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Abstract 

The cylindrical probe method of measuring the 

thermal conductivity of minerals (Horai and Simmons, 

1969) is tested for quartz type GeO and found to be 
2 

useful for measuring the thermal conductivity of ger- 

manates. By this method the thermal conductivities 

of quartz type GeO and rutile type GeO are 10.1 meal/ 
2 2 

cm-sec-°C and ^5-5 mcal/cm-sec-°C, respectively. The 

thermal conductivity of stishovite at room temperature 

and pressure was found by isostructural extrapolation 

to be approximately 50 mcal/cm-sec-°C, which is an 

order of magnitude greater than the average thermal 

conductivity of igneous rocks. If forsterite (Mg SiO ) 
2 4 

decomposes to the denser form of periclase (MgO), which 

has a thermal conductivity of 110 mcal/cm-sec-°C at am¬ 

bient conditions, plus stishovite (SiO^) in the lower 

mantle, then this region has a higher lattice thermal 

conductivity than previously expected. An approximate 

calculation considering pressure and temperature effects 

shows the lattice thermal conductivity of stishovite to 

remain nearly constant at about 25% of its ambient value 

in the lower mantle, while the lattice thermal conducti¬ 

vity of periclase increases considerably with depth in 

the lower mantle from a low of about 25% of its ambient 

value. The net effect is an increase of lattice thermal 



conductivity with depth in the lower mantle. 
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I. Introduction 

The physical properties of minerals at the condi¬ 

tions of high temperature and pressure existing in the 

interiors of the terrestial planets are essential to 

determining the present state of these planets, which 

is in turn necessary to trace their evolution. This 

problem is complicated by the fact that these conditions 

cannot be produced statically in the laboratory to allow 

direct measurement of many of the physical properties. 

Thermal conductivity is one such property. It is import¬ 

ant in determining the temperature distribution.and heat 

flow within the terrestial planets and, thus, their thermal 

histories. 

The lattice thermal conductivity in the lower mantle 

of the earth is considered here. Anderson and Jordan 

(1970) proposed that the three major compositional 

components of the lower mantle are MgO, Si02, and FeO. 

Of these three FeO is percentagewise the smallest 

component. 

High pressure produces solid-solid phase changes in 

many minerals. Quartz type SiO^ undergoes such a trans¬ 

formation at pressures and temperatures greater than 120 

kb and 1300°K (Ringwood and Seabrook, 1963) and the 

denser resulting phase, stishovite, is predicted to occur 

in the earths lower mantle where pressures and temperatures 

reach maximums of 1350 kb and 3500°K near the core-mantle 



boundary at a depth of 2900 km (Stacey, 1969). MgO, 

periclase, appears from shock wave experiments to under 

go no phase transformations at pressures up to 2500 kb. 

Further work on phase change has been done on germanates 

in order to predict the phases that occur for silicates 

in the lower mantle (Ringwood and Seabrook, 1963), but 

there is only scant data available on the thermal con¬ 

ductivity of these phases at present. Thus, a restric¬ 

tion to a lower mantle composed of a solid solution of 

periclase and stishovite is invoked to examine the lat¬ 

tice thermal conductivity of that region. 

The thermal conductivity of stishovite at room 

temperature and pressure is required, here, to yield 

the lattice thermal conductivity of stishovite in the 

lower mantle. This is obtained from a measurement of 

the thermal conductivity of stishovites analogous ger¬ 

man ate, rutile GeO , and an analogy between the lattice 
2 

properties of silicates and germanates. This measure¬ 

ment is made by the cylindrical probe technique of Horai 

and Simmons (1969) for determining the thermal conducti¬ 

vity of rock forming minerals, which is elaborated upon 

in subsequent sections of this thesis. 
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II. Theoretical Basis of the Thermal Conductivity Measure¬ 
ment 

The bulk thermal conductivity of a two component 

system, as measured by the cylindrical probe method, 

is found from the heat flow equation of pure conduction 

equation (2.1), where p is density, is specific heat 

per unit mass at constant pressure, T is temperature, 

A is energy generation rate, t is time, and K is thermal 

conductivity. 

pC ^ = div(K grad T) + A (2.1) 
P 9t 

Assuming K to be constant and radial heat flow, in cylin¬ 

drical coordinates equation (2.1) becomes: 

PC 
3T 

91 
= K(82T + 1 3T) + A 

r 91 9r2 r 9t (2.2) 

The solution of equation (2.2) for the temperature at 

a point in an infinite, homogeneous medium as a function 

of time, for a cylindrical probe of radius a (Pig. 2) 

and diffusivity n, is (Tye, 1969): 

T   f (—al) (2.3) 
4*K 4nt 

where Q is the energy production rate per unit length 

along the probe, K is the thermal conductivity of the 

surrounding medium, and f(-a2/4nt) is an expontential 

integral. For small values of a2/4r)t equation (2.3) is 
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approximately (Tye, 1969): 

T = {In t + In (4n /az ) - y } (2.4) 
4TTK 

where y = 0.5772156, Eulers constant. Prom equation 

(2.4)the temperature rises from time t; to time t2 at 

a point is (Tye, 1969): 

AT = T2 - TX = (Q/4TTK) In (2.5) 

Thus, K can be determined from the slope of a plot of AT 

versus t. This will be discussed further in the experi¬ 

mental section of this thesis. 

If the thermal conductivity of a two phase system 

is a function of the individual conductivities of the 

phases and their volume fractions, then the conducti¬ 

vity of one of the phases can be determined, if the 

conductivity and volume fraction of the other is known 

and the bulk conductivity is measured. Hashin and 

Sh.trikman (1962) derive the bounds for the effective 

magnetic permeability of a two phase system in terms 

of the permeabilities and volume fractions of the 

phases. By mathematical analogy, these bounds also 

apply to the effective thermal conductivity of two 

phase systems. 

Define the temperature field vectors as: 

H = - grad T (2.6) 
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where T is temperature, a scalar potential. The heat 

flux, Q, is defined as: 

*Q = KH (2.7) 

where K is the constant, scalar thermal conductivity. 

Consider a uniform sphere of radius r and conduc¬ 

tivity Kj . A potential Tfl is prescribed on the surface 

of this sphere which creates a homogeneous field, HQ , 

within the sphere. Define a spherical coordinate system 

concentric within the sphere, whose 0=0 axis coincides 

with H . Thus, the potential within the sphere is: 

T = -Hflr cose (2.8) 

Replace the original sphere by a composite sphere 

of inner radius r2 containing material of conductivity 

K2 and a spherical shell of outer radius rx surrounding 

the inner sphere and composed of material of conducti¬ 

vity Kj. Conservation of total energy for the sphere 

requires that: 

div O' = 0 (2.9) 

Thus, the potential at r: for the composite sphere 

must be the same as the potential at r for the original 

sphere. 

From equation (2.9): 

div(grad T) = 0 (Laplace's Equation) 

which, in spherical coordinates is: 

1 3 (r23T) + 1 3_ (sine 3v) = 0 

r2 3r 3r r2 sine 80 36 

(2.10) 

(2.11) 
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Solving equation 2.11 for the potential of equipotential 

surfaces in the region r2 r ^ r , yields: 

T = A r cos0 + B r 2 + cos0 for r > r > r (2.12a) 
1 — — 2 

and in the region r £ r2 : 

T = C r cose for r £ r2 (2.12b) 

The boundary conditions for T and Q are r and r , respec¬ 

tively, are: 

1 

o
 

»—
* + Ar j + Br~2 = 0 (2, .13a) 

1 w
 

o
 + Kx A - 2KxBr7 3 = 0 (2, • 13b) 

Ar2 + Br “2 
2 - Cr 2 = 0 (2, • 13c) 

K A - 2K Br" 3 - K C = 0 (2, .13d) 
1 I 2 2 

If equations 2. 13 are self -consistent • 

-1 +1 (r /r ) 3 0 
2 1 

r23 -K Ki 

— 2 K j (r 2 /rx)
3 0 

= 0 (2. .14) 
0 1 1 - 1 

0 Ki -2KX 
- K2 

which, solving for K, reduces to: 

V2 

K = Kx + 
1 

K2- KX 

+ 1 - V2 

3KX (2.15) 

where V = (r /r )3, the volume fraction of material K . 

If, instead, material Khad filled the inner sphere 

and K the outer shell, then: 
2 

K' = K + 
2 

1 - V, 

+ Lu 
Kx- K2 3K2 (2.16) 
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where Vx = 1 - V2 . 

A bulk mixture is assumed to be composed of an 

infinite number of composite spheres. Integrating(2.15) 

or(2.l6)over the bulk volume will produce the bulk 

conductivities for their respective cases. However, 

this integration does not affect the volume fractions, 

thus K and K' are the respective bulk conductivities. 

Let Kj > K 2, then from Figure 1, (a) represents 

the case of maximum bulk conductivity (K) and (b) re¬ 

presents the case of minimum bulk conductivity (K'J. 

In reality, a bulk sample may be some combination of 

(a) and (b), so that its effective conductivity falls 

between K and K'. Thus, K and K* are the upper and 

lower limits of bulk conductivity. Hashin and Shtrik- 

man show mathematically that this is the case. 

On the basis of the above argument it is assumed 

that the effective bulk thermal conductivity is (Horai 

and Simmons, 1969): 

2 
(2.17) 
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III. Experimental Measurement of Thermal Conductivity 

The bulk thermal conductivity of a sample is deter¬ 

mined experimentally by inserting the cylindrical probe 

containing a heating device and a temperature sensor, 

shown in Figure 2, in the center of a sample con¬ 

taining vial, heating the probe, and recording the tem¬ 

perature at the center of the probe as a function of 

time. This data is then analyzed to fit equation (2.5 ) 

by the method of least squares, the logarithmic slope 

being determined. Hence, the thermal conductivity is 

calculated from this slope and a knowledge of the 

energy generation rate per unit length of the probe. 

To insure radial heat flow, the ratio of length 

to diameter of the probe must be much greater than one 

and the sample should be at least as long as the probe. 

The sample is prepared by adding small amounts of 

powdered material (thermal■conductivity unknown) to 

a measured quantity of distilled water and mixing the 

two. It is necessary that the powder be insoluble in 

water. Powder is regularly added and mixed in the sample 

until the consistency of damp soil is achieved. The 

sample is then transferred to a vial and compressed to 

the point where the sample is firm, 'but the water is 

still distributed homogeneously throughout the sample. 

Carefully following this procedure eliminates most of 

the air from the interior of the sample and it is now 
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ready for measurement. 

The probe is inserted and the system is allowed to 

reach thermal equilibrium. An initial temperature meas¬ 

urement is taken before probe heating. Figure 2 shows 

the heating circuit. The 49 ft resistor at one end of 

the double throw switch allows the applied DC voltage, 

VJJ, to stablize before probe heating. Heating must 

be sufficient to allow the probe to quickly reach 

steady state conditions for equation (2.5 )to be valid. 

This is known as the "initial lag effect" (Tye, 1969) 

and is also dependent on the relative thermal•conduc¬ 

tivities of the probe and the sample, it being assumed 

in equation (2.5 )that the probe has an infinite conduc¬ 

tivity. Thus^ it is necessary that: 

\>robe >:> ^sample (3-D 

for the method to be valid. The "initial lag effect" 

is evident in Figure 4, where the probe was insuffi¬ 

ciently heated, but nearly absent from Figure 5> 

except for very short times, as probe heating was 

sufficient here. From the data, a temperature rise 

above ambient temperature, which was room temperature 

of about 25°C in all cases, of 2 - 3°C in the first 

100 seconds is sufficient to minimize initial lag and 

validate equation (2.5 ) ,as the conductivity of the sample 

should be constant over this temperature range. 

Probe temperature is measured by an internal ther- 



mistor, which was calibrated by inserting the probe 

in a stirred water bath and simultaneously measuring 

the temperature of the water with a mercury thermometer 

and the resistance of the thermistor to four significant 

figures in °C from 23«30°C to 31.80°C, these values 

were converted to °K. Resistance was measured in ohms 

using a standard resistance of 1000 ( + .02%)Q, and the 

ratiometer mode of a DC differential voltmeter to four 

significant figures. A least squares fit of resistance 

versus temperature to the equation (Van der Ziel, 1957): 

RT = RQe
b/T (3-2) 

where R,p equals thermistor resistance, yielded the 

constants RQ = 0.035^98 and b = 3272.35°K. Equation 

(3-2)was solved for temperature: 

T = (3272.35 [In (RT/0.0 35i<98]"1 + 0.01) °K (3-3) 

used to convert thermistor resistance to temperature. 

In order to measure temperature versus time the 

thermistor was incorporated in a bridge circuit, as 

shown in Figure 3> and VgA, the potential between 

points B and A in Figure 3, was plotted on a strip 

chart recorder versus time. Since the recorder measures 

only changes in voltage and the absolute voltage across 

BA is necessary to obtain the thermistor resistance 

and, thus, the temperature, the initial voltage across 

BA was measured absolutely with a DC differential 

voltmeter. By adding VgA at any point in time to the 
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initial Vg^ the absolute temperature can be calculated 

for any point in time. For this purpose R (Figure 3) 

was always maintained greater than R^, so that Vg^ would 

be positive initially and positive over the heating time 

of the experiment. The conversion from Vg^ (total) to 

RT was accomplished by solving the bridge for R^: 

VR - YVnfl(total) 

Rm = R —1 —  
s VR + ZV„.(total) 
2 JD/i 

where Y 

and Z 

R + R + 
R
I
R

2 
1 2 — - 

R 
c 

R, + R, + Rs<R, 
+ R ) + R R 

2 12 

(3.4) 

and R , R , R , R , and V are defined in Figure 3. 

This procedure yields the absolute temperature of 

the probe as a function of time. The ambient initial 

temperature was subtracted from these values to obtain 

the temperature rise. This temperature rise was plotted 

versus In t, where t is elapsed time, to locate the 

straight region of this curve over which equation(2.5) 

is valid. Figures 4 and 5 show such plots, but the 

data of Figure 4 cannot be used to calculate thermal 

conductivity because of insufficient probe heating. 

The straight region between 2 and 100 seconds in Figure 

5 is appropriate for calculating thermal conductivity 

from equation(2.5)• After locating this straight region 
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for a sample, AT and t over this region are analyzed 

by least squares to obtain the logarithmic slope, M, 

where AT is the temperature rise in this region above 

the initial temperature of the region. Then, from 

equation (2.5 )the thermal conductivity is: 

K = Q/4TTM cal/cm-sec-°C (3-5) 

where Q is calculated in calories per centimeter-second 

by: 

Q = 0.2389 

LRH (3.6) 

where is applied heater voltage, is total heater 

resistance, and L is probe length. The calculation of 

K from the data of VgA versus t is carried out by the 

Fortran program listed in Appendix A. 

Systematic errors are introduced in Q and K by the 

change in resistance of the heater wire, R^, with temp¬ 

erature and self heating of the thermistor in the 

bridge circuit. The change in resistance of R„ for a 

one degree change in temperature at 25°C amounts to 

an error of 0.3$ in Q. The heating of the thermistor 

by the voltage, applied to it is approximately 0.1$ of 

the total heat generated within the probe. These effects, 

while present, comprise a minimal portion of the experi¬ 

mental error. 

The "initial lag effect" discussed above estab¬ 

lishes a lower bound on the straight portion, while 

there are two effects which establish the upper bound 
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on this region. One effect is axial conduction, which 

reduces probe temperature, causing the temperature¬ 

time slope to decrease and the other is the boundary 

effect from the sample walls, which increases tempera¬ 

ture at the probe, causing the temperature-time slope 

to increase. Both effects are found in Figure 5- The 

boundary effect is also observed in Figure 4 and seems 

to occur at about the same time as expected from the 

similarity of the samples, their composition and di¬ 

mensions being the same. Figures 6 and 7 also exhibit 

the effects of initial lag and axail condition. 

Once K is determined it is taken to be K ^ of 

equation (2.17 ) . In terms of the unknown conductivity, 

K , of the material in question, the conductivity of 

water K , and the volume fraction of water, V, which 

is determined from the masses and densities of the 

constituents of the sample, equations (2.15 )and (2.16 ) 

become, respectively (Horai and Simmons, 1969): 

V K = K + 
u m 

+ 1-V 

. K -K 
w m 

3K. m (3-7) 

and 

KT = K + 
L w 

1-V 

V 
(3.8) 

K -K 
m w 3K 

w 

where is the upper bound and is the lower bound 

on the thermal conductivity of the mixture. 



From equation (2.17')' 

Keff KT + K u 

2 (3-9) 

is found from (3*7 )j(3> 8 )and (3-9) by iteratively 

substituting values of into (3• 7 )and (3• 8 .) ,calculating 

Keff5 and comparing this value to K. In the future this 

determination will be handled by computer. 

Results were obtained for quartz type GeO^ from 

two determinations of bulk conductitity on a mixture 

of Ge02 and water. The data for these determinations 

are shown in Figures 6 and 7> with the respective bulk 

thermal conductivities of 3.64 and 3*37 mcal/cm-sec-°C. 

The conductivity of the Ge02 was determined to be 10.8 

+0.8 mcal/cm-sec-°C. and for Km = 10.8 

moal/cm-sec-°C are plotted versus the volume fraction 

of water in Figure 8. Ki-iti Horai was obtained to 

make preliminary measurements on the thermal conducti¬ 

vity of quartz type Ge02 and Figure 8 shows that his 

bulk conductivity for Ge02 and water fall within the 

bounds calculated for K =10.8 mcal/cm-sec-°C. Horai 
m 

(1969) calculates the thermal conductivity of quartz 

type Ge02 to be 10.1 mcal/cm-sec-°C, which is within 

the limits of the results obtained here. 

Horai and Simmons (1969) found good agreement 

between thermal conductivities of minerals obtained 

by this probe method and thermal conductivities of 



the same substances obtained by other means. This 

is the primary justification of the method. Future 

measurements of substances with well known thermal con¬ 

ductivities will be made to test the validity of the 

method here, now that reasonable results are attain¬ 

able. Thermal conductivity measurements are also 

planned for glass type GeO and rutile type GeO . 
2 2 

Ki-iti Horai determined the thermal conductivity 

of rutile Ge02 to be 45-5 mcal/cm-sec-°C. Since Horai 

measured the conductivities of both quartz type and 

rutile Ge02 using the same apparatus, his results 

will be used in extrapolating the thermal conduc¬ 

tivity of stishovite. It is the relative thermal 

conductivities that are important for this purpose, 

so that any errors in the absolute value of the con¬ 

ductivities should cancel if the measurements were 

taken by one observer using the same instrument in 

both cases. 
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IV. Thermal Conductivity of Stishovite at Room Temperature 
and Pressure 

The thermal conductivity of stishovite at room tem¬ 

perature and pressure is estimated from the crystal chemi¬ 

cal analogy between silicates and germanates, which is 

designated here as isostructure. This analogy has been 

used previously to estimate properties of silicates 

from the properties o-f the analogous germanates (Ringwood 

and Seabrook, 1963) and is based on the equal valence (4+) 

of germanium and silicon and their nearly equal atomic 

radii of 0.49A°for germanium and 0.42A0 for silicon 

(Ringwood and Seabrook, 1963). Thus, a silicate will - 

have an analogous germanate of the same chemical compo¬ 

sition and crystal structure, except that germanium has 

replaced silicon. For example, hexagonal Ge02 is the 

analog of hexagonal Si02, quartz, and tetragonal or 

rutile Ge02 is the analog of rutile Si02, stishovite, 

which is a high pressure polymorph of quartz. Rutile 

Ge02 is a high pressure polymorph of hexagonal Ge02, 

but it is stable at room temperature and pressure, so 

that its properties can be measured. 

Here the thermal conductivity of rutile Ge02 is 

measured and the thermal conductivity of stishovite is 

estimated from this by assuming that the change in ther¬ 

mal conductivity over the change in density from hexa¬ 

gonal Ge02 to quartz is the same as that from rutile 
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GeO to stishovite. The thermal conductivity of sti- 
2 

shovite obtained by this thermal procedure is 55*^ meal/ 

cm-sec-°C. This is an expected value for the thermal 

conductivity of stishovite at atmospheric conditions 

and represents the lattice thermal conductivity, since 

lattice conduction is the dominant mode of energy trans¬ 

port in electrical insulators at room temperature. 

Thermal conductivity versus density for various 

silicates and germanates is plotted in Figure 9, which 

shows the extrapolation of the thermal conductitity 

of stishovite.. Figure 9 shows than an approximately 

linear relationship exists between thermal conductivity 

and density for the polymorphs of Al2Si05, andulsite, 

silliminite, and kyanite. Such a relationship is 

also expected for the polymorphs of Si02, thus, coesite, 

an intermediate form of Si02 between quartz and sti¬ 

shovite should fall on a line connecting quartz and 

stishovite in the thermal conductivity-density diagram. 

An apparatus capable of generating pressures and tem¬ 

peratures sufficient to synthesize coesite from quartz 

has been partially completed in preparation of measur¬ 

ing the thermal conductivity of coesite. This measure¬ 

ment would serve to test the estimate of the thermal 

conductivity of stishovite and until such a measurement 
i 

is made the thermal conductivity of 55.'4 mcal/cm-sec-°C 

for stishovite must serve as a reasonable estimate. 
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Future thermal conductivity measurements are also 

planned for MgGeO enstatite, Mg GeO forsterite, 
3 2 4 

and GeO glass in order to compare with the thermal con¬ 

ductivities of MgSiO , Mg SiO , and SiO glass (fused 
3 2 4 2 

quartz) as measured by Horai and Simmons (1969)- These 

comparisons would serve as a test of the isostructural 

relationship between silicates and their germanate ana¬ 

logs in the thermal c’onductivity-density diagram. 
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V. Lattice Conductivity of Lower Mantle 

The simple model of a lower mantle composed of 

periclase (MgO) and stishovite (Si02) was proposed 

for the purpose of estimating the importance of lattice 

thermal conduction as a method of heat transfer in 

that region of the earth. Since, the thermal conducti¬ 

vities of periclase and stishovite at room temperature 

and pressure are measured and estimated, respectively, 

to be 110 mcal/cm-sec-°C (Weast, W.C. ed., 1965-66) 

and 55.4 mcal/cm-sec-°C it is proposed that the 

lattice thermal conductivities of these substances 

at temperatures and pressures in the earth’s lower 

mantle can be approximately obtained by a relation 

of the form: 

K(P ,T) n(P,T) C (P,T)p(P,T) 
  =  2 :  (5.i) 
K0 n0cp0p0 

where thermal conductivity, K, diffusivity, ^ , specific 

heat at constant pressure, C , and density, n, are 

functions of pressure, P, and temperature, T, and the 

zero subscript indicates values at room or ambient 

conditions. 

The diffusivity is defined as the product of the 

mean velocity of a phonon and its mean free path: 

b = V (cm/sec)X (cm) (5.2) 

Fujisawa, et. al. (1968) used a relation for A from 



Dugdale and McDonald (1955) to obtain n(P}T)/n and 

found satisfactory agreement with experimental results 

for the diffusivity of Mg SiO for pressures to 50 kb 
2 4 

and temperatures to 110°K. Their relation for \ is: 

X = aB/Cvpy
2T (5-3) 

where a is the lattice constant, B is the incompressi¬ 

bility, Cv is the specific heat at constant volume, and 

Y is the Griineisen parameter. . 

Assuming that Cp/Cv - 1, as is expected for solids 

(Reif, 1965) and that(5*3)is valid at conditions in 

the lower mantle(5»l)becomes: 

K/KQ = (v/v0) (a/aQ) (B/Bq) (y20/y
2) (TQ/T) (5.*0 

If all the factors on the right side of(5.^)can be ex¬ 

pressed in terms of specific volume and temperature, 

then K = KQf(V}T) can be determined from shock-wave 

compression data and models for the pressure and tem¬ 

perature distributions in the lower mantle. 

The specific volume, V, is proportional to 

the lattice constant cubed, a3, therefore: 

a/aQ = (V/V0)
l/3 (5*5) 

In order to obtain y = f(V,T) a relation of the 

form (Anderson, O.L., 1968): 

y/y0 = (V/VQ)
n (5.6) 

is assumed. O.L. Anderson (1968) examined the depen¬ 

dence of n on pressure and concluded that n ^ 1/2 when 
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P/BQ is small. For stishovite BQ - 3000 kb (Ahrens, 

Takahashi, and Davies, 1970) and for periclase B^^ 

1600 kb (Anderson, Schreiber, Liebermann, and Soga, 

1968) and at a depth of 2400 km. P - 1070 kh (Stacey, 

p.28l, 1969), thus for stishovite and periclase P/BQ 

is about 0.3 and 0.7, respectively. Thus, it is rea¬ 

sonable to select n - 1/2 for stishovite, but this 

assumption is not as accurate for periclase and this 

must be kept in mind in interpreting the results of 

this calculation. It was also shown that n decreased 

between 1/2 and 0 for increasing, very high pressures 

and n = 0 for P/BQ - 10. Thus, it is assumed that 

n - 1/2 and 5*6 then becomes: 

Y/Y0 = (V/V0')
1/2 (5-7) 

O.L. Anderson (19669 proposed that, "The value of 

specific volume and bulk modulus of one oxide compound 

can be converted to the corresponding quantities appro¬ 

priate to another oxide compound by either a change in 

scale of pressure or temperature" and showed that peri¬ 

clase and quartz obey this law. Thus, it is expected 

that stishovite will also obey this law. Here it is 

also assumed that this law is valid for the same 

oxide at two different points in a P-T plane. Applying 

the "Law of corresponding states" in this manner yields 

(Anderson, O.L., 1966): 



(V0/V)4 (5.8) B/B 
0 

Soga (1970) has shown that the compressional and 

transverse sound velocities of many oxides obey a 

relation of the form: 
1*5 _ 

v = const, p '/M (5.9) p ,s 

as expected from the "law of corresponding states", 

where M is the mean molecular weight. Thus it is 

assumed that: 
1*5 1*5 

v “ p “l/V"" (5 • 10) 

where V is specific volume. Therefore: 

v/vQ = (VQ/V) (5*11) 

Substituting (5 • 5 )^(5.7 )?(5 • 8 ) and (5 • 11 )in (5 • ^ )yields : 

K/KQ - (V0/V)
6,2

T /T (5.12) 
0 

which is used to estimate the lattice thermal conducti¬ 

vities of stishovite and periclase in the lower mantle. 

In the case of periclase 0 < n < 1/2, so that(5-12) 

will yield values of K which are slightly too great. 

If n = 0 , (5 • 12 )becomes : 

K/KQ - (VQ/V)
5
-
2

TQ/T (5-13) 

which for small changes in specific volume (i.e, VQ/V - 1) 

(5.12)and(5•13)are equivalent. Thus,(5.12)should be valid 

for periclase under these conditions.. 

Tables 2 and 3 show the results of(5*12)for stisho¬ 

vite and periclase, while Figure 10 is a plot of these 

results. Figure 10 shows that the lattice thermal con- 
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ductivity of stishovite remains nearly constant, showing 

only a slight increase with depth, in the lower mantle 

at a value of about 25% its ambient value of 55 mcal/cm- 

sec-°C. The lattice thermal conductivity of periclase 

increases substantially because of the pressure effect 

in the lower mantle from a minimum near 500 km. 

Although this increase is not well determined it 

should fall within the limits imposed by(4.12)for 

materials of high incompressibility and(4.13)for materi¬ 

als of low incompressibility. It is concluded that a 

lower mantle, composed chiefly of periclase and sti¬ 

shovite, exhibits a net increase of-lattice thermal con¬ 

ductivity with depth. 

This effect is composition dependent and since it 

is not clear what phases are actually present in the 

lower mantle, it can be regarded as only a possibility. 

However, in materials with high incompressibilities 

(stishovite) temperature and pressure effects tend to 

cancel each other. Thus, the lattice thermal con¬ 

ductivity cannot decrease with depth in the lower 

mantle. 

Compared with the mean thermal conductivity of 

igneous rocks, 6 mcal/cm-sec-°C (Stacey, 1969), these 

results indicate that the lattice thermal conductivity 

in the lower mantle may be somewhat greater than this 

value, which was previously used in determining the 
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temperature profile in the lower mantle. Thus, these 

results may serve as a future guide for selecting 

lattice thermal conductivities to be used in tempera¬ 

ture profile calculations.. 



25a. 

Appendix A 

Fortran program for calculating the bulk thermal 

conductivity of a sample for the cylindrical probe 

technique with a thermistor as a temperature sensor. 
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DIMENSION DV(IO), TIM(10) 

15 READ 100, RS, VHRT, VOLT, VABO, VTIMO, TIMO 
IF (RS_0.0) STOP 
READ 101, XDENS, XMASS, WMASS,TOC,IDN 
READ 102,(TIM(L),L=1,10) 
READ 103,(DV(K),K=1,10) 

100 FORMAT(6F10.5) 
101 FORMAT(4F10.5,13) 
102 FORMAT(LOF7.6) 
500 FORMAT(33H THERMAL CONDUCTIVITY NUMBER, 13) 
501 FORMAT(45H TEMPERATURE TIME) 
502 FORMAT(1H , 12,7H ,F7-3,24H ,F5.1) 

PRINT 500, IDN 
RHIR= 48.823;BETA= 32 72,351;RCON=0.0 35^9 8 
RC=1000000.0;R1=21.037;R2=21.048 
VSINT=VABO+VTIMO 
P=Rl+R2+((R1*R2)/RC) 
Q=R1+R2+((RS*(R1+R2)+Rl*R2)/RC) 
RTINT=((VOLT*Rl-P*VSINT)?(VOLT*R2+Q*VSINT))*(RS/RCON) 
TINT=BETA?(ALOG(RTINT)) 
PRINT 501 
A=0.0; B=0.0; C=0.0; D=0.0; E=0.0 
DO 25 J=l,10 
VS=0.0 
VS=VS+VSINT+DV(J)-VTIMO 
RT=((V0LT*R1-P*VS)/(VOLT*R2+Q*VS))*(RS/RCON) 
TEMP=(BETA/(ALOG(RT)))-TINT 
A=A+(ALOG(TIM(J))*TEMP) 
B=B+TEMP 
C=C+(TEMP**2.0) 
D=D+(ALOG(TIM(J))) 
E=E+(ALOG(TIM(J)))**2'.0) 
PRINT 502, J,TEMP,TIM(J) 

25 CONTINUE 
PRINT 498,TINT 
WDENS=(27-0-TOC)K0.00126+0.996512 
WK+(TOC-20.0)*).000007+0.001429 
CC=(10.0*A-B*D)/(((10.0*C-B**2.0)«(10.0*E-D**2.0))**0.50) 
SLOPE =((iO.O*A)-(D*B))/((10.0*0-(B**2.0 )) 
QQ=(2.0*0.2389s(VHIR**2.0))/(13-97*RHTR) 
AKSOL=SLOPE«QQ/12.5663706 
FRAC=(WMASS *XDENS)/((WMASS *XDENS) + (XMASS*WDENS)) 
PRINT 499,CC 
PRINT 503,FRAC 
PRINT 510,QQ 
PRINT 504,AKSOL 
GO TO 15 1 

498 FORMAT(32H INITIAL TEMPERATURE IN DEG K =, F7,3) 
504 FORMAT(l6H K OR MIXTURE = .E20,13,17H CAL PER CM C SEC 

503 FORMAT(28H VOLUME FRACTION OF WATER = ,E20,13) 
499 FORMAT 27H CORRELATION COEFFICIENT = ,E20,13) 
510 FORMAT(19H Q IN CAL/CM-SEC = ,E20,13) 

END 
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TABLE 1 

Mineral Chemical 
Formula 

Structure Density 
(g/cc) 

Thermal 
Conducti¬ 
vity (meal/ 
cm-sec-°C 

fused 
quartz SiO 

2 
glass 2.205 3-25a 

quartz SiO 
2 

hexagonal 2.647 18.37a 

sillimanite A1 SiO 
2 5 

3.162 21.73a 

kyanite A1 SiO 
2 5 

3.656 33-83a 

andulsite A1 SiO 
2 5 

3.102 18.10a 

fayalite F0 Fa 
5 1 5 

olivine 4.304 7 • 55a 

GeO 
2 

hexagonal 4.280b 101 

GeO 
2 

rutile 6.277b 45.4 

forsterite Fo Fa 
9 7 3 

olivine 3 • 266 12.32-a 

forsterite Fo Fa 
9 4 6 

olivine 3.312 12.17a 

periclase MgO cubic 3.58 110c 

stishovite SiO 
2 

rutile 4.28 55-4 

Fo = Mg' SiO ; Fa = Fe 
2 1 

SiO 
2 4 

a. Horai and Simmons (1969) 

b. ASTM (I960) 

c. Weast , W. C. , ed., (1965-66) 



TABLE 2 

Depth 
(km) 

Temperature 

(°K)a 

Pressure 

X (kb )a 

V/VQ of 

stishoviteD 

Lattice 
Thermal 
Conducti¬ 
vity 
(mcal/cm- 
sec-°C) 

0 300 0 1 55.4 

500 2100 174 • 95 10.7 

1000 2500 387 • 91 -11.8 

1400 2900 572 .88 12.3 

2000 3300 867 .85 14.0 

2400 3500 1076 .84 14.0 

a. Stacey (1969) 

b. Ahrens, Takahashi, and Davies (1970) 
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FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

Figure 3- 

Figure 4. 

Models of two phase systems of thermal 

conductivities K and K where (a) is 
1 2 

the case of eq.(2.15), (b) is the case of 

eq.(2.16) 

Cylindrical probe used in measuring 

thermal conductivities of bulk mixture 

and heating circuit. is the heater 

voltage. 

Bridge circuit for measuring thermistor 

resistance. is the thermistor. Rg 

is the variable standard resistance, R^ 

is the internal impedance of the strip 

chart recorder, R = 21.04ft, R = 21.05ft 
1 2 

and V is the voltage applied across the 

bridge. 

Temperature rise above ambient values 

elapsed time for a mixture of quartz type 

GeO and water, showing the "initial lag 
2 

effect" and the boundary effect of the 



sample walls in the case of insufficient 

probe heating. 

Figure 5- 

Figure 6. 

Figure 7> 

Figure 8. 

Temperature rise above ambient versus 

elapsed time for a sample of GeO quartz 
2 

and water showing the straight region and 

the effects of axial conduction and sample 

boundary. 

Plot of T versus time over the straight 

portion of the temperature, lnt profile 

for a sample of GeO quartz and water, 
2 

which was.used to calculate the thermal 

conductivity of GeO quartz. 
2 

Plot of T over the straight region vers-us 

time for a subsequent run on the same 

sample as that of Fig. 6. This data was 

used to calculate the thermal conductivity 

of GeO quartz. 
2 

Thermal conductivity bounds for a mixture 

of GeO quartz and water versus the volume 
2 

fraction of water for K^' + 10.8 mcal/cm- 

sec-°C (measured conductivity of GeO 
2 
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quartz). is the upper bound, is 

the lower bound, and K ^ = + K /2. 

The measured values of bulk conductivi¬ 

ties are shown for both Horai and this 

author. 

Figure 9- Thermal conductivity versus density for 

various sillicates and germanates from 

Table 1. The extrapolated thermal con¬ 

ductivity of stishovite is shown.' 

Figure 10. Lattice thermal conductivity of stishovite 

and periclase versus depth from Tables 2 

and 3« 



FIG. I 



FIG. 2 



FIG. 3 



FIG. 4 



FIG. 5 



FIG.6 



A
T
 
C

O
 

FIG. 7 



FIG. 8 



50 

40 

30 

20 

10 

0 

STISHOVITE 

 I i L 

4 5 6 

DENSITY (GM/CC) 

FIG. 9 



FIG. 10 


