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A UNIVERSAL THERMAL EQUATION-OF-STATE

Summary: The experimental evidence 15 reviewed in
support of a law showing a simple linear dependence of
thermal pressure on temperature at high T and high P,

Data are examined for several classes of solids, including
minerals appropriate to planet interiors.

T imductions

Temperature profiles with depth are of special
significance in the description of planet interiors. Many
geodynamic investigations of comnvective processes either
require or produce a temperature distribution. A
temperature distribution, along with velocicy
distributions of the convective medium, are deduced by
solving the set of differential equations which define the
convection, Included in these differenctial equations is
the equatiom=of-state because it 15 needed to define the
relationships between the thermodynamic variables, V, T,
and F. In this paper, attention is focused on the
eyuation-of-state (EQS), which in its wost general form is

BV,T) = Po(V} + Ppy(V,T) 1)

where P,(V) is the pressure volume relationship at
absolute zero and Pyy is the thermal pressure. )
Consideration of P,(V) is of minor importance in tnis
paper, PTH(V,T) willk be hereafter designated PTH; the
chief concern is its V and T dependence., 1n the lower
wantle Pyy is about 12 GPa at 770 km, and about 18 GPa
at 2885 km (Anderson and Sumino, 1980), Thus, in the
upper portions of the lower mantle, Ppy 15 Toughly forty
percent of P, and at the core-mantle boundary roughly
thirteen percent of P,

Traditionally Ppy is given in terms of a Griineisen
parameter, here called yy. vy is a funcrion of V
and (probably) T and the thermal energy Egy. ?he
subscript M identifies vy as che Mie-Grineisen formulatien

Prg = vuBpy/V 2

1f (1) and (2) are used as the EO5, thenyy and
Ery have to be defined as functions of V and T either
both independently or as a product, The energy equation is
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E = Eg(V) + Eqp(v,T) (3

Thus, the second term of (1) is required to be
proportional to the second term of (3). If the range of T
and V is large (as found in planet interiors) some
difficult theoretical and experimental constraints arise
since P is the volume differential of E.

The cheory of vy has some fundamentcal problems
that appear intractable (Knopoff and Shapiro, 1969;
Mulargia and Boschi, 1980), Using (2) for the second term
in (1) shall be called the lactice dynamic approach.

Yec in spite of these theoretical difficulcies, recent
work reported on minerals (Anderson and Suzuki, 1983) and
on alkali metals (M.S. Anderson and Swenson, 1983)
indicates that ewpirically the relationship between Fry,

T and V is probably quite simple, at temperatures abave
&, It is found thar

Pry = a + bT (4)

at high T, where both a and b are virtually independent of
V. Now both a and b are measurable quantities, so0 to the
extent that (4) is true, the vexing problem of vy in the
high T-low ViV, field is bypassed (Anderson, 1980).

Using (4) for the second teram in (1) shall be called the
thermodynamic approach,

The purpose of cthis paper is to show that Equation (4)
applies to a large class of solids and noc Just minerals.
It in facc applies to alkali metals, alkali solids, noble
2as solids, and metals as well as minerals., It seems Lo
hold for all solids which have been carefully rested so
far, provided that the focus of attencicn is rescricted to
4 range of T above the Debye temperature, 8 .

If one takes into consideration the effects of a small
anharmenic correction at high T, (4) is replacea by

Bry = a + bT + T2 (5)

where cT¢ is the anharmonic correction to the classical
quasi-harmonic seclid case. Now careful eXperimentation
has shown that ¢T* is often not completely zero, so the
solids are really anharmonic. But nevercheless the )
anharmonic correction is sufficiently small that che oT2
term can be neglected for most applications, including
that of minerals under conditions of planet interiors
(that is, the inner planets of rhe solar system), M.S,
Anderson and Swenson (1983) tound, for example, for
sodium, that Pry is independent of V ro within®

1073 at compressions up to ViV, = 0.80, (if T> 9.
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They report that Ppy 1s linear in T, where
Pry = - 0.3805 + ,001299T GPa (6)

between T =8 and the liquidus.

In some other solids, the anharmonicity is more
pronounced than in sodium, but still sufficiently small
that it can be neglected in practical caleculations.

In geodynamic theories, especially of convection, the
neglect of the small anharmonic term, cT2, in {5) is
probably less serious in the final result than other
approximations; such as the assumprion of
incompressibility, or the assumption thatas T can be
neglected, or in assuming linear relationships between
viscosity and remperature, ol in using two dimensiopal
models rather than three dimensicnal models, or in the use
of low Raleigh numbers im the calculations.

The identification of a and b in (4) comes from the
theruodynamic definition of the thermal pressure along an
isachore

T
P, = _3F 7)
TH J( ) dc €
(R

Now from identities
@RPATIy = @SAV)r =ukp

wherea = the thermal expansivity and Ky is the
isothermal buik medulus, and S is the entropy. IfaKg
is independent of T, for T above @, then an
approximation to Equation (7) is

Pry(T,V) ~ Bry@,V) =akT  (8)

Now if Pqy is independent of volume {(at least within
tolerable accuracy) then at T> @

=]
Bry = —J; @KpYAT +aKgT  (9)

and a and b are readily identifiable by comparing (%) with
(4) (Anderson, 197%a).

Now using this thermodynamic approach, a and Kp
are each measured versus T by separare experiments, and
thelr producta Ky Is b. In the perfect absence of
anharmonicity, a Ky is independent of T above &, but
since the measured o K7 sometimes varies slightly, the
wean @Kp)* is used to identify b. The term

&
a= -j(aKT)d'I‘ (10)
(o]
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requires the taking of data close to absolute zero, sioce
aKr = @PAT)y resembles the classical specific

heat function and quantum effecrs require a Ky to drop

at temperatures below® , and approach absolute zero with
a value and slope equal to zero (See Figure 1).
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Figure 1. (a) A schematic diagram showing the corrections
that must be made to the approximarion @ Pryf Ty

= constant. The dabscissa is TA, whered 1is the Lebye
temperature, (b) The data showing a Kp vs T for Mgo.

The Debye temperature, 8, has a number of possible
interprecarions. The acoustic Debye temperature is used
here because it does net vary significantly from absolute
zero to rocm temperature, In general, the room
temperature value of the acoustic Debye temperature is
used for the value of 8, Filgure 1 shows the schematic
diagram of ¢ Kp vs T indicating the quantum corcection
and the anharmonic covrection to the classical solid
core. It also shows the measurements of aKp for MgO.

For solids which are relatively compressible, direct
P, V, and T measurements, if made sufficiently accurarte,
can be used to find Ppy,

Since Pry = P(V,T) - P(V,0), the change in
Pry{V,T) with respect to a refaerence temperature, T* is

4 Ppy = P(V,T) - P(V,T%) (1L

"Physics of Condensed Maccer”
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The accurate measurements on NaCl by Boehler and
Kennedy (1980a) permit the evaluation of (11} on NaCl
between 298%K and 773°K (@ = 300°K), and at
compressions down to V/V, = 0,91 (Anderson, et al.,
1982). Table 1 shows the results, Here we see that

Table I

Change of chermal pressure 'TH from youm Cemperature
e raference temperscurs T, !.m('rJ - !,“{25”0»

4t varlous compressions for Nall.

P(CPa) PrglT) - PT"L25°C} {GPa}

vy

25% Lo 200% 0% “00% 360
1.00 0.000 0.218 9.501 0,785 1.067 L3449
0.99 0.247 o.12 0.500 0.786 1087 1,348
0.98 0.50% 0.223 0.510 0.783 1.088 1.348
0.97 0.788 0.215 0.499 3.783 1.069 1.348
0.96 i 0.0 0.499 0.784 1.071 1.348
0.95 1.398 0,214 0.49% 0.786 1.0 1.348
D94 1.732 ¢.214 0. 502 0.78% 1.078 L.15L
0.93 1.087 0.213 0.502 9.792 1.08% --
PREH 2464 0.213 2,50 = -- -
0.91 2.864 9.213 - -~ .- --

Hote chat "Tll ia subscsancislly Lhdependent of volume. Dars compuced from
Boshler and Kennmdy (1980a).

4 Pry 1s independent of volume {to within 10'3) and
that above® ,

Ppy = - .0216 + ,00720T (GPa) (12)

Now, in order to get the results achievable fin (1l1)
and (12), the measured isotherms on a P,V plot must be
paraliel, as they appear for NaCl, in the measured range
{e.g., superposition by a translation along the P-axis).

For compressible solids (with bulk modulus values up
to that of HaCl), the preferable experiments are made in
the static press producing P-V isotherms., For more
incompressible solids, the P-V data at high T cannot be
measured accurately enocugh by the static method. Thus for
minerals, the measurements of Pry cannot yet be made in
a static press., Data on minerals can be obtained by a
different route, namely measurements of Ky at high T by
resonance measurements, anda at high T by dilatometer

0.L. Anderson ICTP: "Physics of Condensed Matter”

August 21-24, 1984 Trieste, Italy
Lecture 2, Page 6

methods (Ohno, I., 1976; Sumino, et al., 1983; Suzuki, et
al,, 1983; Suzuki, 1975), These measurements are at zero
pressure, so indirect thermodynamic methods must be used
to evaluate the volume dependence of Ppy,

These thermodynamic relationships rely on the identity

JaK 3K
T 1, %%
570 r = - vGT )y (43

which has been used to evaluate how aKp depends upon
volume for four minerals (Anderson and Suzuki, 1983;
Suzuki and Anderson, 1984). The result is that the volume
dependence is small and possibly vanishingly small for
chese minerals. The experimental efror for the volume
dependence is unfortunacely larger than desired, because
(13} requires for jits avaluation the value of

(3K7/ P)1 which 15 not known at high T {see Tables

I1 through V below).

Thermal Pressure for the Alkali Metals.

The ideal experiment for demonstration that Ppy is
independent of V is to measure pressure vs volume along an
isotherm. This experiment is ideal for compressible
materials, such as alkali metals,

M.S. Anderson and Swenson (l983) recently weasured the
compression of sodium, potassjum and rubidium from &4.20K
to 300°K, and up te 20 kbar, improving upon the earlier
work of this laboratory (Beecroft and Swenson, 1961;
Monfort and Swenson, 1Y65),

Eight isotherms for sodium were taken. The resulrs
ingicated that the isotherms were essentially parallel
(see Figure 2). Analysis of cthe data shows cthat the
thermal pressure relative to the room temperature value,
Pry - Pry(293°K) 1s independent of volume, at least
above the Debye temperature ® = 1679%)} (also see
Figure 2}, In this experiment, the conclusion is valid
from the sublimation point down CC compressions of ViV,
= 0,82, The authors point out that the higih temperature
data of sodium taken from 373%K to 433YK by Makarenko,
et al. (1975), indicate thata Pyy is independent of
volume, except that the velume range of that experiment is
from the meiting point down to a V/V, of about 0.87.
Clearly, the thermal pressure is independent of volume
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Figure 3. The thermal pressure change a Ppy = Pry(T)
- Pry(2949K) for sedium, vs V/V, at high
. temperatures (See M.S. Anderson and Swenson (1%83), their
Figure 2. The thermal pressure change 4 Pry = Pry(T) Figure 6, which is a representacion of the resulcs of
- Bpg(294°K) for sodium, vs V/V, (see M.5, Anderson Makarenke, et al., (1971)). Note that che thermal
and Swenson, 1983, their Fi§ure 2), Note that to an pressure is virtually independent of V/V, right up to

accuracy of better than 107~ in V/Vg, aPqy 1s che melting line.
independent of V/V,, for temperatures above the Debye

temperature ® = 167%K). Twe different runs, using

different piston diameters, are given by the cross and the

filled circle.

at high T. Also, aboved , the thermal pressure is
independent of V, even up to the melting point as shown by
Figure 3. From the M.5. Anderson and Swenson data, Fry
for sodium abovedy is given by

Bry = 0.0605 + 0,001229T (GPa) (14)

From Figure 3, we see that (l4) is valid right up to the
melting point.
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Figure 4, The thermal pressure change & Pyy = Pyy(T}

- Pry{2949K) for potassium, vs V/V, (see M.S.

Anderson and Swenson (1983), their Figure 9). Note that
to an accuracy of better tham 1077 in V/V,, & Py

is independent of V/V, for temperatures above the Debye
temperature ® = 107,59K). Symbols a5 in Figure 1.

A similar result was found for potassium by M.S.
Anderson and Swenson (1983), as shown in Figure 4. Above
the Debye temperature @ = 107.5%) the thermal
pressute is_independent of volume to within ar error of
8V/V, = 1073, and this Finding holds for volume
changes as low as V/V, = 0,70, Above the Debye
temperature, the data fits the straight line

BPry = - 0,0503 + ,00068T (GPa) {13)
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Figure 5, The thermal pressure change, 8 Ppu{T) -
Pry(2959)K, vs V/V, for rubidium, ({see M.S.

Anderson and Swenson (1983), their Figure 13), Note that
to an accuracy of betrer than 1072 in V/iVaaPry s
independent of V above rhe Debye temperature (@ =
64.39K). Symbols as in Figure 1.

The rubidium data is given in Figure 5 (M.5., Anderson
and Swenson, 1983). Again, above the Debye temperature
® = 64,.35%K) the thermal pressure is independent of
volume; to better thanAV/‘JO = lO'3 for compression
down to V/V, = 0.75, Aboved, Pyy Ls linear in T,
and the data is represented by

Pry = 0.0164 + ,000563T (GPa) (16)

A plot of Pry vs TA for the alkali metals is shown in
Figure 6, demonstrating linearity above T =6,
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Figure 6. Thermal pressure vs TR for three alkali
metal solids, Note that Pry L{s linear with T at high T
(above9 ) (representation of data given in M.5. Anderson
and Swenson {(i1583)).

Swenson (1966) in an earlier version of the experiment
which produced the above alkall halide results, found that
fFor lithium the isochores all superimpose upon the V =
V, isochore at the higher temperatures measured, Thus,
the simple linear expressiom givem by (4), Ls independenat
of V, for lithium as for the other alkali halides.

It is easy to show that if the thermal pressure is
independent of volume along an isotherm, then the thermal
contribution to the isothermal bulk medulus, Ky is
zero. Thus, the isothermal bulk modulus is independent of
T along an isochore

GXAT)y = O (17)
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o {(v=Vo)

(r=0) Na

K, (GPa}
.

Figure 7. The isothermal bulk modulus, K =

V(@PARV)r, vs TH for three alkall metal solids.

The solid lines are for constant pressuve, and the dashed
lines are for coustant volume (representation of data
given in M.,5, Anderson and Swenson, 1983).

The value ¢f Kp(V = V,) for lithium, sodium,
potassium and rubidium is 12,3t 0,02, 7.34zx ¢,03,
3,703 (0,006, 2.92x 0.02 GPa respectively. & plet
of the isothermal bulk modulus for the three alkali merals
is given in Figure 7, Note that for P = 0, Kp decreases
with T, but for V = V,, Kr 15 independent of T.

Comparisen of Figure 7 with Figures 2, 3, 4, and 5
underlies a main point of this paper. Whenever
@ Ky T)y = 0, the thermal pressure is independent
of volume.

For minerals, while it is not possible to measure
Pry vs V direcrly, it is possible to measure or estimate
the value of @KpA Ty,

These data show beyond doubt that for these four
alkali metals, Equation (4) {s valid wherein the
parameters a and b are independent of T and V, within the
range of measurement, Similarly, the data on NaCl, Table
1, indicate that Equarion (%) also applies wherein the
parameters a and b are independent of V and T.
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Minerals,

There are two intrinsic difficultles in measuring high
temperature thermodynamic properties of minerals. The
Debye temperature is considerably above room temperature,
and the bulk modulus is high. Because of these combined
properties, the static measurement of P, V, T does not
have sufficient accuracy for Pry to be evaluated for che
data. For minerals with a bulk modulus larger than that
of NaCl, che measurement of a KT as shown in Figure 1
must be used to define Pry,

The high temperature values of a Kr at one bar have
been reported by Anderscm and Suzuki (1983) and are
reproduced in Figure 8. It is seen that the high T value
of (BaKyA Ty over a wide temperature is slightly

T T T B
I MO e I I e e
-‘x‘ 6 r ’f - - -
a
< /
\- 4 /t::::"
¥ MeSi0 T 0,
20 0‘5 |‘O |l5
) ° 1

Figure 8, The value ofaKpr = @PAT)y vs Th

for three minerals at high T (Anderson and Suzuki, 1983) .
Extrapolations are to mantle temperatures. For the case
of forscerite, aKy {5 probably not independent of T.

negative for periclase. However, it may be taken for zero
for the case of fayalite, For forsterite, the value of
@a KR T)y 1s positive, indicating detectable
anharmonicity for this solid.

"Physics of Condensed Matcer”
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The plot of aKy vs T for garnet (Suzuki and
Anderson, 1984} shows that at high T, aKp for this
mineral is independent of T (see Figure 9).

6 T T T T
GARNET |

Z 4.
&
il
o L ]
=
-
= _—
o 2

0 500 1000 1500 2000

T°K

Figure 9. The value of aKpr = QPAT)y vs T for
garnet. HereaKr is independent of T at high T.

Divergence from linearity of the pressure function,
PTH* can be determined and marked by T*, where® < T
< T" is the linear relationship given by Equation
(4). For periclase the anharmonic term in Equation (5) is
negative and for fayalite it is positive, but for each
mingral c¢T“ is negligible below some temperature T*.
SinceaKr is a measured quantity, Ppy is found
by the integration of laboratory data. Integration
suppresses the evidence that a Kt is not exactly
constant with T, and an empirical straight line foer Py
can be made to fit reasonably ail the data. This is shown
in Figure 10, where the integrated data for Ppy of the
four minerals has been plotted along wicth the data for
NaCl determined by the static high pressure method.
Careful examination of the line for Mg)S104 shows
there to be a slight curvature upwards.
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Figure 10. The experimentally determined thermal pressure
(relative to the value at room temperature) vs TA for
five solids measured along an isochore (V = V,). A

slight non-linearicy is detected in forsterite., For the
other solids, Pry vs T is represented by quicte straight
lines.

For applications te gecodynamic problems in the Earch,
especially convection, anharmonicity such as suggested in
Figure 8 can be ignored. The effect of pressure is te
suppress anharmonicity by increasing T". The physical
interpretation of this phenomena is vo be found in the
effect of P on the interatomic potential,

Asymmetry of the interatomic potential causes
anharmonicity, and this asymmetry arises because of the
balance between the attractive forces and the repulsive
forces at P = . As pressure greatly increases, the
infiuence of cthe attractive forces relacive to the
repulsive forces diminishes, leading to a diminished
anharmonicity.

At high P, the repulsive forces are balanced primarily
by the pressure, and the attractive forces are
incidental, This idea has been guantified by Hardy
(1980)., Using his tesults, it is suggested that when P
KQ' as in the lower mantle of the Earth, the value of
T" is perhaps three times what it is at room pressure.
Thus at mantle pressures, we could expect that the
isobaric Pyy is linear in T at all mantle remperacures,
for the four minerals tested so far.
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The Volume Effect Upon the Pry Parameters.

Even though increased pressure will increase the lower
limit, T", of the anbharmonicity, it may have other
effects on the simple relationship given by Equation (4).
If pressure affects the parameter b =a K, then the
various isochores through straight lines may not be
parallel. (Note that they are found ro be parallel for
the four alkall metals and for NaCl.)

One cannot expect the {sobars to be parallel at
temperatures below the Debye temperature where the solid
is not classical. A case in polnc 1s the data on LiF,
taken by Boehler and Kennedy (1980b). This data (examined
by Andersom, et al. (1982)), see Table II, shows that

Tabla [I

Cnange of (o (T} - PL23°C)| uith cemparature T

at varicus cuapressians for LiF

P(GPa} BTy - rTH;zs°c> 1GPa)
viv,

5% 100°c 200°¢ 300°¢ +00%c
1000 3. 000 2,513 1.72% 1.963 1701
0.995 0.332 0.516 1.226 1.959 2700
3.990 dld 0.516 1.213 1,953 -
4985 Loz 3500 1.223 1943 --
0.0 1.389 9,507 1.218 1.341) -
0,975 [ B.49b 1.21 -- --
G210 Lo 2,442 -- - -
0.3ns .54y Jiabh - - -

L F6d

Noce a slighe

st EO07C.

tendercy for PTH to decrease with decreaslng volume
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Bry depends upon V/V, for che 100°C, 200°C,

300°C {sotherms. One might expect this to occur since
these measurements are all taken well below the Debye
temperature (7009%K).

The test for the pressure effect on the parameter b
cannot be made directly for data on incompressible
minerals, as it can for NaCl and more compressible
solids, In the case of minerals, the test for the
possible shift of aKy with V must be made indirectly
by the use of a thermedynamic fidentiry, given by Equation
(13).

If K7 vs T at constant V is independent of T, then
from Equation (13) we obtain

@GKpiv)y = 0 (18)
Now measurements are taken at constant P, not constanc

V, s0 to evaluate the right side of (l13) from data, we use
the following caiculus equation:

3K aK 3K
T T T
Griyv = Grle * % G55y 9

The terms on the right side of Equation (4) are
opposite in sign and about the same magnitude, so chey may
cancel out, satisfylng Equation (18), Smith and Cain
. (1980) made a careful survey of the data on the alkali
halides, endeavoring to find if Equation (18) was
satisfied, by evaluating the terms fn (19). They found
that from acoustic data that (K T)y 15 a small
negative number: for NaCl, (@3Kp/T)y = -
0.0014GPa/degree.

But on the other hand, the data of Boehler and Kennedy
(1980a), as indicated by Table 1, shows that the thermal
pressure is independent of volume, therefore the thermal
bulk modulus should be zero since

Kry = = V(@Puh V)T (20)
Thus (3 K7/3 T)y should be zero since in general
Kp(V,T} = Kp(V) + Kpy(V,T) (21)

From the data on NaCl it appears that the test of
(@Kp/T)y = 0 1s a harsher test than (@ Pppfi V)T = 0.

We wish to know if (@Kp/AT)y = O, or at least
is small, for the four minerals plotted in Figure 10,
From the tables listed in Anderson and Suzuki (1983), the
experimental data for (3Kp/3T) andakyp vs T at
high T is listed. The difficulty is that the data on
(@ Kr/ Py = K, is scarce at T> & for minerals.
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Only for Mg0 is K(', known near the Debye temperature.
Spetzler (1970) reports that the value for l(.; at 800K
is equal to the room temperature value,

The problem is inverted, and the value of the
high=-T,K, (above® ), 1s golved from {19) assuming
(17) 1s satisfied, and this computed value is compared
with the experimental values of Kc', reported in the
literature at the variogus temperatures they were measured
(see Tables III, IV, and V). Reasonable agreement is
found for Mg0, Mgo8i04 and garnet, but not for
FesS10y .

It is seen that the room temperature value of K:)
when used in (19) yields the resulr that (3 Krh T)p
is close to zero for the minerals, periclase, forsterite,
and garnet, but not for fayalite. The room temperature
value of K, shows that (3 K7/e T)p should be
negative for fayalite, similar to the case found by Smith
and Cain for sodium chloride., For some minerals there is
some disagreement amwong the experimentalists as ro the

Table [IT

Vampuration of @ Ky P)y tor M0 uch chat o Ky
s independent of voluwe sbove T =8 @ = 940%).

M aan, * o

S 14 ), ”Ta akap), T Bk pl, year

K HPa sk HPa/%%  required for “x wiasured

17

s00 25,5 .27 4.0 295° s.eg? 1966
1000 -27.5% 6.29 .17 2a5° w27 1964
1100 -30.0 o.28 w“1? 21950 14899 L1870
1200 EEINS 6.28 5.06 eco® e 1970
1300 -32.4 6.22

5.1 295° a1t 1943

ia} DAta reporred in Andetson and Suauki (1983).
(b) Ancersen ind Andrescch (1966).

fc¢) Chang and Barch (196%),

") sperzler 119703,

e} Jackson and Nieslec (2982)
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Table IV

ComputaCion of (iK.rﬂ ”T for H:zs.ll)‘ aych chat u};r
Ly incapandun: of volume above T=d § = 760“!)

or (= 'r:l, Toakg AX AP T arar, yrar
3 uPa/%k HPa/OK raquited for %k naasured
17y
700 -22.4 .32 5.18
800 -22.8 .43 518 100% 5.39° 1969
900 -23.2 4.52 5,13 1060% o909t 1969
1000 -23.3 4.b2 5.09
1100 -13.7 4.70 5.4
1200 -26.0 .76 5.04
1300 ~20.2 .83 5.01

{4) Dats reportad lo Anderson and Suzuki (19813).
(b) Kumszawve and Andarson (1969).
(¢} Grabaw and Barsch (1969).

Table V

Computacion of KB}y for Fe, 500, such chata Ky is
ibdependent of volume above T =8 8 = 510%)

ToekAT Y ket AR T BEAPY  year
@ HPe/ K 4Pa/®k  cequiced far %k Erasured
n
500 -26.3 .95 £.45 300 5,070 1971
400 -26.9 .02 §.70
100 -27.1 4.08 6.74 g0 6.98° 1583
400 -27.4 4,09 6.0
900 278 .10 .70

(a) Date rapotted in anderson and Suzuki (1982),
(b} Chung (1971).
fc) Schuad and Grabkam (1981).
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value of K,'. So the experimental uncertainty, at room T, is
probably at leastz 0.5, Add to that the uncertainty between
the room temperature aund high temperature values, and an
uncertainty in K; aboutt 1.0 is indicated for data in
Equation {19), as shown in Figure 11l.

1,7 y— e ——r——T T 1.7
i4

[

o

j=.

~ L

"

N L
L
1.3
LOr

Figure 11. The temperature dependence of isothermal bulk
modulus Kr in relation to the normalized temperature

TA for three minerals showing solutions for comstant
pressure (P = 0), and comstant volume (V = ¥,) (Anderson
and Suzuki, 12983), The error bar at 1000°K indicates

the range of Kt caused by an estimated error of* 1.0

in value of (@KpAP)r at high temperature.

Compare this figure with that of the alkali halides,
Figure 6.

The data for Ky vs T, under the conditions of P = 0,
and V = V;, are plotted in Figure 11. No definite
conclusion can be made, but it appears rhat a reasonable
case can be made for assuming that (3KpBT)y = 0,
and therefore the slope of the chermal pressure curve,
Equation {4), may be taken as invarient with pressure,

Anderson and Sumince (1980) inverted the seismic data
of the Earth's lower mantle and compared the resulcs of
experiments with data on the thermal expansivicy of
minerals. In this way the thermal pressure of the lower
mantle was estimated, The data were tco insensitive to
prove, one way or the other, that cthe thermal pressure is
independent of volume. One possible solution using the
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thermal model of Brown and Shankland (1981) indicated that
Bry of the mantle was close to that of Mg0, and chat

(18) was satisfied. Another possible solution using the
thermal model of Stacey (1977), indicated that the b termw
in Equation (4) could be slowly decreasing with P (see
Figure 9 of Anderson and Sumino, 1980), and that (18) was
not satisfied.

In view of all the evidence, it appears that it is a
reasonably good assumption for minerals at high T ro
assume Equatlon (4), where the parametars are independent
of V, as the link between P and T in the EOS,

The Noble Gas Solids.

The measurements on noble gas solids (M.S. Anderson
and Swenson, 1983) are especially instructive since they
cover data for the solids up to near the liquidus. Their
experiments covered the range of P up to 2 GPa and from
4,79% up to near the triple point in each case. The
compressions are relatively large, going down to ¥/V,
near 0.8, They analyzed their data for Pyp, and found
(#P/AT)y »uKy to be independent of boch V and T
for all three solids.

0f special interest to geophysical problems is the
temperature dependence of Kt at coustant V (see Equation
{13)., Their experiments clearly showed that .

(3 K7/ T)y 1s not small belows , but above &

the isochores of Ky were parallel to the T~axis. A good
case in point is solid argon, where their data only
extended to 80P°K; the Debye temperature is 100°K.

Their data for Ky is reproduced in Figure 12, As
expected (@ K7/ T)y has a rather large negative

slope. For the case of solid krypton, where® = &65%,
the data extend to 120°K and are plotted in Figure 13.
Here, above abour 80°K, the values of Ky are parallel
with the T-axis. For the case of solid xenon, whered =
559, the data taken up to 160%, are plotted in

Figure l4. We see that the isochores of Kr are indeed
parallel to the T-axis. The values of (3P/AT)y are
.00235, ,00220 and .00177 GPa/® for solid argon, solid
xenon, and solid krypton.
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Figure 12. The temperature and volume dependence of Kp
of solid argon (M.S5. Anderson and Swenson, 1975). Dashed
lines show the isochores, Note thar the isochores of KT
are not parallel to the T-axis, but also note that the
data is below the Debye temperature @ = 1009},
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Tabia IV

Computation of Wx P)y fof ME,3L8, such thata 2%
1s indapendenc of volume above T+9 & = 160%)

o: [ xro @K AR, H Argar)y, yaar
kP /% HEa/TK cequited for % [TITI Y]
nn
too -12.8 4.32 5.16
800 -22.8 443 515 we%k 5,90 199
300 -23,2 ©.52 5,13 300°% 4,59% 1963
1006 -23.3 .62 5,09
1100 -1,z 4,70 5,14
1200 -24.0 “.76 5,04
1300 ~24.2 4.8 5.02

(a} Dara repotced Ln Anderson and Suauki (1983.;.
(b)) Fumszava and Anderson (1969},
(¢} Grahas snd Barach (1969).

Table ¥

Compucatian af u.rn P)T tar nzsm‘ such that a K.l. is
Lndependsnc of volums sbove T =8 @ = 510°%)

Tosan, Y ekt pear, T @KAZL year

% MPasoK MPe/°X  requited for % arasured

(17)
500 -26.1 1.9% 5.65 100 5,070 1971
500 -26.9 4,02 6.70
700 -27.1 W06 6.74 100 .,98° 1983
400 “27.4 4,09 5.70
900 -27.% w20 6.70

{a) Data ceporced in Anderson and Suzukd {1983).
{b) Chung {1971).
fz) Schwad and Graham (1943).
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value of K,'. 5o the experimental uncertainty, at room T, is
probably at leastt 0.5, Add to that the uncertainty between
the room remperature and high temperature values, aod an
uncertainty in K, aboutt 1.0 is indicated for data in
Equation {19), as shown in Figure 11.

1.7 T o l !
e Vet
M ™~ 1
L 6 0 ~
RIS
o
“‘\D r
=4
\ =
¥
ols
4
L3
1.0
)

Figure il. The temperature dependence of isothermal bulk
modulus Ky in relation to the normalized temperature

TA for three minerals showing solutions for constant
pressure (P = Q), and constant voluge (V = Vo) (Anderscn
and Suzuki, 1983). The error bar at I000°K indicates

the range of Ky caused by an estimated error oft 1.0

in value of (@ Xp/AP)r at high tewperatyre.

Compare this figure with that of the alkali halides,
Figure 6.

The data for Ky vs T, under the conditions of P = O,
and V = V,, are plotted in Figure 11, No definite
conclusion can be made, but it appears that a reasonable
case can be made for assuming that @KpAT)y = G,
and therefore the slope of the thermal pressure curve,
Equation (4), may be taken as invarieat with pressure.

Anderson and Sumino {1980) inverted the seismic data
of the Earth's lower mantle and compared the results of
experiments with data on the thermal expansivity of
minerals. In this way the thermal pressure of the lower
mantle was estimated., The data were too insensitive to
prove, one way or the other, that the thermal pressure is
independent of volume. One possible solurion using the
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thermal model of Brown and Shankland (1981) indicated that
Pry of the mantle was close to that of Mg, and that

(18) was satisfied. Another possible solution using the
thermal model of Stacey (1977), indicated that the b term
in Equation (4) could be slowly decreasing with P (see
Figure 9 of Andersom and Sumino, 1980), and that (18) was
not satisfied.

In view of all the evidence, it appears that it is a
reasonably good assumption for minerals at high T to
assume Equation (4), where the parametars are independent
of V, as the link between P and T in che EQ0S.

The Noble Gas Solids,

The measurements on noble gas solids (M.5, Anderson
and Swenson, 1983) are especially imstructive since they
cover data for the solids up to neatr the liquidus, Their
experiments covered the range of P up to 2 GPa and from
4.7°K up to near the triple point in each case. The
compressions are relatively large, going down to V/V,
near 0,8. They analyzed their data for Pry, and found
(3P/2T)y =aKyp to be independent of both V and T
for all three solids.

Of special interest to geophysical problems is che
temperature dependence of Ky at constant V (see Equation
(13). Their experiments clearly showed that .

(@ KA T)y is not emall below6 , but above®

the isochores of Ky were parallel to the T-axis. A good
case in poiunt is solid argon, where their data only
extended to 80°K; the Debye remperature is 1009K,

Their data for Ky is reproduced in Figure 12. As
expected @ Kr/® T)y has a rather large negative

slope. For the case of solid krypton, where & = 639%,
the data extend to 120°K and are plotted in Figure 13.
Here, above about 809K, the values of Kr are parallel
with the T-axis. For the case of solid xenon, whereo =
559, the data taken up to 160°K, are plotted in

Figure l4. We see that the isochores of Ky are indeed
parallel to the T-axis. The values of (3P T)y are
.00235, .00220 and .00177 GPa/? for sclid argon, solid
xenon, and solid krypton.
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Figure 12. The temperature and volume dependence of Ko
of solid argon (M.5. Anderson and Swenson, 1975). Dashed
lines show the isochores. Nore that the isochores of Kt
are not parallel to the T-axis, but also note that the
data is below the Debye temperature (8 = 1009y,
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Figure 13, The temperature and volume dependence of Ky
of soldd krypton (M.S. Anderson and Swenscn, 1975). The
isochores of Ky are parallel with the T-axis above the
Debye temperature (8 = 65%),

Figure 14. The temperature aad volume dependence of Kt
of solid xenon (M.S5. Anderson and Swenson, 1975). The
iscchores of Ky are parallel with the T-axls above che
Debye temperature (¢ = 559%).

The applicaticn of the solid noble gas data to
Equation (4) indicates that the parameter b is independent
of volume, but the parameter a is not, being worse for

" solid argon and best for solid xenon. This situation may
arise from the fact that the zera point energy is oot
insignificant for the noble gas solids below the
sublimation line. Of apecial interest is solid argaon,
where the data extend right to the melting point, showing
the anbarmonicity of the pressure function may be small
right up to melting. :

Metals.
Swenson analyzed the data on copper in a review

article (Swenson, 1968), His data on copper is reproduced
here as Figure 15. The behavier of Ky and Kg both at
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Figure 15. The temperature dependence of the bulk modulus
for copper {Swenson, 1968). Note that above 1507, the
i1sochoric Ky Is parallel with the T-axis @ = 1509). .

P = 0 and V =V, describes the general situaton. Ir is
clear that for copper, the isochoric Ky 1s virtually
paraliel to the T-axis. Nevertheless, there are some
indications that the calculated value of @KA T)y

is not exactly zero, although it is small (Swensen,

1968). The crude data availabie in the 1968 paper
suggests that other metals (Ag, Au, Al, Fe, Ta) follow the
pactern of Cu.

Summary of the Data.

It 1s shown that the high temperature behavior of
Pry and Ky are quite similar for at least three
classes of solids: noble gas solids, alkali metals,
possibly alkali halides as suggested by the data of one
member, NaCl, and possibly metals as suggested by copper.
The thermal pressure 1§ independent of volume and linear
in temperature, or very nearly so, over the measured
range. In the solids, where © 15 near room temperature
or lower, the ideal experimental set up is in a static
press where V 15 measured vs controlled T and P,

0f significance is the measurement on sodium wmetal,
where Pry has been measured right up to the solidus.
Figure 3 shows that Pry is independent of volume and
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linear in T up to the melting point; e.g., no
anharmonicity is observed im Pyy even jusc below melting.

In the case of minerals, such direct measurement 1s
not possible. However, it 15 shown that the measured
value of aKy = (BP/BT)V at one bar above @ has
some of the same characteristics as found for the other
solids listed above. There is a tendency of a Ky to be
independent of T at high T, and the departures from this
iundependence would disappear at high preasure,

In the case of the alkali metals, the data show that
when the isochoric values of Ky are parallel to the
T-axis, whereby aKp = (3P/3T)t is independent of
volume, such as is expected from the thermodynamic
identity, (l4}, For the minerals measured suv far, ghe
data indicate also that aKy is probably independent of
V, although exact proof requires knowledge of K,' at
temperatures above the Debye temperature, a measurement
currently beyond experimental reach,

Swenson's Law.

The fact that the same behavior of the thermal EOS has
been found for so wany different kinds of solids indicates
that we are dealing with a correspondence principle which
transcends solid type, and is probably independent of the
chemical bond type and the crystallographic class.

Much yet remains to be done to prove conclusively that
minerals have the same behavior as these other solids,

The data taken so far on four such minerals indicate cthat
their thermal ECS is of the same type as the alkali
metals, noble gas solids, and alkali halides,

The fact that (3K/3T)y is close to zero at high
T for so many solids cannot be just a coincidence, The
evidence is now sufficient that future research in this
field will no doubt concentrate on finding solids with a
significant departure from (17) as special cases.

The approximation (@ Kp/A T}y == 0 may be
regarded as a beginning point in the equation=of—state of
solids, just as the ideal gas law, PV = nRT is regarded as
the beginning point in the equaticn-of-state of gases.

The ideal gas law 1s approximately crue for seolids over an
extended V,T space, Perhaps future theory for
thermodynamics of solids will use (17) as a first crder
effect in expressions having highetr order terms,

Follewing the analogy of the ideal gas law, we can
expect (17) tu be less and less true as V/V, approaches
a small number. Our data base now indicates that the
V/¥y rabge for (17) is probably 1 te 0.75 fur
cemperatures aboved . Thus, we might reasonably expect
to use (17) in theories of the Earth's lower mantle, and
possibly in the Earth's core, but we should not be
surprised {f it failed substantially under high shock wave
pressures where V/V, < 0.5, or for compressions in
the rocky cores of the wajor planets.
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Before the publication of the recent precise data on
alkali metals (Figures 2 through 7) and on minerals
(Figures 8§ through 10), I proposed {Andexson, 1979a) on
the basis of the then existent data that {17) be called
"Swenson's law.”™ The recent experiments described above
which have much improved accuracy confirms the importance
of (17).

Swengon did not criginate the idea of using (17) as a
teat for solids, That credit apparently goes back to
Lezarus (1947). Neor sbould we cverlook the importance of
the work of C.$, Smith and his colleagues who from 1954 to
1980 stressed the calculation of (17) as clarifying
certain points in the thermodynamics of solids. Work from
Swenson's laboratory, from 1955 until today, emphasized
the importance of (17) to the EOS; first as a way of
describing a set of P,V,T data with a few simple
statements, and second, by showing how P,V,T static data
could be drawn cleser to the ultrasonic or resonance
experimental contributicns to the EOS,

If Swenson's law, (3 KA Ty = 0, 18 valid over
a bounded region {6 < T< T*, V < v< V'],
then within that region, all P,V,T data is determinable by
P(V,Ty,) and V(T) at P=0. That 15 with an isothermal
compression run at room temperature and the isobaric
experimental expansivity at room pressure. In cthis case,
the isotherms are parallel [superposition by a shift along
the volume axis] and the thermal pressure is linear with T
atnd independent of volume,

Conversely, if aKp = (3Pf3T)y is independent
of T between® and T*, then Pry 1s linear with T
in that temperature region. Further, if (@ Kph T)y
is independent of T, then the thermal pressure is
independent of V. With knowledge of the Pry function
and one isotherm (at room temperature, for example), the
P,V,T field can be reconstructed between 0< T< T
and for volume changes down to the smallest volume
measurement, but the accuracy depends upon the accuracy of
@ Ky P)7 used in Finding (3 KpA T)y.

Volume and Temperature Dependence of the
Griineisen Parameter, v,

The EOS approach in this paper does not usey in
thermodynamic calculations. However, this approach can be
used to evaluate v, Consider the volume dependence of
the Griinelsen parameter taken from

v = ak@W/Cy (22}
and
gy = (W/v)e (23)

where q is presumed fndependent of T and V.
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Bassett, et al. (1968} followed by Roberts and Ruppin
(1870), have shown that (22) and (23) yield

. oK " dlnc
R SEPR TP ¥
=1 ek, 5Ty 3F 01 - gy (9

Using d1nCy/dlnV = y (dlnCy/dinT) (Smith and
Cain, 1980), we have

L yélnC,

= - - et - ¥ (25)
a =1 b - G - (G )

If 67+ (@KAP)T and 3 Cy/dT + D,

then g+ 1. Thus we see that it does not automatically
follew that q is exactly one when @ Kr# T)y is

exactly zero: the anharmonicity of Cy comes into the
calculation,

High T data exists on the rhree minerals {forsterite,
fayalite and periclase), sufficient to evaluate (25},
From the Cy data, we find that dlnCy/dlnT = 0.15 at
very high temperatures (above 8 ) (Anderson and Suzuki,
19833,

Applying (25) and using the data ons$ + from
aAnderson and Suzuki (1983), it turns out that g =55 -
(@ KA P)r, Mgo; 4.27 - QKA P)r, MgpSi04; 5.82
- @K/ P)r, FeySi0,4. Thus q is about unity for
Mgd, less than unity for forsterite and greater than unity
for fayalite.

Boehler (1983) found from direct compression
experiments that q 1 for olivine and magnesium oxide.
Brown and Shankland (1981) found, using their thermal
model, that 1,0< q< 1.5 satisfied the seismic dara
of the lower mantle of the Earth, while Stacey's (1977}
thermal model requires that q< I for the lower mantle.
Anderson (1979b) found q = 1,5% 0.7 for the lower
mantle.

The varlation of v with T at high T, both at
constant P and constant V, has been presented for
fayalite, forsterite, periciase and garnet (Anderson and
Suzuki, 1983 and Suzuki and Anderson, 1984). They showed
that the data ono and K at high T indicated chat

EY/AT)y =0 (26)

for these four solids.
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Variation of the Value of (3PAT)y
From Solid to Selid.

An interesting result is that the value of aKy =
(3P/3T)y is correlated with the Debye temperature,
9. Solids with smalle have correspondingly small
values of @ PA T)y. This empirical result is shown
in Figure 16. The data for the Earth's lower mantle are
plotted, where ¢ is taken from Andersen (1979b) and the
data foraKy is taken from Anderson and Sumino (1980},
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Figure 16. The variation of (8 PAT)y =a Ky at

high T with the Debye temperature for minerals, alkali
halides, and solid noble gases. Data for the Earth's
lower mantle lies close to that of MgO.

Conclusicns,

Littl‘e error is made by assuming that the EOS is given
by Equations (1) and (4) for convection theories of planet
interiors. Such error as might be made is small compared
to other approximations currently made in theoretical
geodynsmic models of convection, such a& the approximation
of incompressibility, or the approximation of negligible
thermal expansivity (@aT = 0}, or the use of a modestly
high Raleigh number,

0.L, Anderson ICTP: "Physics of Condensed Matter”
August 21-24, 1984 Trieste, lraly

Lecture 2, Page 30

REFERENCES

Anderson, M,5. and C,A. Swenson, "Experimental
equation-of-state for the rare gas sclids,” J. Phys.
Chem. Solids, 36, 143-162, 1975.

Anderson, M,5, and C.A. Swenson, “"Experimental compression
for sodium, potassium and rubidium metals to 20 kbar
from 4.2K to 300K," Phys. Rev. B, 28, 5395-5418, 1963.

Anderson, 0.L,, "The Hildebrand equation—of-state applied
to minerals relevant to geophysics,” Phys. Chen.
Minerals, 5, 33-51, 1979%a,

Anderson, 0Q.L., "An experimental high temperature thermal -
equation~of-state bypassing the Grineisen parameter,”
Phys. Earth Planet. Inter., 22, 173-183, 1980,

Anderson, 0.L, Evidence Supperting the approximationyp
= const. for rhe Griipeisen parameter of the Earth's
lower mantle, 8. J. Geophys. Res., 84, 3537-3542,
1979%,

Anderson, 0.L. and P. Andreatch, Jr., "Pressure
derivatives of the elastic constants of Mgl at 23°C
and -195.8°C,” J. Am. Ceramic Soc., 49, 404, 1966,

Anderson, O,L. and Y. Suming, "The thermodynamic
properties of the Earth's lower mantle,” Phys. Earth
Planet, Inter., 23, 314-331, 1980. .

Anderson, 0.L., R, Boehler and Y. Sumino, "Anharmonicity
in the EQS for some geophysically important seolids,”
in High Pressure Research in Geophysics, edited by 5.
aAkimoto and M. Manghnani, pp. 273-283, Center for
Academic Publications, Tokyo, 1982.

Anderson, 0.L. and I, Suzuki, "Anharmonicity of three
minerals at temperatures: forsterite, fayalite and
periclase,” J. Gecphys. Res., 88, 3549-3536, 1983,

Bassett, W.A., T. Takahashi, H.K. Mac, J.5. Weaver, "Phase
transformation in NaCl," J. App. Phys., 3§, 319-323,
1968,

Beecroft, R.I. and C.A, Swenson, "An experimental
equatlon—of-state for sodium,” J. Phys. Chem. Solids,
18, 329-344, 1961,

Boehler, R, and G.C. Kennedy, "Thermal expansion
of LIF at high J. Phys. Chem. Solids, 41, 1019-1022,
1980a. -

Boehler, R. and G.C, XKennedy, "Equation-of~state of sodium
chloride up te 32 kbar and 500°C,” J. Phys. Chem.
Solids, 41, 317~523, 1980b.

Boehler, R., "Adlabats of quartz, coesite, olivine and
magnesium oxide to 50 kbar and 10009%; and adiabatic
gradlent in the mantle,” J. Geophys. Res., 87, in
press, 5501-5506, 1982,

Bonzcar, I.J. and E.X, Graham, "The prassure and
temperature dependence of the elastic constants of
pyrope garmet,” J, Geophys. Res., 82, 2529-2534, 1977.




0.L. Anderson ICTP: “Physics of Condensed Matter”

August 21-24, 1984 Trieste, Italy
Lecture 2, Page 31

Brown, J.M. and T.J, Shankland, “Thermodynamic parameters
in the Earth determined from seismic profiles,”
Geophys, J., 66, 579-596, 1981,

Chang, Z.P, and G.R, Barsh, "Pressure dependence of the
elastic constants of single-crystal magnesium oxide,”
J. Geophys. Res,, 74, 3291-3294, 1969.

Chung, D.H,, "Elasticity and equations—of-stacte of
olivines in the Mgp5iC04-FesSi0, system,”

Geophys, J. Roy. Astron, Soc., 25, 511-53§, 1971,

Graham, E.K., Sr. and G.R. Barsh, "Elastic constencs of
single-crystal forsterite as a function of temperature
and pressure,” J. Geophys, Res,, 74, 5%49-5%60, 1969.

Hardy, R.J., "Temperature and pressure dependence of
intrinsic anharmonic and quantum corrections to the
equation-of-state,” J. Geophys. Res., 85, 7011-7015,
1980, -

Jackson, 1. and H. Niesler, "The elasticity of periclase
to 3 GPa and some geophysical implications,” in High
Pressure Research in Geophysics, edited by §. akimoto
and M.H. Manghnani, pp. 93-113, Center for Academic
Publications, Tokyo, 1982,

Knopoff, L. and Shapiro, J.N., “Comments on the
interrelationsghip between Grineisen's parameter and
shock and isothermal equations—~of-state,” J. Geophys.
Res., 74, 1439, 1969.

Kusigzawa, M. and Anderson, O0.L., "Elastic modull, presesure
derivatives, and temperature derivatives of
single-crystal olivine and single-crystal forsterite,”
J. Geophys. Res., 74, 5961-5972, 1969.

Lazarus, D., "The variation of the adiabatic elastic
constants of KC1, NaCl, CuZn, Cu and Al with pressure
te 10,000 bars,” Phys. Rev., 76, 545-333, 1849,

Makarenko, I.N,, A.M. Nikolaenko, V.A. Ivanov and S5.M,
Sctishov, "Equation-of-state of alkali metals:
sodium,” Sov. Phys., JETP, 42, 875-879, 1873,

Monfort, C.E. and C.A. Swenson, “An experimental
equatiomof-state for potassium metal,” J. Phys, Chem.
Solids, 26, 291-301, 1965.

Mulargia, F. and E. Boschi, “The problem of the
equation-of-state in the Earth's interior,” Phys. of
Earth's Int., LXXVIII Corso, Soc. Italiano de Fisico,
357-361, Bologna, Ltaly, 1980.

Ohno, 1., "Free vibration of a rectangular parallelepiped
crystal and its application to determination of
elastic constants of orthorhembic crystal,” J. Phys.
Earch, 24, 355379, 1976,

Roberts, R.W. and R, Ruppin, "Volume dependence of the
Griineisen parameter of alkali halides,"” Phys. Rev.,
B4, 2041-2046, 1971.

Schﬁ;g, J.A, and E.K. Graham, “Pressure aund temperature
dependence of the elascic properties of single-crystal
fayalite,” E0S, 64, abstract T31C~0l, 847, 1983,

0.L. Anderson 1CTP: “Physics of Condensed Marter™

August 21-24, 1984 Trieste, Italy
Lecture 2, Page 32

Smith, C.S. and L.S. Cain, "Temperature derivatives at
constant volume of the elastic constants of the alkali
halides,” J, Phys. Chem. Solids, 41, 199-203, 1980.

Soga, N., "Elastic constants of garnet under pressure and
temperature,” J. Geophys. Res,, 72, 4227-4234, 1967.

Spetzler, H., "Equation-of-state of ;Elycrystalline and
single-crystal elastic constants of MgO to 8 kilobars
and 800°C,” J. Geophys. Res., 73, 2073-2080, 1970.

Stacey, F,, " thermal model of thé Earth,” Phys, Earth
Planet. Tocer., 15, 341-348, 1977,

Sumino, ¥,, O,L. Anderson, and 1. Suzuki, "Temperature
coefficients of elastic constants of single-cryscal
MgO between 80 and 1300°K,” Phys. Chem., Minerals, 9
18-47, 1983, -

Suzuki, I., "Thermal expansion of peticlase and olivine,
and thelr anharmonic properties,” J. Phys. Earth, 23,
143-159, 1975, -

Suzuki, I., 0.L. Anderson and Y. Sumino, "Elastic
constants and temperature derivatives of
single-crystal forsterite, Mg25104 up to
1200°K," Phys. Chem. Minerais, 10, 38-46, 1983,

Suzuki, I. and C.L. Anderson, "Elas?IEity and thermal
expansion of natural garnet up co 1000%," J, Phys.
Earth, in press, 1%84.

Swenson, C.A., "Lithium metal: An experimental
f;;:tion-of-state," J. Phys, Chem. Solids, 27, 33-38,

Swenson, C.A., "Equatica~cf~state of cubic solids: Some
generalizations,” J. Phys. Chem, Solids, 29,
1337-1348, 1968, -

+







