
r . 

GRAD-DE 75-1154 

VOL. 80, NO , 35 JOURNAL OF GEOPHYSICAL RESEARCH DECEMBER 10, 1975 

H ugoniot Sound Velocities and Phase Transformations in Two Silicates 

DENNIS E, GRADY,l WILLIAM J, MURRI, AND PAUL S, DE CARLI 

Poulter Laboratory, Stanford Research Institute . Menlo Park . California 94025 

Rarefaction wave velocities have been used to estimate so und velocities on the Hugoniot for a quartz 
rock and for a perthitic feldspar. The Hugoniot sta tes and rarefaction wave velocities were determined 
wi th multiple manganin stress gages placed between successive slabs of the sample material. Hugoniot 
stress states were produced by impact from explosively driven flyer plates, The sound velocity was 
determined from the transit time across gage planes of the initial characteristic of the rarefaction wave 
originating at the flyer plate free surface, Sound velocities (referred to Eulerian coordinates) measured in 
quartzite were 7,6,8,1, and 10,5 mm/ !'s at Hugonio t stresses of 220, 250, and 355 kbar, respectively, 
Sound velocities measu red in feldspar were 7.4. 8,7, and 9,2 mm/ !,s at Hugoniot stresses 01'255, 345, and 
460 kbar, respectively, These velocities are close to estimated bulk velocities and imply an almost 
complete loss of materi al strength behind the shock front. On the basi s of our measured sound velocities 
and earlier observations by others we suggest that the Hugoniot yielding phenomenon is an adiabatic 
shear process resulting in partial melting behind the shock front. We further suggest that inhomogeneity 
in the adiabatic shear process may account for many details of the nonequilibrium mixed phase Hugoniot 
observed in silicates. 

INTROD UCT IO N 

Hughes and McQueen [1958) were among the first to demon­
strate that shock wave measurements could be applied to the 
study of the earth's interior. Since that time, shock wave data 
have become generally accepted as constraints for models of 
the earth [Press, 1968; Ahrens et 01., 1969). For geophysical 
purposes, isothermal or adiabatic equations of state are re­
quired . The reduction of the Hugoniot states measured in 
shock wave experiments to isotherms or adiabats requires 
knowledge of the dependence of the Grilneisen parameter on 
volume, and, in principle, this behavior can be determined 
through measurements of Hugoniot sound velocities. Care 
must be taken in using Hugoniots to generate isotherms for 
further use in modeling the earth. Although Hugoniot d a ta 
apply to states achieved in shock compression, they may not 
apply to states achieved by pressure and temperatures inside 
the earth. It is important therefore to use all the available 
evidence to determine whether the H ugoniot states measured 
in experiments of microsecond duration ar.e thermodynam­
ically equilibrated states. 

Wackerle [1962) a nd Fowles [1967) have noted a n apparent 
total loss of strength in the shock compression of quartz above 
the H ugoniot elastic limit in contrast to the elastic-plastic 
behavior of most ductile materials. This loss of strength h as 
been reported to occur in other brittle solids [Graham and 
Brooks, 1971) and has not been satisfactorily explained. 

Numerous studies on recovered samples of quartz and feld­
spar after shock loading provide accounts of lamellar features 
and identification of amorphous and high-density polymorphs 
of the original sample [De Carli, 1968; Carter, 1968; Chao, 
1968 ; Bunch, 1968) . The genesis of these petrographic details is 
apparently linked to the shock deformation process. The re­
sults of these studies have been summarized in an excellent 
review by Stoffler [1972). The residual features observed in 
recovered specimens of silicate materials are (I) planar fr ac­
tures, (2) plana r elements (shock lamellae), (3) deformation 
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bands, (4) irregular plastic lattice deformation (mosaicism), 
(5) high-density phase, and (6) fused glass and diaplectic glass . 

In this paper we report measurements of sound velocity on 
the Hugoniot for a quartz rock (Arkansas novaculite, initial 
density of 2.63 g/ cm3

) and for a perthitic feldspar (75 % ortho­
clase, 25% albite; initial density of 2.58 g/ cm3

) over the stress 
range of 220-460 kbar. The present data also suggest loss of 
strength on the Hugoniot and further suggest that this loss of 
strength persists for some duration after shock passage. 

These and earlier data suggest to us a physical model for the 
shock yielding mechanism and the H ugoniot phase transitions 
in quartz and feldspars. We will describe this model and show 
that it appears to provide reasonable explanations for the 
curious Hugoniot and shock wave properties of silicates and 
certain other brittle materials. 

EXPERIMENTAL METHOD 

Each experimental assembly was constructed of four paral­
lel plates of the sample material. M anganin foil stress trans­
ducers were placed between plates, and the assem bly was 
bonded with epoxy. The four-terminal manganin transducers 
were supplied by constant current sources, and voltage outputs 
were observed with high-quality camera oscilloscopes. Hugo­
niot stress states were achieved by the planar impact of explo­
sively accelerated metal flyer plates. The experimental arrange­
ments and a set of voltage-time records for one experiment are 
shown in Figure I . 

Because of the constant current, these voltage-time records 
are equivalent to resistance-time records, which can be trans­
formed to stress-time data by using the dynamic calibration 
for manganin of Lyle et 01. [1969). The reduced multiple stress­
time profiles for one experiment are shown in Figure 2 to 
indicate the propagation characteristics of the stress wave. 

These records can be interpreted from inspection of Figure 
3, a distance-time plot of the loading and rarefaction waves in 
the experiment. At impact of the flyer plate with the sample a 
shock propagates into the sample, and another shock propa­
gates back into the flyer plate. When the shock in the flyer 
plate reaches the rear surface of the flyer, it reflects as a relief 
wave that propagates through the flyer and into the sample, 
eventually overtaking the shock wave in the sample. Since the 

4857 



4858 GRADY ET AL.: H UGON IOT SO UN D V ELO CITIES AND PHASE TRANSFO RMATIONS 

PLANE WAVE LENSE 

FLYING PLATE 

Time scale: 0.5 Ilsec/cm 

Fig. I. Experimental stress profiles in feldspar obtained with man­
ganin piezoresistant gage elements. Peak stress is approximately 350 
kbar. Stress states a re achieved by pl anar impact of the explosively 
accelerated metal flyer plate. 

distances between transducer planes (usually about 3 mm) 
have been carefully measured beforehand, the gage records 
yield shock velocity and stress, which establish the H ugoniot 
state in each experiment. 

The Lagrangia n sound velocity on the Hugoniot is esti­
mated by measurement of the transit time of the leading char­
acteristic of the overtaking relief wave across the three trans­
ducer planes, as is indicated in Figure 2 and Figure 3. The 
relationship of the Lagra ngi an (initial length per unit lime) 
velocity to the Eulerian sound velocity is the ratio of the 
initial density to H ugoniot density of the sample. The error in 
determining the H ugoniot density is conservatively estimated 
to be about 5% and is the major uncertainty in the present 
work. The finite thickness (about 0.025 mm) of the transducer 
plane slightly degrades the frequency response of the measure-

Fig. 2. 
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Correlated stress-time histories. The position x indicates the 
distance of the gage from the impact interface. 

ment but does not substantially limit the accuracy of determin­
ing the time of arrival of the relief wave. Special care in instru­
mentation (matched cable lengths, matched oscilloscopes and 
preamplifiers, a common z axis time mark , and careful calibra­
tion of instrumental time delays) was necessary to ensure 
proper time correlation among the oscilloscopes. The error 
bars on the data to be presented are believed to be conserva­
tive; the larger error bars are for experiments performed before 
all the time correlation problems were understood . 

EXPERIMENTAL R ES ULTS 

The experimental data for quartz and feldspar are given in 
Table 1, and the sound velocities on the Hugoniot are plotted 
in Figure 4 as a function of the H ugoniot stress. These mea­
surements ranged from 220 to 460 kbar in stress. 

To understand the stress dependence of the measured sound 
velocities, it is instructive to consider two cases. First, if the 
silicate is assumed to have no mechanical strength and to 
behave as a fluid, it is possible to calculate the dependence of 
the bulk sound velocity on stress. A Murnaghan equation was 
used to estimate the compressibility of the low- and high­
density phases a nd to determine the stress dependence of the 
bulk sound velocity. The results of this calculation are shown 
itt Figure 4 . The dashed lines represent extension into the 
mixed phase region. In these calculations we have assumed for 
each silicate that the low-pressure phase persists to 100 kbar, 
that the mixed phase region ranges from 100 to 400 kbar , and 
that the high-pressure phase occurs above 400 kbar. 

In the second case, material strength is considered . A con­
stant Poisson's ratio of'Y = 0.25 was assumed for both low­
and high-pressure phases . Use of Poisson 's ratio a llows a calcu­
lation of the variation of the longitudinal sound speed with 
stress. The results are curves labeled longitudinal sound speed 
in Figure 4. 

FLY ER PLATE-TARGET 
IMPACT INTERFACE 

/ 

RAREFACTION II 
WA VE 

I 

GAGE PLANES 

LAGRANGIAN DISTANCE 

Fig. 3. Distance-time plot showing propagation characteristics of 
the stress wave and rarefaction wave produced by fl yer plate impact. 
Sound velocity on the Hugoniot is determined from the transit time of 
the leading rarefaction wave characteristic across the gage planes. 
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TABLE 1. Hugoniot and Sound Velocity Data in Quartz and Feldspar 

Initial Hugoniot Hugoniot Lagrangian Eulerian 
Specific Pressure, Specific Sound Velocity, Sound Velocity, 

Material Volume, cm3/ g kbar Volume, cm3/ g mm/ p.s mm / p.s 

Feldspar 0.386 258* 
Feldspar 0.386 345* 
Feldspar 0.386 460 
Quartz 0.380 222* 
Quartz 0.380 252* 
Quartz 0.380 352 

* Precursor observed in these tests. 

The data used to make the sound velocity estimates were 
obtained from Anderson et al. [1966], Ahrens et al. [1969], 
Ahrens and Liu [1973], and Clark [1966]. In the mixed phase 
region we assumed stress and particle velocity equilibrium but 
not temperature equilibrium. In addition we assumed that the 
sound velocity propagated as if the medium were one of frozen 
phase concentration; i.e., the sound velocity is given by the 
slope of the isentrope. The last assumption is justified by pre­
vious experimental work [Grady el al., 1974] on quartz. 

DISCUSSION 

We conclude from the above calculations and our experi­
mental data that sound waves on the Hugoniot in the materials 
studied travel at the bulk sound speed. This conclusion sug­
gests an almost complete loss of shear strength in these mate­
rials behind the shock wave. Graham and Brooks [1971] ob­
served a similar loss of shear strength in crystalline AI20 3 

above the Hugoniot elastic limit. Wackerle's (1962] data for z­
cut quartz and those of Graham and Ingram (1969] for x-cut 
quartz also indicate a loss of shear strength above the Hugo­
niot elastic limit. 

We suggest that the low values of the sound velocity meas­
urements and the apparent loss of strength result from partial 
melting in the silicate materials behind the shock front. It is 
also possible that the thermodynamics of the phase change 
occurring over an extended stress range in the silicates may 
explain our observed data. However, since several of the data 
points lie well into the stress region in which a single phase 
exists, we consider this explanation less likely . 

Over the stress range covered in the present experiments the 
increase in energy produced by shock compression is not suf­
ficient to melt completely the silicate material. Furthermore, 
observations on samples recovered after shock loading also 
rule out complete melting in the stress range studied [De Carli, 
1968; Chao, 1968; Von Engelhardt and Sioff/er, 1968]. 

We believe that the melting is localized in shear deformation 
bands that result as the material is shock-loaded above the 
Hugoniot elastic limit and undergoes heterogeneous yielding. 
Specimens of silicate recovered after shock loading both in 
explosive experiments and in the vicinity of meteorite craters 
exhibit planar features commonly called deformation lamella 
[Scoff/er, 1971, 1972]. These planar lamella attest to a nonuni­
form yield process . Such a heterogeneous yield process where 
energy transport is not sufficient to disperse the viscous energy 
generation has been called 'adiabatic' shear [Zener and Hollo­
man, 1944]. In these shear bands a large portion of the local­
ized plastic slip energy is converted to heat that causes the 
local temperature to increase (see also Grunl/est [1963] and 
Nilsan (1973]) . Such localized melting has been observed in 
sandstone during frictional sliding in triaxial experiments by 
Logan and Rigerl [1973]. Giardini [1974] observed rapid shear­
strain -induced melting in granodiorite during triaxial com-

0.257 11.1 7.4 
0.237 14.1 8.7 
0.234 15.2 9.2 
0.273 8.9 6.4 
0.263 10.4 7.2 
0.233 21.0 12.9 

pression experiments. Heterogeneous adiabatic shear would 
provide for a highly nonuniform distribution of thermal 
energy during yielding within the shock front. Calculations in­
dicate that extreme temperature gradients of hundreds, even 
thousands, of degrees per micron can persist for several micro­
seconds in the shear bands after shock passage because of the 
low thermal conductivity of silicate minerals. In these calcu­
lations we first estimated the dissipative energy resulting from 
the shock compression process. At a given Hugoniot stress this 
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Fig. 4. Hugoniot sound velocities measured in quartz and feld­
spar. Approximate locations of phase boundaries on the Hugoniot are 
indicated. Solid lines show the estimated bulk and longitudinal sound 
velocity in the low-pressure, mixed, and high-pressure phase regions. 
Dashed lines are metastable extensions of the estimated sound velocity 
out of the stability field of the low- and high-pressure phases, respec­
tively. 
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energy is the difference between the H ugoniot energy and the 
hydrostatic, compressional energy of ex quartz, both of which 
can be determined with reasonable accuracy. The dissipative 
energy was then partitioned along planar regions in the mate­
rial, and elementary heat flow solutions were used to estimate 
thermal evolution after shock-induced yielding. Ambient lat­
tice thermal properties for silicate minerals were used in the 
analysis. Estimates of the radiative contribution to the heat 
flow were not significant in the time intervals of interest. The 
density of planar features can only be estimated roughly from 
inspection of recovered samples and depends on both shock 
amplitude and rise time [Stoffler, 1972]. This unknown distri­
bution lends a qualitative aspect to the calculations performed; 
however, the general conclusion of high local temperatures 
and extreme temperature gradients appears to be correct if the 
proposed adiabatic shear process occurs during shock com­
pression. 

In Figure 5 we indicate the thermal state in the vicinity of a 
shear plane at some fixed time shortly after passage of the 
shock front. The ordinate is temperature which can approach 
several thousands of degrees in the center of the shear zone. 
The abscissa is distance from the shear zone. The distance 
between shear zones as suggested from the petrographic details 
of recovered specimens [Stoffler, 1972] is in the neighborhood 
of 2-10 ).Lm. The extremely low thermal diffusivity for si licate 
minerals (about I Ilm2/ lls) will allow for little change in the 
temperature profile during the brief time of a shock wave 
measurement. 

Partial melting is energetically possible and could account 
for the observed low values of the sound velocities. Walsh 
[1968, 1969] has analyzed the case of random penny-shaped 
liquid inclusions in a solid matrix . He found that the bulk 
modulus remains close to the sol id value and that the shear 
modulus is greatly diminished even for small melt concentra­
tions; hence the sound velocity could correspond closely to the 
bulk value. 

The present model could account for the curious phase 
transition behavior of quartz (and other silicates) in the 'mixed 
phase' region of the metastable shock wave Hugoniot. Partial 
transformation, presumably to stishovite, occurs during the 
rise time of the shock front (less than 10- 7 s); however, further 
transformation is not observed even though the stress is sus­
tained well within the stability field of stishovite for several 
microseconds after shock passage [Grady et al., 1974]. Hetero­
geneous adiabatic shear would provide temperatures that are 
thousands of degrees hotter in shear regions than in immedi­
ately adjacent material. In these high-temperature regions, 
transformation to the high-pressure phase or to a liquid form 
of the high-density phase is possible, even on a sub­
microsecond time scale, by a conventional thermally activated 
nucleation and growth process. Our suggestion of the distribu­
tion of transformed material is shown in Figure 5. Cooler 
regions not adjacent to the shear zones would not transform, 
and owing to slow thermal conduction this state will persist 
and give the illusion, within the short duration of a shock wave 
measurement, that an equilibrium Hugoniot state has been 
attained. 

The model outlined above may a lso account for the propor­
tions of low-density, high-density, and amorp hous material 
identified in recovered specimens subject to shock loading in 
this pressure range. In Figure 5 we indicate qualitatively the 
change in material state with increasing distance from the 
shear zone. Melting will occur in the extreme temperature 
region of the shear zone. The low-density phase will persist in 
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Fig. 5. Schematic temperature-distance profile based on heat flow 
calculations in the neighborhood of an adiabatic shear zone shortly 
after passage of the shock front. I ndicated are the degree and state of 
phase transformation determined by the local temperature. 

the region where the temperature is low and the thermal activa­
tion barrier prevents transformation within the time scale of 
the shock wave experiment. Finally, there would exist a small 
intermediate region where the temperature is sufficient to al­
low transformation to the high-density solid state within this 
brief time span . Quenching 0 f the phases during rapid unload­
ing would account for amorphous material and traces of the 
high-density phases observed [De Carli and Milton, 1965]. 

This work suggests that caution shou ld be exercised when 
shock wave data are used to deduce high-pressure equilibrium 
thermodynamic properties of rocks and minerals. The appar­
ent problem is thermal nonequilibrium, which is due to low 
thermal conductivity, and a heterogeneous deposition of ther­
mal energy during the yielding process. A possible solution 
may be to study samples prepared from a fine powder, which 
would provide for a more homogeneous generation of thermal 
energy during the shock process. 
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