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Sound Velocities at High Pressure and Temperature and 
Their Geophysical Implications 

THOMAS S. DuvvY AND THOMAS J. AHRENS 

Seismological Laborator•t, Galifornia Institute of Technolog•t, Pasadena 

Temperature coefficients of compressional and bulk sound velocities at pressures on the order 
of 100. GPa are obtained from Hugoniot sound velocity measurements for solid AI, W, Cu, Ta, 
and Mg2SiO4. The Hugoniot velocities are compared to third-order finite strain extrapolations 
of velocities along the principal isentrope using ultr•onically determined coefficients. At low 
pressure, where thermal effects are minor, good agreement is found between the Hugoniot velocities 
and finite strain extrapolations. At high pressures, differences in velocities and temperatures are 
•ised to constrain temperature coefficients of velocity. For all materials studied except W, the 
temperature coefficients of velocity at pressures above 1 Mbar are a factor of 2 to 8 smaller in 
magnitude than zero-pressure values. In shock-melted materials, the Hugoniot sound velocities 
are close to finite strain velocities calculated from low-pressure properties of the solid phase for 
Mo, Ta, Pb, Fe, and Mkali halides. The temperature coefficient determined for the high-pressure 
phases of forsterite above 100 GPa (I (OV.r,/OT).r,I = 0.1 4- 0.1 m/s/K) is in agreement with 
estimates based on elastic and thermodynamic properties for the Earth. Our results indicate that 
I(OVv/OT)vl i• • decreasing function of pressure in contrast to residual sphere studies which 
suggest I(OVv/OT)j:, I is nearly constant with depth in the Earth. In combination with mineral 
physics estimates of thermal expansivity at fiigh pressure, it is estimated that (OVp/Op)p = 2 
(km/s)/(g/cm a) for P > 100 GPa, with acceptable values ranging from 0 to 8. This overlaps the 
rar/ge of estimated lower mantle value•' bas.ed on seismic and geodetic data. Tomographic and free 
oscillation data require large increases in the parameter u = (• In V$ / •9 In Vp) p under lower mantle 
conditions, relative to laboratory value•s. Avail&ble data for tungsten and aluminum yield u values 
along the Hugoniot that are consistent with zero-pressure values for these materials, although 
uncertainties are 4- 50%. Temperature coefficients of velocity at high pressure are used to make 
imprc•ved estimates of the magnitud e of thermal heterogeneities sampled by seismic tomography. 
Long-wavelength compressional ve16City anomalies at pressures in the 100-127 GPa range (2271- 
2891km depth) in the lower mantle correspond to temperature variations of 120 4- 100 K, whereas 
those in the D" region are likely to be a factor of 3 to 4 larger. 

INTRODUCTION 

The effect of both pressure and temperature on elastic 
wave velocities must be understood in order to properly in- 
terpret the seismologically observed structure of the Earth. 
For example, recent advances in seismic imaging have pro- 
duced detailed three-dimensional maps of seismic velocity 
variations in the mantle and core. Velocity anomalies as- 
sociated with subducting slabs have been studied using the 
residual-sphere technique. The observed anomalies may be 
due to temperature, phase, composition, or possibly noise in 
the data. set. In order to assess the results, the relationship 
between sound velocities and these various factors must be 
understood. Similar factors must be considered when sound 
velocities are compared to the seismically determined radial 
structure of the Earth in 9rder to constrain compositional 
models. Laboratory elasticity data have been generally used 
to this end. Due to experimental limitations, very few of 
these data have been accumulated under simultaneous high 
pressure and temperature conditions. This has increased the 
uncertainty associated with, for example, estimates of lateral 
temperature variations from seismic tomography. Most cur- 
rent estimates use temperature coefficients of velocity based 
on laboratory data at ambient or near-ambient pressure. 

Shock wave studies provide a means to simulate the ex- 
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treme pressures and temperatures of the Earth's interior. 
Density measurements under shock loading have played an 
important role in understanding the Earth. Recently, sound 
velocity measurements have been carried out under shock 
conditions for a number of metals, alloys, and minerals. 
The purpose of this paper is to evaluate the competing ef- 
fects of temperature and pressure on sound velocities. The 
procedure will involve comparison of adiabatic extrapola- 
tions of ultrasonically measured sound velocities (infinitesi- 
mal strain) to Hugoniot measurements (finite strain) in or- 
der to constrain temperature coefficients of velocity as a 
function of pressure. The results will be compared to those 
from a variety of geophysical studies including seismic to- 
mography, free oscillations, residual spheres, ' and the geoid. 
Duffy and Ahrens [1990] presented similar calculations in an 
abbreviated form. 

BACKGROUND AND THEORY 

Sound Velocities From Shock Experiments 

Shock wave experiments are carried out by impacting a 
target with a high-speed flyer plate. The resulting shock 
propagates through the target, creating a state of compres- 
sion. Typically, the impact velocity and the propagation 
speed of the shock front are measured experimentally. A re- 
view of experimental techniques for generating and record- 
ing shock states has been given by Ahrens [1987]. Conser- 
vation laws, known as the Rankine-Hugoniot conditions, are 
used to re]ate the kinematic flow variables to the thermo- 

dynamic variables (pressure, density, and internal energy) 
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behind the shock front. A series of shock experiments gener- 
ates a locus of points in pressure-volume-energy space known 
as the Hugoniot (Figure 1). Temperatures along the Hugo- 
niot can be measured in some cases or calculated by making 
certain assumptions. 

There has been long interest in measuring sound veloc- 
ities behind the shock front in order to better constrain 

the thermodynamics of the shock state and to detect phase 
changes such as melting which are otherwise difficult to de- 
tect. Al'tshuler et al. [1960] conducted pioneering work on 
metals using lateral relaxation and overtaking techniques. 
Presently, there are two primary techniques for measuring 
sound speeds behind the shock front: the VISAR [Barker 
and Hollenbach, 1972] and the optical analyzer technique 
[McQueen et al., 1982]. VISAR is an acronym for velocity 
interferometer system for any reflector. In both methods, a 
thin flyer plate is used to impact the target (Figure 2). Upon 
impact, shock waves propagate both forward into the target 
and backward into the flyer. When the shock reaches the 
rear surface of the flyer, the pressure is released isentropi- 
cally and a rarefaction fan propagates back through the flyer 
and the sample. The initial release propagates at the longi- 
tudinal sound velocity in a solid and the bulk velocity for a 
liquid. In solids, the bulk component of the release can also 
often be identified, although its interpretation may be more 
complicated because of wave interactions. Through a suit- 
able experimental arrangement, the time required for rar- 
efactions to propagate through the sample can be recorded. 
In the VISAR technique, the arrival of the shock and later 
release waves at a sample-window interface is monitored. 
Changes in particle velocity due to wave arrivals impart a 
Doppler shift to reflected laser light which is recorded in a 
modified Michelson interferometer. The VISAR has the ad- 

vantage that a substantial portion of the release isentrope of 
the sample can be recovered [Chhabildas et al., 1988]. How- 
ever, corrections must be made because of the impedance 
contrast between the sample and the window. These cor- 
rections are not required in the optical analyzer technique 
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Fig. 1. Schematic pressure-density diagram illustrating relevant 
thermodynamic paths. P-p curves representing the Hugoniot and 
principal isentrope are shown for a material undergoing no phase 
transition. The bulk sound velocity in the shock state can be 
inferred from the initial slope of the release isentrope (equation 
(4)). 
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Fig. 2. Schematic Lagrangian distance-time diagram illustrat- 
ing sound velocity measurements using the VISAR and optical 
analyzer techniques. Impact occurs at t=0, sending shocks into 
the flyer and target traveling with shock velocity Us. Release 
waves are generated at the back surface of the flyer and propa- 
gate through the flyer and sample. Rarefactions traveling at the 
La•rangian longitudinal and bulk sound velocities are indicated 

• L t o (Vi• and V• ). The impedance contrast at the targe /wind w in- 
tedace produces a perturbation of the initial shock state which 
propagates through the target as shown by the dashed line. In the 
VISAR, wave arrivals at the target/window interface are mon- 
itored. In the optical analyzer technique, a series of overtake 
positions in the analyzer are measured using a stepped target. 

which monitors the total thermal radiation emitted by an 
analyzer fluid in contact with the sample. The rarefaction 
propagates through the analyzer, eventually overtaking the 
shock. By simultaneously monitoring several positions on a 
stepped target, the effect of the analyzer can be eliminated 
and the sound velocity in the target determined. Typical 
uncertainties in sound velocities when measured with the 

optical analyzer technique are 1% while VISAR uncertain- 
ties are typically 2-3%. 

The Mie-Grfineisen equation is widely used in the analysis 
of shock data for minerals and metals: 

P- Ps = p7(E- Es) (1) 

where P is pressure, E is energy, 7 is the Grfineisen parame- 
ter, and p is the density. The subscript H refers to Hugoniot 
conditions. This equation is useful in relating Hugoniot to 
off-Hugoniot states. The thermodynamic Grfineisen param- 
eter is defined as 

er KT 
, 

'r -- pCv (2) 
where c• is the thermal expansivity, KT is the isothermal 
bulk modulus, and Cv is the constant volume specific heat. 
The Grfineisen parameter is often assumed to vary only with 
volume: 

Po (3) 7=7ø 
where the subscript o represents ambient-pressure condi- 
tions. Knowledge of the Hugoniot curve along with (1) •nd 
(3) allows determination of the initial slope of the release 
curve, thereby constraining the bulk sound velocity in the 
shock state (Figure 1)[McQueen et al., 1970; Ahrens, 1987]: 
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OP • _•_p }« 
(4) 

where Vz• is the bulk sound velocity, Ks is the adiabatic bulk 
modulus, and (3P/Op)H is the local slope of the ttugoniot. 
Bulk sound velocity measurements can be used to constrain 
7 at high pressure through the use of (4). Available data, 
largely for fluid metals and alkali halides, are consistent with 
q = 1 in (3) [Boness and Brown, 1990; Duffy and Ahrens, 
1992b]. This is also supported by analyses of porous ttugo- 
niot data [Mc•ueen et al., 1970]. 

For many materials, an empirical relationship exists be- 
tween the shock velocity, Us, and the particle velocity, ur: 

Us = co + su• (5) 
where Co and s are materiM constants. Density and pressure 
along the Hugoniot are then related according to: 

PIe = (1- s,/) 2 
where 

up Po 

= p 

The measurement of shock temperatures has been an im- 
portant new area of research in recent years [Ahrens, 1987]. 
In this work, however, we will largely rely on calculated tem- 
peratures. In the case where shock induced phase transitions 
do not occur, shock temperatures are obtainable from the 
differential equation [McQueen et al., 1970]: 

,,,,,., :.,,,..,, + r,,,,,-, _,)_ 
T• is the Hugoniot temperature. glectronic contributions 
to the specific heat can be important at high temperatures. 
Estimates of the electronic contributions are made follow- 

ing Shaner et aL [1984]. Temperatures along the principal 
isentrope can be obtained from the differential equation: 

dT do 
T 

In calculating Hngoniot and isentrope temperatures, ther- 
modynamic values of the Griineisen parameter were used 
with q = 1 in (3) [McCueen et al., 19701. In order to relate 
pressures and volumes along the principM isentrope, we use 
finite strain theory together with parameters derived from 
ultrasonic experiments as discussed below. 

Finite Strain Theory 

Sound velocities along the principal isentrope will be used 
as a primary reference curve in this study. The principal 
isentrope is the bentrope originating at ambient pressure 
and temperature (Figure 1). The widely used finite strain 
equations of Birch [1938, 1952] express pressure, density, 
and the elastic moduli as functions of strain to large com- 
pressions. The expressions for the sound speeds have been 
presented to fourth order in several formulations [Sammis et 
al., 1970; Davies and Dziewonski, 1975; Jeanloz and Knit- 
tle, 19876. Pressure-volume data are frequently represented 
in the normalized pressure-normalized strain or F-.f formu- 
lation [Birch, 1978]. The Eulerian strain, •, is defined as: 

f = • • -- i (10) 

The normalized pressure, F, is: 

F = P (11) 
3f(1 + 2f)• 

In these coordinates, the Birch-Murnaghan equation to 
fourth order is: 

F = ao + a•f + a2f • (12) 

where 

ao = Kos (13) 

3Kos K' ""- 2 (:,.4) 

32-- 2 t oS os + t•os(Kos - 7) + ---- (15) 
where Kos is the zero-pressure adiabatic bulk modulus and 
single and double primes represent first and second pressure 
derivatives along the isentrope, respectively. This formu- 
lation has proven to be particularly convenient for the fit- 
ting of pressure-volume data since it reduces the non-linear 
Birch-Murnaghan equation to a simple quadratic in strain. 

In an analogous manner, the sound velocities can be ex- 
pressed as polynomials in strain through the use of normal- 
ized elastic moduli: 

:Ul = = ore 
(1 + 2f) • (1 + 2f) • 

M•c = Ks = oV• (17) 
(1 + 2f)• (1 + 2f)• 

MG = O = pV• (18) 
(1 + 2f)• (1 + 2f)] 

where ML, M•c, and MG are the normalized longitudinal, 
bulk, and shear moduli, respectively. CL is the longitudinal 
modulus and G is the shear modulus or rigidity. Vp, VB, and 
Vs are the compressional, bulk, and shear sound velocities. 
The longitudinal modulus, C• is given by: 

4 

OL = Ks q- •O (19) 
The finite strain expressions for the sound velocities to 
fourth order then become: 

ML = azo + azx f + aLa f • (2o) 

MK = aKo q- aKxf q- a•caf • (21) 

ago + aG1 f + aGa fa (22) 

The constants in the above expressions are given by the 
following: 

aLo =CLo (23) 

aL• = 3KosC•o- 5C•o (24) 

az: = • Kos CZo + ( oS-4) + (25) 

aKo = Kos (26) 

aKx = 3KosK'os - 5Kos (27) 
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= + - 4) x'o R-j? + 

aa• = 3I•osGo- 5Go (30) 

s s ac2=• Kos (31) 
The application of (10) and (20)-(31) allow zero-pressure 
elastic moduli and their pressure derivatives to be obtained 
from sound velocity or elastic constant measurements as a 
function of pressure. 

RESULTS 

Hugoniot sound velocities have been reported for a num- 
ber of metals, alloys, and minerals. We restrict attention to 
materials for which ultrasonic parameters determined near 
ambient pressure can be compared to Hugoniot measure- 
ments. In most cases, this means the material undergoes 
no polymorphic phase transitions along the Hugoniot. Bulk 
sound velocities in material shocked into the liquid regime 
will be considered separately. 

In Figures 3-6, compressional and bulk sound velocities 
measured along the Hugoniot are shown for solid aluminum 
and aluminum alloys, copper, tungsten, tantalum, and the 
high-pressure phases of forsterite. Aluminum, copper, tung- 
sten, and tantalum are materials that have been extensively 
studied under shock conditions and qualify as equation of 
state standards. The solid curves in each figure are fits to 
the Hugoniot data and the velocity near zero pressure. A 

convenient functional form to use is the following [Wang, 
1988]: 

In Vx = do + d• In PH + d2 In 2 PH (32) 
where X - P or B for compressional or bulk velocities, re- 
spectively. The parameters of the fits to the Hugoniot data 
are given in Table 1 for pressure expressed in GPa and ve- 
locity expressed in km/s. 

Aluminum is the most extensively studied material with 
both compressional and bulk sound speeds reported up to 
and beyond melting (~150 GPa). The bulk sound veloc- 
ities reported by Asay and Ghhabildas [1981] are in poor 
agreement with the remaining data, probably due to wave 
interactions [Furnish, 1990]. For copper, tantalum, and the 
forsterite high-pressure phases (Figures 4-6) compressional 
sound velocities are reported up to the Hugoniot melting 
points. In the case of tungsten, both compressional and 
bulk sound speeds are reported up to 200 GPa (Figure 5). 
Also shown in the figures are finite strain extrapolations 
((20) and (21)) of the sound velocities for each materiM 
along its principal isentrope. The required coefficients (23)- 
(28) are taken from low-pressure (typically 1 GPa or less) 
high-precision ultrasonic measurements of moduli and their 
pressure derivatives listed in Table 2. Since second pressure 
derivatives cannot be reliably obtained from low-pressure 
data, the expressions were truncated at third order. That 
is, the last terms in (20) and (21) were taken to be zero. 
The small correction required to convert the measured pres- 
sure derivatives at constant temperature to constant entropy 
conditions is less than experimental error and has been ig- 
nored. 

In Figure 6, the high-pressure phases of forsterite are 
taken to be an ideal equimolar mixture of periclase (MgO) 

•4 , i , i , i , i , i , i , i , 

Aluminum 
%•e•.,.•. • '5108 

• 12 Vp • • • ••o% • J/z"• -1-3876 

• • x ß o•• - 4083 

'e4 / e88o 

• 6 ß pure M - Asay et al., lg86 
•' ß •0•4 - •cQueen et •1., •g84 
T x 606i-•6 • Asay and Chhabildas, 

4 
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Fig. 3. Compressional and bulk sound velocities in aluminum and aluminum alloys along the Hugoniot. The 
Hugoniot melting point is near 150 GPa [McQ•teen et aL, 1984]. The solid curves are fits to the Hugoniot data 
(Table 1). The dashed curves are principalisentrope velocities obtained from third-order finite strain extrapolations 
of ultrasonic data (Table 2). Zero-pressure velocities are indicated by squares. The numbers near selected data 
points are the calculated shock temperatures in degrees Kelvin. 



DUFFY AND AHRENS: SOUND VELOCITY AT HIGH PRESSURE AND TEMPERATURE 4507 

, ! , i , ! , ! , i , [ , i [ 

Copper 

830 

1618 

2708 

ß Chhabildas and Asay, 1982 
ß Hu et al., 1989 

i I i I I I i I I I i I i I 

0 20 40 80 80 100 120 140 160 

Pressure (GPa) 
Fig. 4. Compressional sound velocities in copper along the Hugoniot. The Hugoniot melting point is near 170 
GPa [Hs et aL, 1989]. The solid curve is a fit to the Hugoniot velocities; the dashed curve represents the finite 
strain velocities along the isentrope. The numbers near selected data points are the calculated shock temperatures 
in degrees Kelvin. 
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Fig. 6. Compressional sound velocities for the forsterite high-pressure phases along the Hugoniot. The Hugoniot 
melting point is near 150 GPa. The data points are from Brown et el. [1987]. The solid curve is a fit to the 
Hugoniot and zero-pressure data. The dashed curve is the finite strain trajectory for the forsterite high-pressure 
phases along the principal isentrope obtained from the properties of MgO and MgSiO3 (perovskite) as discussed 
in the text. The numbers near selected data points are the calculated shock temperatures in degrees Kelvin. 

TABLE 1. Coefficients of Polynomial Fits 

to Hugoniot Sound Velocities 

TABLE 2. Elastic Parameters From Ultrasonic Experiments 

Aluminum 1.6964 1.6984 

Tungsten 1.3959 -4.7867 

2.2675 

2.2840 

Material Po , KoS , Go, Ko•s Go • 5s 
g/cm s GPa GPa 

Reference 

Material d o d 1, d2, 
Aluminum 2.70 76.0 26.1 5.11 2.04 - 

x 10 -2 x 10 --e 
2.70 75.9 26.1 4.41 1.82 3.0 

Vp Copper 8.93 137.0 47.8 5.59 1.36 3.9 
Aluminum 1.8810 1.9252 2.2054 Tantalum 16.68 195.7 72.1 3.77 0.97 4.0 

Copper 1.5705 -1.7785 2.5057 Tungsten 19.24 310.6 160.0 4.29 1.53 4.2 

Tantalum 1.4298 -2.6315 2.0542 MgSiOa, pv 4.11 246.4 184.2 3.9 2.0 - 
Tungsten 1.6565 -3.0057 1.7130 MgO 3.58 163.0 131.0 4.2 2.5 3.2 

Forsterite 2.3351 -3.1485 2.1067 References: a, Ho and Ruoff [1969]; b, Schmunk and Smith 
high-pressure phase [1959]; c, Thomas [1968]; d, Simmons and Wang [1971]; e, 

Katahara et al. [1979]; f, Ye•aneh-Haeri et al. [1989]; g, Knittie 
an• Jeantoz [1987];/i, $umino and Anderson [1984]; and i, lsaak et 
al. [1989a 1. 

a,b 

d,e 

d,e 

f,g 

h,i 

and perovskite (MgSiOs). Wave velocities for the mixture 
were calculated by Voigt-Reuss-Hill averaging of the prop- 
erties of the two components as a function of pressure. The 
parameters used in constructing the high-pressure isentrope 
are listed in Table 2. An additional uncertainty is that the 
pressure derivative of the shear modulus of perovskite is as 
yet unmeasured. We assume dG/dP = 2.0 4- 0.5 for this 
material, in accord with typical values for mantle minerals. 
Of the data in Figure 6, only those points above 100 GPa are 
entirely in the high-pressure phase. The data below 75 GPa 
are in the mixed phase region and contain some fraction of 
untransformed material. 

It can be seen from the figures that the Hugoniot measure- 
ments and finite strain extrapolations agree fairly well at low 
pressure but diverge increasingly as pressure increases. The 
procedure for analyzing these results will be first to compare 
the results at low pressure •nd then at high pressure where 
thermal effects are important. 

Evaluation of Finite Strain Parameters 

Studies at low pressure allow more or less direct compar- 
ison of ultrasonic extrapolations and Hugoniot sound veloc- 
ities. Hugoniot sound velocities in aluminum alloys, cop- 
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per, and tungsten at pressures below 35 GPa are shown 
in Figure 7 along with finite strain extrapolations of ul- 
trasonic data (Table 2). The temperatures achieved upon 
shocking to these pressures range between about 300 and 
700 K. Thermal effects on the sound velocities are there- 

fore likely to be small. A maximum thermal correction can 
be estimated by using the zero-pressure temperature coeffi- 
cients from high-temperature ultrasonic experiments. The 
correction amounts to 3% or less; corrected velocities are 
indicated in the figure. Densities were corrected using the 
zero-pressure thermal expansion 
are less than 1%. The resulting pressure corrections were at 
most 5%. For tungsten, the temperature correction is negli- 
gible. The aluminum Hugoniot data both here and in Figure 
3 represent several alloys in addition to pure A1. Most al- 
loys (such as 2024 and 6061) have Hugoniot properties and 
zero-pressure elastic moduli that are only slightly different 
from pure aluminum. Consequently, the ultrasonic data for 
aluminum are comparable to the alloy data. This conclusion 
is reinforced by the data of Figure 3 showing that sound ve- 
locities in 2024-A1 and pure A1 overlap in the 50-110 GPa 
pressure range. 

There is reasonable agreement between the ultrasonic 
extrapolations in Figure 7 and the Hugoniot data. The 
temperature-corrected Hugoniot data were inverted using 
(20) to obtain elastic parameters for both the third and 
fourth-order finite strain formulations. The result are com- 

pared to ul[rasonic parameters for aluminum and copper 
in Table 3. The zero-pressure velocities reported by Wan9 
[1988] for both aluminum and copper are lower than ultra- 
sonic values by 2-3%. This may be due to initial porosity 
or in the case of aluminum, the type of alloy used. The ex- 
trapolated ultrasonic velocities agree with the temperature- 

corrected Hugoniot values within 1% when the ultrasonic 
extrapolations are shifted to correspond to the lower zero- 
pressure velocities of Wang's samples (dashed curves in Fig- 
ure 7). The aluminum 6061 data of A sagt and Chhabildas 
[11t81] fall within the range of the two finite strain extrap- 
olations for aluminum. The two extrapolations differ by no 
more than 4% up to 150 GPa, and the actual extrapolation 
used does not affect the conclusions of this paper. Second 
pressure derivatives determined from fits to the shock data 
do not differ greatly from those resulting from the truncation 
of the finite strain expressions at third order. This indicates 
that higher order terms are not expected to significantly 
change the velocities at high pressure. The overall agree- 
ment between the finite strain velocities and Hugoniot mea- 
surements in this pressure range provide a reasonable basis 
for extrapolating the ultrasonic data to still higher pressures 
where thermal effects become important in the shock data. 

Hugoniot and ultrasonic data may not be directly com- 
parable due to a number of factors involved in the shock- 
compression process including material strength, thermody- 
namic disequilibrium, and shock-induced anisotropy or fab- 
ric [Grader, 11t77]. For the metals under consideration here, 
materiM strength is not likely to be significant. Initial yield 
strengths are relatively small (< 1 GPa) for A1, Cu, W, 
and Ta. While strain hardening does occur, results for alu- 
minum indicate that materiM strength decreases above 50 
GPa [Asagt et al., 198t;], possibly because of thermal effects. 
The comparison of Figure 7 suggests that Hugoniot sound 
velocities are not strongly affected by materiM strength. In 
addition, static isotherms and Hugoniot P-V curves based 
on the data of Tables 2 and 5 overlap in the low-pressure 
region. At higher pressures, strength effects are likely to be 
even less important because of the very high temperatures. 

m 6 

o 

11 , i , i , i , i , i , i , 

ß •' AI - Wan•, 1988 
10 + x Cu - Chhabildas and Asay , 1982 

ß [] Cu - Wang, 1988 
ß W - Asay et al., 1980 

Chhabildas et al., 1988 

A1 

• 

Ca 

w 

4 I I I I I I 

0 5 10 15 20 25 30 35 

Pressure (GPa) 
Fig. 7. Hugoniot sound velocity data below 35 GPa for aJuminum, copper, and tungsten. In the legend, symbols 
listed on the left correspond to Hugoniot velocities; those on the right represent velocities corrected to isentrope 
conditions using zero-pressure temperature coefficients. Solid curves •re finite strain trajectories along the principal 
isentrope using the data of Table 2. The lower solid curve for aluminum corresponds to the data of Thomas [1968]. 
The dashed curves are finite strain trajectories shifted to correspond to the lower zero-pressure velocities of the 
data of Wang [1988]. 
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TABLE 3. Compressional Elastic Properties From 
Ultrasonic and Hugoniot Data 

Study CL0, 
GPa GPa -• 

Aluminum, Shock 

Asay and Chhabildas [1981] 
third order 115.8 6.7 - 

fourth order 115.8 6.7 -0.11 

Wang [19881 
third order 109.0 7.1 - 

fourth order 110.8 6.2 -0.01 

Aluminum, Ultrasonics 

Thomas [1968] 110.8 6.8 (-0.11) 
Ho and Ruoff [1969] 110.9 7.8 (-0.18) 

Copper, Shock 

Chhabildas and Asay [1982] 
third order 

fourth order 

Wang [1988] 
third order 

fourth order 

Simmons and Wang [1971] 

199.7 7.2 - 

200.7 6.5 -0.01 

190.7 7.3 - 

190.7 7.3 -0.09 

Copper, Ultrasonics 

200.7 7.4 (-0.13) 

It will also be shown below that sound velocities are also 
surprisingly high in shock-melted materials, for which ma- 
teriM strength is not a factor. It is more difficult to evaluate 
strength effects for the high-pressure phases of forsterire. 
The initial yield strength of forsterire (~7 GPa) is larger 
than metal values. Brittle materials often exhibit a partial 
or complete loss of strength above the Hugoniot elastic limit 
however [Grady, 1977]. The high temperatures achieved in 
the high-pressure phase region may also significantly mini- 
mize strength effects. 

Temperature Coefficients at High Pressure 

Temperature derivatives of wave velocities at high pres- 
sure can be obtained from the data of Figures 3-6 by compar- 
ing velocities along the isentrope and the Hugoniot and by 
accounting for temperature differences between the curves. 
The expression for the magnitude of the temperature coef- 
ficients is: 

(33) 

where the subscripts H and S refer to Hugoniot and isen- 
trope conditions. The resulting temperature derivatives are 
shown in Figures 8-12. Also shown in each figure is the 
zero-pressure temperature coefficient determined from high- 
temperature ultrasonic experiments. The error bars repre- 
sent one standard deviation uncertainties which were de- 
termined through standard error propagation techniques in- 
cluding uncertainties in shock temperatures, measured ve- 
loci{ies, and ultrasonic parameters. 

The shock temperatures are computed as discussed previ- 
ously (equation (8)). The Hugoniot parameters required for 
the temperature calculations are listed in Table 5. The un- 
certainties are substantial, largely because of uncertainties 
in the specific heat, but also because of uncertainties in the 

1.0 

0.8 

0.2 

0.0 

Aluminum 
ß Compressional Velocity 

Vp o Bulk Velocity -- aK?=constant 
6?=constant 

__ 

i I ! i I ! I I 

o 25 5o 75 •oo •25 •5o 

Pressure (GPa) 

Fig. 8. Temperature derivatives of compressional and bulk sound 
velocities in aluminum and aluminum alloys as a function of pres- 
sure. Data of Figure 3 axe shown for pressures greater than 45 
GPa. Solid symbols axe compressional velocity derivatives, open 
symbols are bulk velocity derivatives. Zero-pressure values axe 
from Thomas [1968]. The dashed and solid lines axe theoretical 
results based on (39) and (41), respectively. 

Griineisen parameter and its volume dependence (equations 
(2) and (3)). In the case of forsterire, measured tempera- 
tures between 153 and 175 GPa [Lyzenga and Ahrens, 1980] 
provide additional constraints. While temperature uncer- 
tainties are large, the dominant contributor to the uncer- 
tainties in Figures 8-12 are the uncertainties in the velocities 
themselves. At low pressure, uncertainties in the Hugoniot 
and isentrope velocities are of the same order or greater than 
the differences between the two curves. Consequently, the 
temperature coefficients cannot be constrained very well. At 
higher pressures, where the separation between the isentrope 
and Hugoniot velocities is greater than experimental error, 
the temperature derivatives are better constrained. 

An empirically based prediction of the magnitude of the 
temperature derivatives at high pressure is possible by using 
the dimensionless logarithmic anharmonic (DLA) param- 
eters [Anderson, 1988]. The DLA parameter at constant 
pressure is: 

(01nM) _ 1 (0M) (34) {M}•, -- 0 In p P - aM •-• p 
where M is an elastic modulus (Ks, KT, G, CL) and a is the 
thermal expansion coefficient. It has been suggested that 
these parameters are relatively constant acros changes in 
crystal structure [Anderson, 1988]. They also appear to be 
relatively constant above the Debye temperature [Anderson 
and Goto, 1989; Isaak et al., 1989a, b]. The DLA parame- 
ters for the adiabatic {Ks}•, and isothermal {K•,}•, bulk 
moduli are referred to as tis and t;•,, respectively. Recent 
high-pressure thermal expansion measurements [Chopelas 
and Boehler, 1989] suggest that 5• is nearly constant Mong 
an isotherm to high pressure [Anderson et al., 1990]. If it is 
further assumed that 5• as well as 5s and {G}r are constant 
Mong the Hugoniot, then expressions for the temperature co- 
efficients of velocities can be obt•ned • follows. Tempera- 
ture derivatives of sound velocity are related to temperature 
derivatives of the elastic moduli according to: 
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Fig. 9. Temperature derivatives of compressional velocity in cop- 
per above 40 GPa using the data of Figure 4. The zero-pressure 
temperature coefficient is from Simmons and Wang [1971]. The 
dashed and solid lines axe theoretical results based on (39) and 
(41), respectively. 

Fig. 11. Temperature derivatives of compressional and bulk 
sound velocities in tungsten for Hugoniot data of Figure 5 above 
100 GPa. Solid symbols are compressional velocity derivatives, 
open symbols are bulk velocity derivatives. Zero-pressure values 
axe from Simmons and Wang [1971]. The dashed and solid lines 
axe theoretical results based on (39) and (41), respectively. 

.x i( 
where X=P, B, or S for compressional, bulk, and shear 
velocities, respectively, and M is the corresponding elastic 
modulus (eL, Ks, or G). Pressure is expected to reduce 
the magnitude of the temperature derivatives of the moduli 
by suppressing anharmonicity [Zharkov and Kalinin, 1971; 
Anderson, 1987]. This implies that the mixed derivative 
(02M/OPOT) should be greater than zero. Experimental 
constraints on (02M/OPOT) are limited but most results 
do indicate that (02M/OTOP) > 0 [Simmons and Wang, 
1971]. A recent ab initio model of the thermoelastic prop- 
erties of MgO suggests (02M/OTOP) > 0 for this material 
[Isaak et al., 1990]. Temperature derivatives of sound veloc- 
ity slowly become more negative as temperature is increased 
[Anderson and Goto, 1989]. 
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Fig. 10. Temperature derivatives of compressional velocity in 
tantalum using the data of Figure 5. The zero-pressure temper- 
ature coefficient is from Simmons and Wang [1971]. The dashed 
and solid lines are theoretical results based on (39) and (41), re- 
spectively. 

Combining expressions (34) and (35) yields: 

aVX rl - {M}e][ (36) 
For {M}•o• constant, the temperature coefficient at pres- 
sure P is related to the zero-pressure value by: 

= o•oVxo (37) 
Recent work on a range of materials is consistent with the 
following volume dependence for c• [Anderson et al., 1990]: 

(Oln•) =-6• (38) Olnp 
which can be combined with (37) to give: 

- 
Predicted temperature derivatives along the Hugoniot using 
(39) are compared to the experimental data in Figures 8-12. 
Values of/•T were obtained from ultrasonic data by making 
use of the approximation [Anderson, 1987; Anderson and 
Goto, 1989]: 

6T • 5s + 1' (40) 

The resulting 6T values range between 5 and 6 for the ma- 
teriMs studied here (Tables 2 and 5). 

A second empirically based estimate of (OVp/OT)p can 
be obtained from the definition of 7 and its volume depen- 
dence. Hugoniot sound velocity data are consistent with 
0 In 7/0 In V •. q = 1 as discussed above. Together with (2), 
this implies that c•KT • constant along the Hugoniot, as- 
suming 0In Cp/01n p • 0 [Birch, 1968]. This relationship 
suggests a weaker dependence of c• on density than implied 
by (38). Using values of Ks along the Hugoniot from (4) 
or (32), the thermal expansivity along the Hugoniot can be 
estimated from: 

Ks ] -• a • aoKoT 'iT (41) 
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Fig. 12. Temperature derivative of compressional velocity for the forsterite high-pressure phase data of Figure 
6. The high-pressure phase is assumed to be an ideal equimolar mixture of periclase and perovskite. Data below 
75 GPa are excluded because they are in the mixed phase region. The zero-pressure temperature coefficients for 
mantle-relevant minerals [Sumino and Anderson, 1984] are indicated by square symbols at zero pressure. The 
dash-dot box shows the range of temperature coefficients inferred by Creager a•d Jord• [1986] from their residual- 
sphere study of slab anomalies. The arrow labeled S69(MgO) represents an extension of the slope of (aVp/aT)p 
determined from the ultrasonic data of Speizler [1969] for MgO. The thick solid line labeled upper bound (PREM) 
shows upper bound values for the magnitude of (aVp/aT)e computed using thermoelastic properties for the Earth 
as discussed in the text. The dotted curve is a lower bound on the magnitude of (aVe/aT)e inferred from geoid 
models. The line labeled FP91 shows values of (OV•IOT)• inferred by Forte and Peltlet [1991]. The box labeled 
dVB/dT shows the range of possible deep lower mantle values for this quantity based on (45). The dashed line 
represents predictions based on (39) using the 6T of MgO. 

An estimate of the temperature coefficient of velocity can 
be made by inserting (41) in (35). If the temperature coeffi- 
cients of the elastic moduli are assumed constant with pres- 
sure, this should provide an upper bound on I(OV•/OT)e I. 
The temperature coefficients of the elastic moduli are ex- 
pected to decrease in magnitude with pressure because of 
reduced anharmonicity, but the magnitude of the decrease 
is uncertain. Upper bound estimates of [ (0Vp/0T)p I based 
on (41) are shown in Figures 8-12. In Figure 12, the up- 
per bound has been constructed by combining thermoelas- 
tic properties of the Earth with temperature coefficients of 
elastic moduli of mantle minerals. This is further discussed 

in the next section. It is clear from Figures 8-12 that (41) 
does bound most of the data. Above 1 Mbar, the decrease in 
the magnitude of the temperature coe•cients of the el•tic 
moduli required by the data for A1, Cu, Ta, and Mg•SiO4 
when a is given by (41) ranges from a factor of 1 to 4. 

The temperature derivative of K• is related to the pres- 
sure dependence of a through the following relationship: 

•)e = K• + 7T (•)e] (42) 
where the temperature dependence of 7 h• been neglected. 
At high P and T, the temperature dependence of a Mso be- 
comes sraM1 [Isaak et al., 1990] and the third term on the 
right can be neglected. Neglect of (Oa/OT)e • low P and 
T will overestimate I(OA'/OT) I. • particular pressure 

dependence for c• (e.g., (38) or (41)) therefore implies a par- 
ticular temperature dependence of Ks. Model calculations 

MgO 000 K show I I 
decreases by about 40% from 0.023 GPa/K to 0.013 GPa/K 
from P -- 0 to P = 135 GPa when c• is described by ei- 
ther (38) or (41). This supports the arguments above for 
the pressure decrease of [ (0Ks/0T)e 1. It is also consistent 
with estimates of [ (0Ks/0T)p [from the deep lower man- 
tle using seismological data as discussed in the next section. 
Thermodynamic considerations provide no insight on the T 
dependence of the shear modulus, however. Therefore, we 
have continued to assume the temperature derivatives are 
constant with pressure to obtain the upper bound estimates 
shown in Figures 8-12. 

For Muminum, the temperature derivatives of both com- 
pressional and bulk velocities decrease with pressure, with a 
factor of 3-8 decrease in the absolute values of the temper- 
ature derivatives at the highest pressures (Figure 8). If the 
ultrasonic data of Ho and Ruoff [1969] and Schmunk and 
Smith [1959] is used rather than the data of Thomas [1968], 
the temperature derivatives at high pressure are increased by 
about 50% and agreement with (38) and (41) is poor. How- 
ever, the low-pressure Hugoniot data appears to be in better 
agreement with the data of Thomas [1968](Figure 7). For 
copper and tantalum, the decrease in the temperature coeffi- 
cients of the compressional velocities are also large, declining 
by factors of about 6 and 3, respectively. Only for tungsten, 
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the most incompressible of the metals studied, are the tem- 
perature derivatives at high pressure indistinguishable from 
low-pressure values within their uncertainties. The results 
for the forsterire high-pressure phases are broadly similar 
to the more compressible metals. For the three data points 
above 100 GPa, the temperature coefficient of V• has an av- 
erage value of-0.1 + 0.1 m/s/K compared with-0.5 m/s/K 
for forsterite and MgO under ambient conditions [Sumino 
and Anderson, 1984; [saak et al., 1989a, b]. 

In Table 4, mixed pressure-temperature derivatives of 
compressionaJ velocity are obtained from. linear fits to the 
data in Figures 8-12. The derivatives are positive, except 
for tungsten for which the derivatives are not resolvably 
different from zero. The incompressible metals, tungsten 
and tantalum, have mixed derivatives about an order of 
magnitude smaller than the more compressible metals and 
forsterire. For the high-pressure phases of forsterire, the 
zero-pressure mixed derivative was obtained from a least 
squares fit using high-pressure temperature coefficients and 
zero-pressure values from ultrasonic data for forsterire and 
MgO. O•VR/OPOT is inversely proportional to the longitu- 
dinal modulus, CL, for the materials studied here (Figure 
13). 

Using expressions (5)-(7) and the data of Table 5, Hugo- 
niot pressures can be related to Hugoniot densities. Follow- 
ing a similar procedure to that used above, temperature co- 
efficients at constant density, (i:gVx/OT)t•, can be obtained. 
The results differ from the constant pressure case in that 

TABLE 4. Mixed Pressure-Te•nperature Velocity Derivatives 

Material Co, ov,/o?or, 
GPa 10 -ø (km/s)/GPaK 10 -ø (km/s)/GPaK 

Aluminum 111 õ.1 2.6 

Copper 201 3.6 - 
Forsterite 237 3.3 - 

Tantalum 292 0.4 - 

Tungsten 524 0.2 -0.1 

I i i 

0 ZOO 300 400 500 600 

Longitudinal Modulus (GPa) 
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Fo 

100 

Fig. 13. The pressure derivative of I(OW•/or)rl plotted as a 
function of zero-pressure longitudinal modulus. Pressure deriva- 
tives were obtained by fitting zero-pressure ultrasonic tempera- 
ture derivatives and high-pressure shock values from Figures 8-12. 

velocity differences between the isentrope and the Hugoniot 
are somewhat smaller in magnitude and can be either posi- 
tive or negative. 

The results of this section show that temperature coeffi- 
cients of velocity can be obtained from Hugoniot sound ve- 
locity measurements on solids at high pressure. Most metals 
and the high-pressure phases of forsterire exhibit marked re- 
duction in the magnitude of the temperature derivatives at 
high pressure. Thus, the effect of temperature on sound ve- 
locities at high pressure is considerably less than would be 

velocity data. predicted on the basis of zero-pressure sound 
The experimentally determined temperature derivatives also 
agree well with the prediction of (39) except in the case of 
tungsten (Figures 8-12). This suggests that the assumption 
{M}lo• const holds reasonably well at high pressure and 
temperature. Alternatively, assuming (OM]OT)•, and aKT 
are constant provides an upper bound for the magnitude 
of the temperature coefficient of velocity, although tungsten 
is again an exception. These results illustrate the tradeoff 
b•t•• (0a4/0r)• •d • i• (S•). 

Bulk Velocities in Liquids 

In addition to the solid data discussed above, there is a 
large body of Hugoniot sound velocity data on metals and 
minerals that have undergone shock melting. In Figures 14 
and 15, these data are shown for alkali halides and met- 
als. Also shown in each figure are third-order finite strain 
extrapolations of the bulk sound velocity for each material 
in the solid phase (Table 6). These plots exhibit a number 
of differences from those involving shocked solids. In many 
cases, the Hugoniot velocities for the liquids are as fast or 
faster than the extrapolated velocities for the solid phase. 
This is surprising in view of the extremely high tempera- 
tures achieved in these experiments. For the alkali halides, 
the temperatures between 50 and 150 GPa have been mea- 
sured to be in the 5000-15,000 K range [Boness and Brown, 
1990] and a substantial temperature effect might be ex- 
pected. Furthermore, the tendency for the isentrope and 
Hugoniot velocities to diverge at high pressure is much re- 
duced and of the opposite sign for the liquid data. Another 
surprising feature is that in nearly all cases, the finite strain 
extrapolations based on the properties of the solid are within 
a few per cent of the measured Hugoniot velocities for the 
liquid. 

There are several possible explanations for these features. 
The temperature coefficients of velocity for liquid metals 
and alkali halides may be very small. Another possibility 
is that the first or second pressure derivatives for the liquid 

TABLE 5. Hugoniot Equation of State Parameters 

Material Po , co, s 7o Cg, Reference 

g/cm s km/s J/gK 

Aluminum 2.70 5.386 1.339 2.00 0.902 a ,b 

Copper 8.93 3.940 1.489 1.99 0.372 b 

Tantalum 16.68 3.414 1.200 1.64 0.137 b ,c 

Tungsten 19.24 4.029 1.237 1.65 0.131 b ,c 
Forsterite 3.20 3.80 1.69 2.0 - d 

References: a, Asay et al. [10S6]; b, McQueen et al. [070]; 
c, gatahara et al. [1979]; and d, Brown et al. [1OS7]. 
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Fig. 14. Bulk sound velocities in shock-melted alkali halides. The curves are third-order finite strain extrapolations 
based on ultrasonic properties of the corresponding solid (Table 6). Unlike the solids, the Hugoniot velocities are 
similar to or slightly faster than the finite strain extrapolations despite the large temperature differences between 
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Fig. 15. Bulk sound velocities in shock-melted metals. The curves are third-order finite strain extrapolations 
based on ultrasonic properties of the corresponding solid (Table 6). With the exception of lead above 100 GPa, 
the Hugoniot sound velocities are dose to finite strain predictions despite large temperature differences between 
the curves. The Hugoniot data are from Brown •nd $k•ner [1984], Brown •nd Mcq•een [1986], Boness e• •l. 
[1988], W•ng [1988], and Hixson et •l. [1989]. 
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TABLE 6. Elastic Parameters for Alkali Halides and Metals 

Material • o , •os , •o's 
g/cm • GPa 

Alkali Halides 

KCI 1.99 18.3 5.36 

NaCI 2.16 25.2 5.26 

KBr 2.75 14.9 5.38 

CsBr 4.45 15.8 5.38 

Csl 4.53 12.5 7.i3 

Metals 

Fe 7.87 166.0 5.29 

Mo 10.21 263.0 4.40 

Pb 11.34 44.7 5.53 

Ta 16.68 195.7 3.77 

Alkali halide data from Sumino and Anderson [1984]; metal 
data from Simmons and Wang [1971]. 

may be larger than is appropriate for the solid. The effect of 
changes in physicM properties (such as p and Ks) across the 
melt boundary may Mso play a role. There are insufficient 
data to compare finite strain extrapolations based on liquid 
properties with the Hugoniot data. For M1 the materials 
studied, except perhaps for lead above 100 GPa, bulk ve- 
locities in the liquid dion& the Hugoniot are predicted quite 
well to first order by the ultrasonic parameters for the solid 
with no temperature correction. It has also been noted that 
Birch's law (velocity linear with density) is approximately 
satisfied for shocked fluid Mkali halides and metMs [Shaner 
et al., 1988; Boness and Brown, 1990], as well as for solid 
metals [Duffy and Ahrens, 1992a]. 

GEOPHYSICAL IMPLICATIONS 

Pressure Dependence of Temperature Coefficients of Vp and 
vr 

Seismological data have been used to estimate temper- 
ature coefficients of velocity in the Earth in a number of 
studies. Sleep [1973] obtained the result I(OVp/OT)• I = 0.9 
m/s/K from a study of subduction in the Aleutians. More 
recently, McNutt and Judge [1990] constrained the temper- 
ature coefficient of the shear velocity to 125 km depth to 
be-0.618 m/s/K based on the variation of Love wave ve- 
locity with lithospheric age. Both these results are about a 
factor of two larger than typical laboratory values for sili- 
cates (Figure 12). Residual sphere studies use travel time 
residuals from subduction zone earthquakes to constrain the 
geometry and depth extent of slabs. This addresses the ques- 
tion of whether slabs penetrate into the lower mantle. The 
temperature coefficient of velocity is an important scaling 
parameter in these studies, relating the observed anomalies 
to the thermM structure of the slab. The results of these 

studies are consistent with OVr/OT =-0.5 4- 0.1 m/s/K 
over a depth range from about 150 to 1000 km [Creager and 
Jordan, 1986; Jordan et al., 1989; Fischer et al., 1991; Boyd 
and Creager, 1991]. Furthermore, the results of residual 
sphere studies imply OVr [c9T is a weak function of depth 
and does not vary significantly between the upper and lower 
mantle [Jordan et al., 1989]. The shock wave data discussed 

above cannot be directly compared to the residual sphere re- 
suits, as the shock data lies at higher pressure. Nevertheless, 
the data are inconsistent in that the shock results require a 
substantial decrease in the magnitude of the temperature 
coefficients with pressure. The residuM sphere results are 
consistent with upper bound vMnes of I(OV•,]OT)r I 
inferred in Figure 12 and these studies may not be sensi- 
tive to relatively small changes in OVp/OT over restricted 
pressure ranges. Fischer et al. [1988] considered the trade- 
off between depth extent of the slab and OVr/OT. It was 
...... t•a• decreasing the of •/•T increases magnitutm 
the required penetration depth of the slab. Other studies, 
however, suggest that the residuM sphere velocity anomMies 
may be overestimated due to deep mantle and near-receiver 
effects [Zhou et al., 1990] and that slab velocity heterogene- 
ity may be relatively weak at depths greater than 300 km 
[Schwartz et al., 1991]. 

The present results may be more directly applied to the 
deep lower mantle (P > 100 GPa). The temperature co- 
efficient of velocity within this region is important in re- 
lating seismically observed velocity heterogeneities to the 
underlying thermal anomalies. A number of recent stud- 
ies have converted velocity anomMies to density anomMies 
which, when incorporated into dynamic Earth models, can 
be used to predict the observed geoid [Hager et al., 1985; 
Forte and Peltlet, 1987; Ricard et al., 1989; Hager and 
Richards, 1989; Hager and Clayton, 1989]. The parameter 
relating velocity and density anomalies, (OV•,/•p)r, inferred 
from these studies is model dependent and values between 
2 and 10 (km/s)/(g/cm s) have been reported. results 
depend strongly on the assumed radial viscosity structure 
and laterM variations in viscosity may be important as well 
[Richards and Hager, 1989]. When combined with the ther- 
mal expansion coefficient, an estimate of (c9Vr/c9T)•, can be 
made from these results. Given the range of possible vMues 
of a and (OV•,/c9p)f, in the lower mantle, (c9Vf,/c9T)f, is only 
weakly constrained. A lower bound for this quantity from 
the geodetic and seismic data is indicated in Figure 12. With 
the present work, an independent estimate of (c9Vf,/cgp)f, 
based solely on mineral physics data may be constructed. 
Using (c9Vp/oqT)p ---0.1 4- 0.1 m/s/K for P > 100 GPa, 
together with a = 10 4- 5 x 10 -ø K -•, we find (OVp/Op)p 
: 2 (km/s)/(g/cm 3) with acceptable vMnes ranging from 0 
to 8. This overlaps most of the range of (c9Vr/c9p)p from 
geodetic data discussed above. 

An important area of uncertainty involves the vMue of 
the thermM expansivity under deep mantle conditions. The 
values used above (c• = 5-15 x 10 -ø K -•) cover the range 
of estimates for the mantle and mantle minerMs at pres- 
sure above 1 Mbar based on both data and thermodynamic 
calculations [Stacey, 1977; Anderson, 1987; Anderson et al., 
1990]. The vMue of c• has important implications for the dy- 
namics and composition of the lower mantle [Chopelas and 
Boehler, 1989]. The assumption aKT = constant discussed 
previously implies the higher value (a • 15 x 10 -• K -•) is 
appropriate for the deep lower mantle, while if tit = const, 
the lower vMue (c• • 5 x 10 -• K -•) is more appropriate. 
A vMue of 40 x 10 -• K -• has been used as the ambient- 

pressure thermal expansion coefficient of lower mantle ma- 
teriM [Knittle et al., 1986]. The tradeoff between a and 
(OM/OT)p in (35) precludes the of present data to 
distinguish between the thermM expansivity models. 

For a given pressure dependence of c•, an upper bound 
for the magnitude of (OVp/OT)p in the Earth can be cal- 
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culated using (35) and PREM parameters [Dziewonski and 
Anderson, 1981] for the mantle. This is illustrated in Figure 
12, using the thermM expansivities of Stacey [1977] and as- 
suming an upper bound for I(OCœ/OT)p I of 0.036 GPa/K 
in the upper mantle and 0.048 GPa/K in the lower mantle. 
These are ambient-pressure values for forsterire and MgO, 
respectively. Varying a within the bounds established by 
the two relations discussed above changes the upper bound 
by -1- 10%. These results then establish an upper bound 
of l(OVp/OT)pl= 0.28 m/s/K for P above 1 Mbar in the 
lower mantle. The present results for the forsterire high- 
pressure phase between 103 and 144 GPa can be satisfied 
by approximately a 50% reduction in [(0Cz/0T)p [ relative 
to ambient-pressure values for MgO. 

The temperature derivative of the bulk velocity, 
(OVB lOT)p, in the mantle can be estimated from thermody- 
namic and seismological parameters for the Earth. Stacey 
and Loper [1983] have shown that, under the assumption 
(OK,/OT)v • O, the temperature coefficient of the bulk 
modulus can be approximated by: 

OKs • • aKs - (•-] s ( •-•-! r pot 
This expression can aso be obtained by substituting q- 1 
into the thermodynamic relationship of Basseft et al. [1968] 
and neglecting the difference between the adiabatic and 
isothermal moduli and pressure derivatives 

q= l- (l +ayT)Ss- ('•5 s') +7 (44) T 

Combining (35) and (43) yields the following expression: 

OVB • _ 
-•- r 2 pCr \ •-! s 

Stacey and Loper [1983] present a similar equation (their 
equation (54)) for (OVr/OT), which incorrectly neglects the 
temperature dependence of the shear modulus. Using a -- 
5-15 x 10 -• K -• and Ce -- 1.26 J/gK [Stacey, 1977] in (45) 
results in I(oVB/OT).I 0.05-0.07 m/s/K between 100 and 
135 GPa, a threefold to fourfold reduction relative to the 
zeo-pes.e v.e UgO of I(OV./Or) = 0.21 m/s/ 
[Sumino and Anderson, 1984] (Figure 12). Thus, thermody- 
namic estimates of the temperature coefficient of the bulk 
velocity for the bottom portion of the lower mantle yield re- 
sults similar to (OVp/OT)r, both in magnitude and in total 
reduction relative to zero-pressure laboratory values. Esti- 
mates of (OKs/OT)p from (43) range from-0.008 to-0.015 
GPa/K at 100 GPa, while laboratory values for mantle min- 
erMs range from -0.014 to-0.021 GPa/K, suggesting this pa- 
rameter may decrease in magnitude by a factor of up to 2.5 
across the mantle. This is consistent with our results and 

with the experimental data and theoretical studies discussed 
above which suggest that pressure reduces the magnitude of 
the temperature coefficients of elastic moduli. 

Forte and Peltlet [1991] employed viscous flow models to 
estimate (OVp/OT)p in the lower mantle from seismically 
observed core-mantle boundary topography. Using Stacey 
and Loper's value for (OVp/OT)p discussed above in the 
D" region, they fit the magnitude of the CMB topography 
using (OVp/OT)p = -0.2 m/s/K for the remainder of the 
lower mantle (Figure 12). In an ultrasonic study, Spetzler 
[1969] measured sound velocities in MgO to 1 GPa and 800 
K. Figure 12 shows the extension of the (OVp/OT)p slope 

defined by this data. These results also suggest a marked 
reduction in the magnitude of (OVp/OT)p with pressure. 

Interpretation of Relative Variations of P and S Wave Ve- 
locity 

Tomographic maps of lower mantle P and $ wave velocity 
variations are correlated but relative shear wave anomalies 

are larger than P wave anomalies. This can be expressed for 
the lower mantle in the form [Dziewonski and Woodhouse, 
1987; Davies, 1990]: 

(0 - .0 •'= lnVr •, 

Comparison of different lower mantle models may introduce 
error due to noise or differences in model parameteriza- 
tion. However, similar results have bee.n obtained from the 
Earth's free oscillation spectra which constrain y to lie be- 
tween 1.67 and 2.56 with 75% confidence, with an optimum 
value of 2.3. These data exclude the zero-pressure value of 
1.25 at the 96% confidence interval [Liet al., 1991]. For 
mantle minerals near ambient conditions, y -- 0.7 to 1.4 
(Figure 16). At ambient pressure, y does not increase at 
temperatures up to 1700 K for MgO and Mg2SiO4 [Isaak 
et al., 1989a, b]. Anderson [1987] divided the temperature 
derivatives of the elastic moduli into intrinsic (anharmonic) 
and extrinsic (quasiharmonic) components in an attempt to 
determine the separate effects of pressure and temperature 
on the moduli. It was proposed that increasing pressure de- 
creases the effect of temperature on moduli partly because 
of greater suppression of the extrinsic (volume-dependent) 
temperature effect. The intrinsic temperature derivative 
of the bulk modulus is generally smaller than the intrinsic 
derivative of the rigidity. Consequently temperature varia- 
tions should affect the rigidity more than the bulk modu- 
lus at elevated pressure. Attempts to verify this idea using 
potential models have reached conflicting conclusions [Rey- 
nard and Price, 1990; Agnon and Bukowinski, 1990]. Rey- 
nard and Price [1990] obtain values of 5T for several mantle 
minerals that are in good agreement with the experimental 
data of Chopelas and Boehler [1989] and exhibit only a weak 
pressure dependence. Agnon and Bukowinski [1990], on the 
other hand, find that 5s decreases strongly with pressure for 
oxides. The decrease in 5s appears to be sufficient to allow 
y ) 2 in the lower mantle. The results of Reynard and Price 
[1990] suggest that large y values in the lower mantle cannot 
be explained solely by temperature variations of velocity. 

For aluminum and tungsten, compressional and bulk wave 
velocities can be combined to constrain the shear velocity to 
within •5% along the Hugoniot [Duffy and Ahrens, 1992a]. 
Comparing these to isentrope velocities allows logarithmic 
velocity variations to be constrained (Figure 16). The alu- 
minum results are based on the fits of Table 1 since there are 

only a few pressures at which both Vp and VB are reported. 
Results at lower pressures than shown exhibit a great deal 
of scatter and are not considered reliable because the dif- 

ference in velocity between the isentrope and Hugoniot is 
small. Figure 16 shows that y values at high pressure are 
similar to zero-pressure values for both A1 and W. While 
uncertainties are considerable, the large increases in y of 
the type required to explain the seismological result are not 
required by the shock wave data. More data, particularly 
on geologically relevant materiMs, is needed to confirm this 
result. Other possible explanations for large y values in the 
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lower mantle include the presence of small amounts of fluid, 
partial melting [Duffy and Ahrens, 1992b] and a ferroelastic 
phase transition in perovskite [Yeganeh-Haeri et al., 1989]. 

Thermal Variations in the Lower Mantle 

Tomographica•ly determined seismic velocity variations 
are often interpreted as thermal anomalies related to man- 
tle convection. Throughout most of the lower mantle, the 
RMS amplitude of P wave anomalies is approximately 0.1% 
[Clayton and Comer, 1983; Dziewonski, 1984; Gudmundsson 
et al., 1990]. Assuming these anomalies are entirely due to 
temperature and using a zero-pressure temperature coeffi- 
cient for scaling, the magnitude of long-wavelength thermal 
anomalies in the lower mantle has been estimated to be 12-27 

K [Hager and Clayton, 1989; Machetel, 1990]. A correspond- 
ing analysis for $ waves yields anomalies of 70 K [Davies, 
1990]. The shock data presented here, together with empir- 
ically based predictions and geophysical data, suggest that 
I(OV•,/OT)•,l is reduced by a factor of 2-8 relative to zero- 
pressure values at pressures of 100 GPa or more. Thermal 
anomalies in the deep lower mantle are therefore estimated 
to be 120 4- 100 K. The anomalies in the D" region must 
be a factor of 3-4 larger than this to satisfy seismic data. 
The degree to which tomography provides an accurate rep- 
resentation of mantle anomalies is an area of active research 

[Machetel, 1990; $u and Dziewonski, 1991]. We have as- 
sumed that seismic velocity variations are directly the result 
of large-scale temperature anomalies in the mantle. 

In a stochastic analysis of global P wave travel time data, 
Gudmundsson et al. [1990] determined the standard devi- 
ation of long-wavelength slowness variations as a function 
of depth. Standard deviations are approximately 0.5% at 
the top of the upper mantle, 0.3% in the transition region, 

and 0.1% in the lower mantle. The smaller variations in the 
lower mantle could be explained by the depth variation of 
I(ovr/oT)r I inferred in Figure 12. The stochastic model 
also exhibits jumps in slowness deviations near the surface, 
the 670-km discontinuity, and the mantle-core boundary. 
This may reflect the effect of thermal boundary layers or pos- 
sibly sampling problems in these regions. The observed mag- 
nitude of long-wavelength slowness variations could be ex- 
plained by long-wavelength thermal anomalies of near con- 
stant magnitude throughout the mantle, except near ther- 
mal boundary layers, and the behavior of l(iJV P/OT)P l in - 
dicated in Figure 12. Changes in the scale length of the 
anomalies and changes in the amount of small scale power 
between the upper and lower mantle, as well as near bound- 
ary layers, have also been identified by Gudmundsson et al. 
[1990]. 

As a final point, application of the present shock wave 
results to the Earth's interior must be done with caution as 
most data presently available are for metals rather than sil- 
icates. Since the properties of these metals are well charac- 
terized by shock studies and they do not undergo solid-solid 
phase transitions in the region studied, they represent the 
best data set to infer the general behavior of sound veloci- 
ties at high pressure and temperature. Furthermore, more 
limited data for silicates suggest they behave analogously, 
although interpretation is less certain because of the effects 
of phase transitions. It has also been demonstrated that the 
silicate data is consistent with theoretical expectations and 
with geophysical data. 

SUMMARY 

Temperature coefficients of sound velocity are important 
in relating seismically observed velocity anomalies to their 
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underlying thermal causes. Compressional and bulk sound 
velocity measurements on shocked solids show that temper- 
ature derivatives of velocity decrease strongly at high pres- 
sure. This is based on a comparison of Hugoniot velocities 
with third-order Eulerian finite strain extrapolations of ul- 
trasonic parameters. The Hugoniot data and finite strain 
extrapolations are similar at low pressures, where thermal 
effects are minor. At high pressure, differences in veloci- 
ties and temperatures along the isentrope and Hugoniot are 
used to constrain temperature coefficients of velocity. Tem- 
perature derivatives at high pressure for A1, Cu, Ta, and 
forsterite decrease in their absolute values by factors of 2 to 
8. These results are consistent with expected values based 
on thermodynamic assumptions. Sound velocities in shock- 
melted metals and alkali halides have also been investigated. 
The Hugoniot velocities of the liquids are similar to or faster 
than calculated isentrope values based on low-pressure solid 
properties despite the fact that the Hugoniot states can be 
hotter by thousands of K. 

For forsterite, the average value of[(OVp/OT)plin the 
high-pressure region (100-143 GPa) is 0.1 q- 0.1 m/s/K, a 
factor of 5 reduction relative to ambient-pressure laboratory 
values for forsterite and periclase. While uncertainties are 

in the lower mantle. The large value of (01n Vs/OlnVp)p 
>_ 2 observed in tomographic and free oscillation studies of 
the lower mantle cannot be explained by the shock data 
for homogeneous materims. Rather we require temperature 
variations of 120 q- 100 K on length scales of 104 km in 
the lower mantle and it is suggested elsewhere that the high 
value of (0 In Vs/O In Vp)p could result from small fractions 
of partial melt [Duffy and Ahrens, 1992b]. 
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