transition has been considerably "overdriven". While the 
data given here are consistent with melting of stishovite under shock, the 
inferred phase boundary disagrees strongly with that of Davies [1972]. 

In conclusion, the new Mg2 SiO4 shock temperature data are in good 
agreement with previous calculations which assume a shock induced 
phase with a zero pressure density of • 3.9 g/cm 3 and a heat of 
transformation 1.5 -+ 0.3 MJ/kg. Further extension of the temperature 
measurements, especially toward lower values are planned, providing 
experimental difficulties with extraneous non-thermal radiation can be 
solved. In the case of SiO2, an apparent phase transition is observed in 
stishovite shocked from both the a-quartz and fused silica states. This 
transition, which is accompanied by a large latent heat and small volume 
change may represent melting of the stishovite, in the manner of shock 
induced melting of NaC1 and KC1, [Kormer et al., 1965] or possibly the 
transformation to a yet denser polymorph, such as that having the 
fluorite structure. We note however that Liu [1978] inferred that such a 
transformation, if it occurs, does not take place at mantle pressures. 
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