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Abstract

Electrical conductivities of olivine, quartz, garnet, corundum, jadeite and alkali
feldspar are measured over the temperature range 500 to 1200°K. Electrical conductivi-
ties o of these rock-forming minerals can be expressed by an equation similar to that

for semi-conductors;

o=0gg; eXp (~efkT)+ooexp(—e/kT)+ - -+
where ¢;’s are the activation energies, k, Boltzmann constant and o¢y;’s, constants.
Although the type of conduction mechanism cannot be determined definitely, the acti-
vation energies of various rock-forming minerals fall between 0.7 and 1.7eV over the
temperature range studied. The pre-exponential term ay;, however, varies several orders

of magnitude for different minerals.

§1. Introduction

Electrical conductivity is an important
parameter for estimating the temperature
distribution in the earth’s interior (Rikitake,
1952; Tozer, 1959). Several authors studied
the temperature and pressure dependence of
the electrical conductivity of rocks and
minerals (Coster, 1948; Hughes, 1955; Nori-
tomi, 1955, 1956, 1961; Bradley, Jamil and
Munro, 1964; Akimoto and Fujisawa, 1965;
Hamilton, 1965) but the electrical conductivity
in the mantle is as yet poorly understood
because of the paucity of the experimental
data.

The purpose of this paper is to determine
the electrical conductivity of various rock-
forming minerals over the temperature range
500 to 1200°K at normal pressures.

§2. Method

The sample was cut in the shape of a
cylinder, 2 to 3mm long and about 10 mm?
in cross section. Both ends of the cylinder
were coated with conductive coating material
(DuPont no. 4731) to which lead wires were

1 Now at Earthquake Research Institute, The
University of Tokyo, Tokyo.

attached. The measurements were made in
argon gas to avoid the oxidation of the sample.
The reversibility of the measurements was
good enough to ensure that no serious altera-
tion occurred in the sample in the course of
measurements.

A commercial vacuum tube voltmeter (TOA
Electronics PM 20) was used to measure the re-
sistance across the sample from which specific
resistivities were calculated. The voltage
applied to the sample was about 1.5 volts.
To eliminate the effect of polarization by
electrolysis, the polarity of electrodes was
reversed automatically every 0.1 sec. The
sample holder and its assemblage are shown
in Fig. 1. They are so designed as to ensure
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Fig. 1. The sample holder and its assemblage.

a complete insulation of the sample from the
surroundings. Therefore absolute values of
the conductivities are reliable.
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Names and brief description of the samples studied.

Locality

Table I.
Material

Quartz [001]
Quartz {010]
Olivine [001] 829 Forsterite 18% Fayalite
Jadeite Polycrystal-
Garnet-1 609 Pyrope 40% Almandite
Garnet-2 509 Pyrope 50% Almandite
Corundum

Alkali Feldspar

619 Orthoclase 349 Albite 5% Anorthite

Minas Gerais, Brazil

Minas Gerais, Brazil
Miyake-jima, Japan

Burma

Green’s Creek, Delaware Penn.
Adirondack, N. Y.

Mogok, Burma

Korea

§3. Samples
Names and brief descriptions of the samples
are listed in Table I. Except jadeite, all the

samples are single crystals of gem quality.

Table II. The results of chemical analyses of
olivine and jadeite.

Olivine Jadeite

Miyake-jima, Japan Burma
Si0, 38.82% 57.86%
AlO, 0.20 23.90
Fey0; 1.65 0.75
FeO 14.93
MgO 42.51 1.23
CaO 0.40 1.24
NazO 13.85
K0 0.11
MnO 0.23

The chemical composition of the jadeite is
given in Table II. The olivine studied here
is presumably similar in composition to that
analyzed by Seto (1929). Seto’s result is
reproduced in Table II. Thermal diffusivities
had been measured for these samples over the
temperature range 300 to 1100°K (Kanamori,
Fujii and Mizutani, 1968).

§4. Results

The logarithm of the measured specific re-
sistivity is plotted against the reciprocal of
the absolute temperature in Figs. 2, 3, 5, 6,
and 7, for olivine, quartz, garnet, corundum,
alkali-feldspar and jadeite. All the measure-
ments through three or four runs are plot-
ted together. These figures show that the
logarithm of specific resistivity varies linearly

with the reciprocal of the ahsolute temper-
ature. Therefore electrical conductivity ¢ can
be expressed by an equation similar to that
for semi-conductors;
o=001€Xp (—€1/BT)+ 00 exp (—eg/kT)+ - - -

where e;’s are the activation energies, £,
Boltzmann constant and o.’s, constants.
Smooth curves are fitted to the raw data;

from these curves the values of oo; and ¢; are
calculated and listed in Table III.

Table III. The values of activation energies ¢;
and pre-exponential term gy calculated from
Figs. 2, 3, 5, 6, and 7.

Material |e(eV) oo (@—tcm—1) (e V) opz(2-1em—1)
Olivine [001]] 0.86 |  0.29 !
Quartz [010]] 0.81 0.63
Quartz [001]| 0.86 0.58
Garnet-1 1.12 1.15
Garnet-2 0.32] 6.3x10-5 | 1.2 2.8x10
Corundum 1.55 | 2.5x10¢ 0.72 1.59
Jadeite 1.10 | 1.0x 102 0.74 1.26
Alkali

Feldspar 1.65 ] 8.0x108

§5. Discussions

The physical meaning of the activation
energy ¢; depends on the type of conduction
mechanism. For the extrinsic conduction, ¢;
obtained from a portion of the logr—1/T
curve cannot be given a definite physical
meaning. It may be either the energy required
to excite an electron from an impurity level
into the conduction band or a half of that.
In case of the intrinsic conduction, the activa-
tion energy ¢; is half the energy gap between
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the valence band and the conduction band.
In the ionic conduction, the activation energy
is interpreted as the energy required fo
produce mobile ions. This energy is equal to
the sum of the energy necessary for creating
a pair of defects and that required for the
ions to move from one site to another.

For quantitative discussions of the electrical
conductivity in the mantle, it is essential to
know what type of conduction mechanism is
dominant over a given temperature and pres-
sure range. In what follows we will discuss
the type of conduction mechanism over the
temperature range covered in the present
study.

Olivine (Fig. 2)

Measurements were made in a direction
parallel to the c-axis ([001] direction). Fig. 2
shows the present result as compared with
those by other workers.
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Fig. 2. Electrical conductivity of olivine in the
direction parallel to the c-axis.

The present result for an?olivine with 18%
fayalite isyin fgood accord with that for a
Bonin Island olivine with about 20% fayalite

studied by Noritomi (1961) and a powdered
olivine with 17.5% fayalite studied by Hamilton
(1965). The remarkable coincidence shown in
Fig. 2 substantiates the argument of Hamilton
who states that the pre-exponential term ao
and the activation energy e are mainly
governed by the fayalite content. Bradley
et al. (1964) suggested that the “hopping
mechanism” of electrons

Fe?"+e 2 Fel+

is responsible for the conductivity of fayalite.
If the ferric ion Fe®* content is proportional
to the fayalite content this mechanism gives
a reasonable explanation for the strong de-
pendence of the conductivity on the fayalite
content. The ferric ion content, however,
is controlled by the degree of oxidation rather
than by the fayalite content. Actually pure
fayalites do not contain a constant quantity of
ferric ion. Thus the mechanism pointed out
by Bradley et al. may not be suitable as the
conduction mechanism of the olivine.

The olivines studied by various authors
must contain different impurities in different
amounts. If the impurity conduction is the
major mechanism, the conductivities of the
olivines cannot be so consistently explained
in terms of the fayalite content alone as shown
in Fig. 2. Therefore, the impurity conduc-
tion is also unlikely to be operative in the
olivine. Thus it is suggested that the mech-
anism of electrical conduction in olivine over
the temperature range 300° to 1200°K is either
the intrinsic or jonic conduction. Recently
Shankland (1966) made an extensive study of
the absorption spectrum of olivines. He found
that the absorption in the range 3.3 to 7.5eV
is not due to the intrinsic band gap of the
lattice but due to Fe3* ion. From the optical
property of the olivines and the electrical con-
ductivity measured for synthetic forsterites,
he considered the mechanism of electrical
conduction in forsterite over the temperature
range 300° to 1200°K as ionic. The con-
duction mechanism of natural olivines may also
be attributed to ionic conduction.

Quartz Fig. 3)
Conductivities are measured in two direc-
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tions: perpendicular and parallel to the c-axis.
The specific resistivity in the [001] direction
is twice as large as that in the [010] direction,
whereas the activation energies are the same
for the two directions. In Fig. 4 are also
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Fig. 3. Electrical conductivities of quartz in the
[001] and [010] directions.
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Fig. 4. Electrical conductivities of quartz by
various authors.

shown the data of Sosman (1927) and Exner
(1901) for comparison. Sosman estimated the
most probable values from the data of
Thornton, Shaposhnikov, Curtis, Richardson,
Saegusa, Curie, Tegetmeier and Warburg,
Exner, Ambrann and Doelter. According to
Sosman’s estimate, contrary to our results,
the specific resistivity in the [010] direction
is larger than that in the [001] direction.
Sosman’s data cannot be fitted by a smooth
curve but the overall trend is similar to that
of the present result. Noritomi’s (1955) data
showed too complicated a variation with tem-
perature, especially at low temperatures, to
be included in Fig. 4. Noritomi reported that
the specific resistivity in the [001] direction
is larger than that in the [010] direction. In
any case the difference of the conductivities
in the two directions is not very large and
the impurity may affect the ratio ¢[001]/s[010].

The activation energy obtained from Fig. 3
is 0.78eV as listed in Table III. If the elec-
trical conductivity observed over the tem-
perature range 300 to 900°K is intrinsic, the
energy gap will be 1.56eV. The energy of
absorption edge of quartz is found to be
6.2eV (McCarthy et al., 1963). This energy
is much larger than the energy gap. There-
fore it may be concluded that the type of
electrical conduction over the temperature
range 300 to 900°K is not intrinsic but ex-
trinsic.

Garnet (Fig. 5)

Activation energies of Garnet-1 and Garnet-2
are approximately the same over the temper-
ature range 550 to 900°K, although their
chemical compositions are different. This im-
plies that the electronic structure is not
sensitive to the chemical composition as ascer-
tained by the optical studies on almandite
and pyrope (Clark, 1957). For Garnet-2 the
log#—1/T curve has an inflection at about
T=550°K. The conductivity at temperatures
below and above the inflection may be due
to the impurity and intrinsic conduction
respectively. Since Garnet-2contains a greater
number of Fet* jon than Garnet-1 (see Table I),
Garnet-2 may have a greater number of
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Fig. 5. Electrical conductivities of Garnet-1 and
Garnet-2. Garnet-2 contains a greater number
of Fet++ icn than Garnet-1.

electrons trapped in the field of Fe** ions in
the interstitial positions. This may be the
reason why the log»—1/7T curve of Garnet-2
shows the inflection and g4; of Garnet-2 has
a higher value than that of Garnet-1.

Corundum (Fig. 6)

Conductivity of the corundum has an inflec-
tion in the log#—7T curve. Such an inflection
was observed for Garnet-2 also (Fig. 5). As
shown in Table III the activation energy above
the critical temperature 7T.=650°C is equal
to one half of that below the critical temper-
ature. Temperature dependence of this type
is typical of a semi-conductor with impurity
centers larger in number than electrons (Mott
and Gurney, 1948). According to the theory
of extrinsic conduction, the ratio of ge to
gex and the critical temperature T, at which
two straight lines intersect in Fig. 6, are given
by: (Mott and Gurney, 1948; pp. 159-160)
o1 __ «/NE‘V‘(znkay/*
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Fig. 6. Electrical conductivity of corundum.

2(N—Ne)* _ ( 2mmkT. |%?
V@Ne—N)y | 72

exp (—e/kT:)

(2)
where
V; volume
N; the number of impurity levels in V

Ne:; the number of electrons available in V
m; the mass of an electron

k; Boltzmann constant

h; Planck’s constant

The values of 60100z, €1 and T, are 10¢, 1.55eV
and 900°K respectively from Table I and
Fig. 6. With these values the equations (1)
and (2) can be satisfied at T~500°K, if N
and Ne are of the order of 10*cm~® and
N—Ne~10"cm~2%. These values of N and Ne
are reasonable (Kittel, 1956).

Feldspar, Jadeite (Fig. 7)

The log#—1/T curve of alkali-feldspar can-
not be fitted by straight lines. The behavior
is very different from that of the normal
semi-conductors. The logr—1/T curve de-
viates from the straight line above 700°C.
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Below 700°C the alkali-feldspar consists of two
distinct phases, potassium-rich and sodium-
rich phases. These phases are finely inter-
mingled to form the perthite structure (see,
e.g. Deeretal., 1963). The perthite structure,
however, disappears above 700°C because
potash feldspar and albite constitute a com-
plete solid solution at such high temperatures.
Therefore the inflection of the log»—1/T
curve of alkali-feldspar may be attributed to
the change of ¢, and activation energy as-
sociated with the disappearance of the per-
thite structure.

The inflection of the logr»—1/T curve of
jadeite (Fig. 7) may be also due to the change
of oo and ¢ with temperature, though it is
possible to attribute it to the transition of
conduction mechanism. It is not possible to
draw a definite conclusion on the cause of
the inflection of the log7z—1/T curve of jadeite
from the data available at present.
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Fig. 7. Electrical conductivities of alkali-feldspar
and jadeite.

§6. Conclusions

Electrical conductivities of various rock-
forming minerals were measured over the
temperature range 500 to 1200°K. Although
the type of conduction mechanism cannot be

determined definitely, the activation energies
of various rock-forming minerals fall between
0.7 and 1.7eV over the temperature range
studied. The pre-exponential term oo, how-
ever, varies several orders of magnitude for
various rock-forming minerals. Therefore the
range of the absolute value of the electrical
conductivity cannot be determined unless the
chemical composition of the sample is known.
To derive useful informations on the state
of the earth’s interior from the conductivity
distribution, it is essential to study rock-
forming minerals with controlled chemical
compositions. It is hoped to measure the
electrical conductivity under a condition where
the effects of various factors can be separated.
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