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The states P., V" (k ~ 0) represent the series 
of shock pressures and specific volumes achieved 
along the infinite series of Hugoniots centered 
at states p.-1 , V._1 that are achieved via wave 
reverberation in the sample. The total shock 
energy for case 1 is less than the shock energy 
for case 2. Assuming that the fused quartz
stishovite phase change occurs reversibly (as 
is certainly closely valid in the present experi
ments), the net thermal postshock energy IS 

given by 

TOK 

E1or2 = 1 CpdT = E. - ER (6) 
29SOK 

where E. is given by equations 5 and 3 for cases 
1 and 2. The energy term corresponding to the 
work done against ambient pressure on expan
sion from 298°K to T is negligible. Numerical 
integration of equation 6 for postshock energies 
yields the values given in Table 5. The empiri
cal fonnula for the molal heat-capacity equa
tion of fused silica 

Cp (cal/mole OK) 

= 13.38 + 3.68 X 1O-3 T 

(7) 

given by Kelley [1960J is used in equation 6 
to yield the postshock temperature given in 
Table 5. Uncertainties in EI!. reflecting the un
certainties in the release adiabats give rise to 
errors in the calculated postshock temperatures 
of -10% at low pressures, ranging to -20% 
at -500 kb. 

The postshock temperatures calculated by 
Wackerle [1962] for single-shock experiments 
are much lower than those we have calculated 
for pressures up to 300 kb but are comparable 
to our single-shock temperatures at higher pres
sures. The differences in the calculated results 
arise to a minor degree from Wackerle's [1962J 
assumption of a constant specific heat Cv and 
constant (apjaE)v; in addition, Wackerle 
ignored the elastic compressions and performed 
numerical integration along extrapolated 'equi
librium' curves. However, the major factor pro
ducing the differences in postshock temperature 
is our use of the new release adiabat data in 
Figure 7. Since below 300 kb the actual release 
curves lie below the Hugoniot rather than above, 
as is implicit in Wackerle's formulation, the 

differences in T are great at the lower pres
sures. At much higher pressures the assumptions 
in Wackerle's calculation should, within the 
present state of our knowledge, be approxi
mately valid. 

On the basis of annealing studies on fused 
silica, Arndt et 01. [1971J have found that tem
peratures of 300°C have a significant effect on 
the relaxation of densified fused silica. There
fore, in view of our calculated temperatures, 
annealing could playa major role in causing 
the drop in refractive index of fused silica 
shocked to 300 kb and higher pressures. 

CONCLUSIONS 

1. Variation in the percentage of network
fonning polyhedra of silica and alumina affects 
the threshold of densification and the maximum 
permanent compression that may result from 
shock loading. The Hugoniot elastic limit is 
compatible with the threshold of permanent 
densification. 

2. Postshock annealing may be a mechanism 
for the relaxation of high-density glasses to 
low-density glasses for material shocked to 
below 150 kb. It is certainly active for shock 
strengths above this level. 

3. Transformation of the low-pressure phase 
to a high-pressure stishovitelike phase followed 
by adiabatic release to a low-density glass 
probably occurs for shock compressions up to 
-300 kb. Above this pressure, postshock an
nealing at temperatures in excess of 1000°C 
would account for the low-density glass that is 
recovered. 

4. Despite the double-valued nature of the 
fused silica and soda-lime index versus shock 
pressure relations (Figures 4 and 5), if the 
pressure regime of naturally shocked glasses 
can be detennined by other means, our data 
should be useful in obtaining pressure and tem
perature histories of those glasses. 

Acknowledgments. We especially appreciate E. 
C. T. Chao's hospitality and /lSSistance in carrying 
out the interference microscopy and R. L. Fleisch
er's kindness in providing some of the specimen 
material. Contributions were made to the experi
ments by D. Johnson, J. Kleeman, and J. Lower. 
Discussions of the project with A. L. Albee, E. C. 
T. Chao, B. Kamb, E. Shoemaker, L. T. Silver, and 
H. P. Taylor were a4;o helpful. 

The research was supported at California In-



5498 GmBONS AND AHRENS 

stitute of Technology by NASA grant NGL'{)5-
002-105. Publication was, in part, supported by 
NASA contract NSR 09'{)51-ool. 

REFERENCES 

Ahrens, T. J., R. L. Fleischer, P. B. Price, and 
R. T. Woods, Erasure of fission tracks in glasse~ 

. and silicates by shock waves, Earth Planet. Set. 
Lett., 8, 420,1970. 

Anderson, O. L., and E. Schreiber, '1:'he relati.on 
between refractive index and denSlty of mm
erals related to the earth's mantle, J. Geophys. 
Res., 70, 1463, 1965. 

Arndt, J., U. Hornemann, and W .. F. Mliller, 
Shock-wave densification of silica glass, Phys. 
Chem. Glasses, in press, 1971. 

Bell, P. M., and E. C. T. Chao, Annealing experi
ments with naturally and experimentally shocked 
feldspar glasses, Carnegie Jnst. Wash. Yr. Book 

- 68, 336, 1969. 
Bless, S. J., The effects of magnetic pinch press~re 

on boron nitride, cadmium sulfide, graphite, 
silica glass, and some other materials, PhD. 
thesis, Massachusetts Institute of Technology, 
Boston, 1970. 

Bridgman, P. W., and 1. Simon, Effect of very 
high pressure on glass, J. Appl. Phys., 24, 405, 
1953. 

Chao, E. C. T., and P. M. Bell, Annealing cha~
acteristios of dense feldspar glass, Carne~e 
Jnst. Wash. Yr. Book 67, 126,1968. 

Craig, H., Density and refraotive index hysteresis 
in compressed silicate glasses, J. Geophys. Res., 

. 74, 4910, 1969. 
DeCarli, P. S., and D. J. Milton, Stishovite: 

Synthesis by shock wave, Science, 147, 144, 
1965. 

Dremin A. N., and G. A. Adadurov, The behavior 
of gl~ss under dynamic loading, Soviet Phys. 
Solid State, 6, 1379, 1964. 

Duvall, G. E., and G. R. Fowles, High Pressure 
Physics and Chemistry, vol. 2, p. 209, McGraw-
Hill, New York, 1963. . . 

Harz, F., and T . J. Ahrens, Deformation of ~xperl
mentallYi shocked biotite, Amer. J. Sc~., 267, 
1213,1969. 

Kelley, K. K., Contributions to the data on theo
retical metallurgy, XlII, High-temperature heat
content heat-capacity, and entropy data for 
the ele~ents and inorganic compounds, U.B. 
Bur. Mines Bull. 684, 160, 1960. 

Kennedy, G. C., G. J. Wasserburg, H. C. Hea:rd, 
and R. C. Newton, The upper three-phase reglon 
in the system SiO ... H.O, Amer. J. Sci., 260, 501, 
1962. 

McQueen, R. G., J. N. Fritz, and S. P. Marsh, On 
the equation of state of stishovite, J. Geophys. 
Res., 68, 2319, 1963. 

Rosenberg, J. T., T. J. Ahrens, and C. F. Petersen, 
Dynamic properties of rocks, report prepared for 
Headquarters, Defense Atomic Support Agency, 
Washington, D. C., at Shock and High Pressu~e 
Physics Department, Stanford Research Instl
tute Menlo Park, California, July, 1968. 

Roy, it., and H. M. Cohen, Effects of high pres
sure on glass: A possible piezometer for the 
1oo-kb region, Nature, 190, 798,1961. 

Wackerle, J., Shock-wave compression of quartz, 
J. Appl. Phys., 33, 922, 1962. 

(Received January 7, 1971; 
revised March 22. 1971.) 

• 


