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ABSTRACT

The electrical conductivity of dry polycrystalline olivine compacts (hot-pressed and sintered pellets)
was measured at pressures of 1.0—4.0 GPa, at temperatures of 1073—1423 K, and at different oxygen
fugacities via the use of a YJ-3000t multi-anvil press. Oxygen fugacity was controlled successfully by
means of five solid buffers: Fe;04-Fe,O5, Ni-NiO, Fe-Fe;O4, Fe-FeO and Mo-MoO,. Within the
selected frequency range of 10°—10° Hz, the experimental results indicate that the grain interior
conduction mechanism is characterized by a semi-circular curve on an impedance diagram. As a
function of increasing pressure, the electrical conductivity of polycrystalline olivine compacts
decreases, whereas the activation enthalpy and the temperature-independent pre-exponential factors
increase slightly. The activation energy and activation volume of polycrystalline olivine compacts were
determined to be 141.02+2.53 kJ/mol and 0.25+0.05 cm>/mol, respectively. At a pressure of 4.0 GPa,
electrical conductivity was observed to increase as a function of increasing oxygen fugacity, and the
relationship between electrical conductivity and oxygen fugacity can be described as log)y (o) =
(2.47+0.085) + (0.096+0.023) x log;o fo, + (—=0.55+0.011)/T, which presents the exponential factor q
(~0.096). Our observations demonstrate that the primary conduction mechanism for polycrystalline
olivine compacts is a small polaron.

KevywoRbs: electrical conductivity, polycrystalline olivine compacts, oxygen fugacity, high temperature, high
pressure.

Introduction

composition and thermodynamic state of the

ELECTRICAL conductivity and the elastic wave
velocity of minerals and rocks at high tempera-
tures and pressures are two crucial measurements
that geophysicists use to explore the material
characteristics of the deep Earth. Compared to
elastic wave velocity, electrical conductivity is
more sensitive to temperature. Therefore, the in
situ measurement of the electrical conductivity of
minerals and rocks at high pressures plays an
important role in predicting the chemical
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interiors of the Earth and other planets (Omura
et al., 1989; Zhang et al., 2006; Watson et al.,
2010).

The electrical properties of minerals and rocks
depend heavily on water content, chemical
composition, grain boundary state, temperature,
pressure, oxygen fugacity and frequency (Nover,
2005; Karato and Dai, 2009). Oxygen fugacity is
a key parameter in constraining and adjusting the
physical and chemical interaction processes
within the crust, mantle, and core of the deep
Earth where it plays a vital role in magma genesis,
magma degassing, and metasomatic processes
(Chou and Eugster, 1976; Chou, 1978;
McCammon et al., 2004; Weston et al., 2009).
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A variety of methods to control oxygen fugacity
have been applied successfully to solid samples at
high pressures (Frost, 1991; Yasuda and Fujii,
1993; Mendybaev et al., 1998; Dobson and
Brodholt, 1999; Li et al., 1999). Recently, a
new technique was designed and developed by the
present authors to control oxygen fugacity
through variations of solid oxygen buffer types.
It is applicable to any large-volume, multi-anvil,
high-pressure apparatus. We measured success-
fully the low-frequency, grain-boundary, elec-
trical conductivity of dry synthetic peridotite, in
addition to the electrical conductivity of hydrous
wadsleyite (Dai et al., 2009a,b). This technique
has been applied successfully to high-pressure
measurements of low differential stress in olivine
(Rubie et al., 1993), grain growth in hydrous
wadsleyite (Nishihara et al., 2006), and hydrogen-
related defect chemistry in hydrous wadsleyite
(Nishihara ez al., 2008). Oxygen fugacity along
with temperature, pressure and water content
control the electrical conductivity at high
pressure.

A large body of evidence from geophysics,
geochemistry, and petrology has established that
the Earth’s mantle consists primarily of peridotite,
which contains 60 wt.% of normative olivine,
40 wt.% of normative pyroxene, and garnet
(Ringwood, 1975, 1982; Irifune and Ringwood,
1987; Xu et al., 2000a; Ohta et al., 2010a). Thus,
olivine and its polymorph phases of wadsleyite
and ringwoodite, as dominant mineral phases,
may control the electrical conductivity of the
peridotite mantle from the bottom of the lower
crust (~40 km) to the transition zone
(410—660 km) (Xu et al., 1998, 2000a,b). The
electrical conductivities of these representative
minerals are the focus of current research.
Hydrous olivine, orthopyroxene, garnet,
wadsleyite and ringwoodite are the most promi-
nent and abundant minerals in the depth range
from the upper mantle to the transition zone (Xu
et al., 1998; Huang er al., 2005; Wang et al.,
2006; Romano et al., 2006, 2009; Karato, 2008a;
Dai and Karato, 2009b,c,d; Zhang et al., 2010).
Electrical conductivity data for dry polycrystal-
line olivine compacts under different oxygen
fugacities have not yet been reported.

In the present experiment, at pressures of
1.0-4.0 GPa, temperatures of 1073—1423 K,
and oxygen fugacity controlled by means of five
solid buffers (Fe;04-Fe,03, Ni-NiO, Fe-Fe;0,,
Fe-FeO and Mo-MoO,, we used AC impedance
spectra methods to conduct in situ measurements

of the electrical conductivity of dry polycrystal-
line olivine compacts in the frequency range
10°—10° Hz. A functional relationship between
electrical conductivity and temperature, pressure
and oxygen fugacity is established, and the
conduction mechanism discussed.

Experimental procedures

All of the present experiments were conducted
using a YJ-3000t instrument which is a large-
volume, multi-anvil press, in combination with a
Solarton-1260 impedance/gain-phase analyzer, in
the Laboratory for Study of the Earth’s Interior
and Geofluids, Institute of Geochemistry, Chinese
Academy of Sciences (CAS), China. This experi-
mental device is similar to one used previously (Li
et al., 1998; Xie et al., 2002). All microstructural
observations, phase analyses, and water-content
measurements, including micro-Raman spectrum
and non-polarized transmission Fourier-transform
infrared spectroscopy, were conducted at the
Department of Geology and Geophysics, Yale
University, USA. The dry polycrystalline olivine
compacts were synthesized on a hot isostatic press
at the Peking Iron & Steel Research Institute,
China (see method in Dai et al., 2006). Electron
probe analysis was performed at the State Key Lab
of Ore Deposit Geochemistry, CAS, China. The
chemical composition of these synthetic poly-
crystalline compacts is described in Table 1.
Figure 1 depicts the experimental setup for the
electrical conductivity measurements at high
temperatures and high pressures. A detailed
description of the experimental assembly was
presented by Dai et al. (2008b). Here we focus on

TaBLE 1. Chemical composition (wt.%) of dry
polycrystalline olivine compacts.

Cr203 0.15
NiO 0.71
MnO 0.32
FeO 10.97
Na,O 0.04
K,0 0.18
ALO; 0.23
CaO 0.16
MgO 45.79
TiO, 0.20
Sio, 41.24
Total 99.99
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Fic. 1. Experimental setup for electrical conductivity measurements at high temperatures and pressures:
(1) pyrophyllite (sintered at 973 K); (2) metal shielding cases (made of Ni, Fe or Mo); (3) insulating alumina;
(4) buffering electrode; (5) nickel-lead insulating sleeve; (6) sample; (7) stainless-steel heater; (8) solid buffer tube;

(9) Pt-PtRh;, thermocouple and insulating sleeve; (10) earth line.

the experimental principles of controlling oxygen
fugacity.

An entire series of metals and their corre-
sponding metal oxides were selected to control
and adjust oxygen fugacity. Several different
mixtures of metals and metal oxides were
pressed and sintered using a hot isostatic press.
An electric sparking discharge erosion technique
was used to cut and polish materials into regular
metal buffer sleeves and buffer electrodes. We
successfully established and developed this
oxygen buffering technique by varying the types
of metal in the metal sleeves and in the
corresponding electrodes of the large-volume,
high-pressure multi-anvil apparatus, such as the
YJ-3000t and the Kawai-1000t (Rubie er al.,
1993; Nishihara et al., 2006, 2008; Dai et al.,
2009a; Campbell et al., 2009). Under the
aforementioned P-7 conditions, the oxygen
fugacity buffer reached a thermodynamic
balance according to the following equation:

MOV + 'Y/Z 02 = MO(}Ler) (1)

where M represents Ni, Fe and Mo; A represents a
value of 0 or 4/3; and v represents a constant that
depends on the valence state of M. At constant
P-T, the experimental conditions have reached an
exact physical and chemical balance when the
impedance reaches a constant value. The metal-
oxygen buffers are proven to be feasible and
effective if the X-ray diffraction (XRD) results of
the two original phases of the recovery buffers
coexist for the metal and corresponding metal
oxide. When reaction 1 reaches chemical equili-
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brium, the oxygen fugacity value of each oxygen
buffer can be described as a function of both
temperature and pressure as follows:

e

2P( VM()(H«/) — VM()(k))
YRT
where B is the balance constant at an ambient
pressure that depends on the temperature, and
Vuo,,, and V0, represent the molar volumes of
the solid oxygen buffering pairs. According to this
formula, we can calculate the oxygen fugacity
value that corresponds to each solid buffer at
different temperatures under the conditions of
4.0 GPa, as shown in Fig. 2. The buffers in the
order from the most oxidizing to the most
reducing are as follows: Fe;O4-Fe,O3, Ni-NiO,
Fe-Fe;04, Fe-FeO and Mo-MoO,.

Jfo, = B/ cxp{

Results

In situ measurements of the electrical conduc-
tivity of dry polycrystalline olivine compacts
were carried out at a pressure of 1.0—4.0 GPa,
temperature of 1073—1423 K and an oxygen
partial pressure controlled by means of an
Mo-MoO, oxygen buffer. The same measure-
ments were made under the same P-T conditions
for an oxygen partial pressure controlled by
means of five oxygen buffers (Fe;O4-Fe,0s,
Ni-NiO, Fe-Fe;0,4, Fe-FeO, and Mo-Mo0O,). The
frequency range and the signal voltage were
10-10° Hz and 1.0 V, respectively.

Representative impedance spectra under the
conditions of 4.0 GPa, 1073—1423 K, and an
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Fic. 2. The dependence of the logarithm of oxygen fugacity, fo,, on the temperature at P = 4.0 GPa for the Fe;O4-
Fe,05, Ni-NiO, Fe-Fe;04, Fe-FeO, and Mo-MoO, solid buffers. Each oxygen fugacity value at high temperature and
pressure was obtained from equation 2.

oxygen partial pressure controlled via Mo-MoO,
are depicted in Fig. 3. The results obtained under
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Fic. 3. Nyquist diagram of the real and imaginary

components of the dry polycrystalline olivine compacts

under conditions of P =4.0 GPa, T=1073—1423 K, and

oxygen fugacity controlled by means of a Mo-MoO,

solid buffer. The experimental frequencies increase from

right to left along each semi-circle of the impedance
spectra.
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different oxygen partial pressure conditions are
similar to those illustrated in Fig. 3. On the basis of
impedance spectra theory (Tyburczy and Roberts,
1990; Roberts and Duba, 1995; Bagdassarov and
Schmeling, 2005), the complex impedance of
polycrystalline olivine compacts is the total
opposition for a given AC signal, which is
described by a real component (Z'), an imaginary
component (Z), a magnitude (|Z]), a phase angle
(D), a resistance (R), and a capacitance (C). In the
present work, for each semi-circular curve on a
complex impedance diagram (Fig. 3) that char-
acterizes the bulk conduction mechanism of a
sample that occurs in the frequency range of
10°—10° Hz, the relationship between all of the
aforementioned parameters for each complex
impedance spectrum can be described as follows:

7 =7 —jZ" =|Z]|cos® — | Z| sin® =
R —joCR?
ST JetR (3)
14+ 0?C?R?
where © = 2nf'is the angular frequency, f'is the
frequency, * represents a complex quantity, and j
is /1.
Under controlled pressure, temperature and
oxygen fugacity, we ran ZPlot software in a
Solartron-1260 impedance/gain-phase analyzer
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Fi1G. 4. Electrical conductivity vs. the inverse temp-

erature for the dry polycrystalline olivine compacts

under the conditions of P = 1.0-4.0 GPa, T =

1073—1423 K, and oxygen fugacity controlled by
means of a Mo-MoO, solid buffer.

and automatically registered the complex impe-
dance spectra of the synthetic polycrystalline
olivine compacts (Ohta et al., 2008). The ZView
program is adapted to fit these data and obtain the
impedance value of the samples measured (Ohta
et al., 2010b). Using equation 4, therefore, the
electrical conductivities of the sample can be
calculated:

1
CTaxZ xR “)
where o is the electrical conductivity of the
sample (S/m), / is the length of the recovery
sample (m), r is the electrode diameter of the
recovery sample (m), and R is the resistance (£2).

Under specific pressure and oxygen fugacity
conditions, the relationship between the logarithm
of the sample’s electrical conductivity and the
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Fic. 5. Relationship between electrical conductivity and

oxygen fugacity for dry polycrystalline olivine compacts

under conditions of P = 4.0 GPa, eight temperatures

between 1073 and 1423 K and for the five metal-oxygen

buffers: Fe;04-Fe>03, Ni-NiO, Fe-Fe;04, Fe-FeO and
MO-MOOz.

reciprocal of the temperature satisfy the Arrhenius
equation:

AH
1 =1 1 - 5
0819 O = 1089 Op X 10gjp € X ( RT) (5)

where o is the electrical conductivity of the
sample (S/m), & is the pre-exponential factor that
is independent of temperature (S/m), AH is the
activation enthalpy (kJ/mol), and R is the ideal
gas constant (kJ/mol/K). The relationship between
the activation enthalpy and the activation energy
can be described as follows:

AH =AU+ Px AV (6)
where AH is the activation enthalpy (kJ/mol), AU

is the activation energy (kJ/mol), P is pressure
(kPa), and AV is the activation volume (cm>/mol).

TABLE 2. Arrhenius-fitted parameters of the electrical conductivity of polycrystalline olivine compacts using a
Mo-MoO, oxygen buffer.

P (GPa) T (Kelvin) Log og AH (eV) Go (S/m) ?

1.0 1073-1423 2.9073+0.1152 143.7710+2.7358 807.8486+1.3038  0.9977
2.0 1073-1423 2.9334+0.1720 145.9496+2.0427 857.8276+£1.4860  0.9953
3.0 1073-1423 2.9277+0.0976 148.1861+2.3175 846.6424+1.2519  0.9985
4.0 1073-1423 2.9647+0.1301 151.4444+3.0906 921.9344+1.3493  0.9976
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The results are given in Figs 4 and 5 and Table 2.
Figure 4 describes the functional relationship
between the electrical conductivity of dry
polycrystalline olivine compacts and the inverse
of the temperature under the conditions of P =
1.0—4.0 GPa, 7 = 1073—1423 K, and an oxygen
fugacity controlled by Mo-MoO,. Figure 5
describes the relationship between the electrical
conductivity of the sample and oxygen fugacity
under P = 4.0 GPa, T'= 1073—1423 K, and an
oxygen fugacity controlled by the aforementioned
five solid buffers. Table 2 describes the
Arrhenius-fitted parameters of the electrical
conductivity of the sample.

Summary and Discussion

In the present experiment, by controlling the
conditions such as frequency, temperature,
pressure and oxygen fugacity, we successfully
obtained a series of data concerning the electrical
conductivity of dry polycrystalline olivine
compacts. The electrical conductivities of the
samples under non-ambient conditions (Fig. 4,
Table 2) reveal the strong linear dependence of
electrical conductivity on temperature, and, more-
over, that the correlated linear coefficient is even
greater (r* >0.9953). As a function of increasing
pressure, the electrical conductivities of the
samples decrease, whereas the activation enthalpy
and temperature-independent pre-exponential
factors increase slightly. The results of the
present study are similar to previous studies of
the electrical conductivities of dry samples such
as single-crystal olivine, single-crystal pyroxene,
and pyrope-rich garnet in the upper mantle (Xu et
al., 1998, 2000b; Dai et al., 2006, 2009c).
Furthermore, given the results of activation
enthalpy, we can calculate the activation energy
and activation volume of the samples, which are
141.0242.53 kJ/mol and 0.25+0.05 cm?/mol,
respectively. These values are very close to
those observed (by Xu et al., 1998, 20005, AH
= 154 kJ/mol and AV = 0.09 to ~0.68 cm’/mol)
for dry polycrystalline San Carlos olivine under

the sample increases with increasing oxygen
fugacity. These results define a theoretical
model that describes the relationship between
electrical conductivity and oxygen fugacity for
dry polycrystalline olivine:

10g,0(0) = (2.47 +0.085) + (0.096 + 0.023)x

(—0.55+0.011)
— (7)

According to Dai and Karato (20095), the impact
of oxygen fugacity on the electrical conductivity
of dry wadsleyite can be elucidated by changing
the charge-carrier concentration of the lattice
defect. This effect is described by the Nernst-
Einstein equation, which shows that the electrical
conductivity of any substance is exactly equal to
the total contributions by various conduction
mechanisms (Xu and McCammon, 2002; Huang
et al., 2005; Wu et al., 2010):

o= migity 9)

logy fo, +

where o is the electrical conductivity of the
sample, n; is the concentration of n-type charge
carriers, ¢; is the effective charge, and ; is the
charge mobility. The defect chemistry of poly-
crystalline olivine compacts demonstrates that the
concentration of the ferric-related defects [X]
relies on the chemical environment as follows:

[X] o< fik, 076, 4o ©)

where fi1,0 is the water fugacity, fo, is the oxygen
fugacity, a0 is the activity of MgO or FeO, and
p, q and r are constants that depend on different
defect types. According to the defect model of
ferromagnesian silicate proposed by Karato
(2008b), by using the positive dependence of
electrical conductivity on oxygen fugacity in this
experiment, we can describe the dependence of
defect concentration in olivine for various charge-
neutrality conditions on the chemical environment
as:

[Femgl = 2[V£4g] (p=0,q=1/6,r=—-1/3) (10)
or
[Femel = [Hi\/lg] (p=14,q=18,r=-172) (11)

conditions of 4—10 GPa, 1273—1673 K and a
Mo-MoO, solid buffer.
Figure 5 depicts the functional relationship

between the electrical conductivity of the sample
and oxygen fugacity under conditions of 4.0 GPa,
1073—1423 K, and five different solid buffers.
The buffers are more oxidizing in the order:
Mo-MoO,, Fe-FeO, Fe-Fe;O4, Ni-NiO and
Fe;04-Fe,0O5 and the electrical conductivity of
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where Fejy, is the ferric ion of the crystal lattice in
the Mg site, V;{,,g are two vacancies in the Mg site,
and Hy, is the vacancy of a hydrogen proton in
the crystal lattice of Mg site.

The activation enthalpy values of 143—
151 kJ/mol for polycrystalline olivine compacts
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are similar to experimental results that have been
reported previously for dry single-crystal olivine
(Xu et al., 1998, 2000b) and pyrope-rich garnet
(Dai and Karato, 2009¢). There is strong evidence
of a small polaron conduction mechanism, i.e.
Fey, is the ferric ion of the crystal lattice in the
Mg site, based on the dependence of electrical
conductivity on oxygen fugacity. The small
polaron conduction sample is thermally activated,
such that holes hop from ferric to ferrous Fe in the
Mg lattice sites. The exponential value q (~0.096),
which describes the variation of electrical
conductivity in the sample and oxygen fugacity,
is less than estimated by Models 10 and 11 at
room pressure (Wanamaker and Duba, 1993;
Hirsch et al., 1993; Du Frane et al., 2005;
Karato, 2008b; Farla et al., 2010). This may be
due to other electrical neutrality conditions which
are independent of oxygen fugacity, such as Fey,
= [€'], which is also involved in the process of
electrical conduction.

Conclusion

By varying the type of solid buffer to control
oxygen fugacity in the YJ-3000t large-volume,
multianvil press, we successfully conducted in
situ measurements of the electrical conductivities
of polycrystalline olivine compacts. When there is
no existing evidence that can be used to determine
the conduction mechanism of the thermoelectric
coefficient, oxygen fugacity is thought to be the
most efficient and straightforward method for
identifying the conduction mechanism of minerals
and rocks at high temperatures and pressures.
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