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In this paper, a new of oxygen fugacity controltechnique that can be widely applied to in-situ measurement of the

grain interior electrical conductivities of minerals and rocks is presented for high temperature and high pressure. Inside

the sample assembly, a metal and corresponding metal oxide form a solid oxygen buffer. The principle of this technique

is to randomly monitor and adjust oxygen fugacity in the large-volume multi-anvil press by changing the types of solid

oxygen buffer, metal shielding case and electrodes. At a pressure of up to 5.0 GPa and a temperature of up to 1423 K,

the electrical conductivities of the dry peridotite are tested under the conditions of different oxygen fugacities. By virtue

of this new technique, more and more reasonable and accurate laboratory electrical property data will be successfully

obtained under controlled thermodynamic conditions.
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1. Introduction

Under controlled thermodynamic conditions, the
in-situ laboratory measurement of the electrical con-
ductivities of minerals and rocks at high temperature
and high pressure is the most straightforward and ef-
ficient means to explore their composition, character-
istics and state of the materials in the Earth’s inte-
rior. The electrical properties of minerals and rocks
can also provide crucial information about the struc-
ture of the Earth’s interior, the migration process of
electrons and ions, the point defect chemistry, ther-
moelectric coefficient and phase transition.[1−12]

Oxygen fugacity is a key parameter in the pet-
rogenesis and it is necessary to control the oxygen
fugacity in experimental mineralogy, petrology and
geochemistry.[13−20] Currently, oxygen fugacity and
water content are two dominant research hotspots in
the electrical conductivity measurements of minerals
and rocks at high temperatures and pressures.[21−25]

We have recently developed a new technique of con-

trolling oxygen fugacity during high-pressure measure-
ments of the electrical conductivities of minerals and
rock in the YJ-3000t in the Laboratory for Study of
the Earth’s Interior and Geofluids of the Institute
of Geochemistry, Chinese Academy of Sciences, and
Kawai-1000t in the Department of Geology and Geo-
physics, Yale University, which has been widely ap-
plied to the large volume multi-anvil high-pressure
press. Furthermore, we have already succeeded in car-
rying out in-situ measurements of the electrical con-
ductivities of single crystal olivine, single crystal py-
roxene, pyrope garnet, peridotite, pyroxenite, lherzo-
lite and wadsleyite, which are dominant and abun-
dant minerals and rocks in the upper mantle and
transition zone.[3−9,24,25] Will and his collaborators[26]

succeeded in measuring the electrical conductivities
of synthetic Ni2SiO4, Fe2SiO4 and MgSiO3, where
the the single frequency AC method was adopted
(V = 5.4×10−3 V–5.4 V and 1.6 kHz) under the con-
ditions of 2.0 GPa, 613 K–1373 K and two solid oxy-
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gen buffers of FQM (Fayalite+Quartz+Magnetite)-
FQI (Fayalite+Quartz+Iron). Xu et al.[27] used the
AC impedance spectroscopic method and the Mo–
MoO2 single solid buffer controlling oxygen fugacity
to successfully obtain the electrical conductivities of
olivine and its high-pressure polymorph, it is the first
time that we have adopted the different solid buffers to
realize the different oxygen fugacities during the mea-
surements of grain interior and grain boundary elec-
trical properties of minerals and rocks at high temper-
ature and high pressure. Although Dai et al.[4] have
already measured the grain boundary electrical con-
ductivity of dry mantle peridotite under conditions of
1.0 GPa–4.0 GPa, 1073 K–1423 K, the frequency rang-
ing from 10−2 Hz to 103 Hz and controlling oxygen fu-
gacities, till now, there is not any report dealing with
the measurement of the grain interior electrical con-
ductivity under conditions of higher pressure, wider
frequency range, and controlled thermodynamics.

In the present work, we measure the grain inte-
rior electrical conductivity of the dry peridotite under
conditions of 5.0 GPa, 1423 K and the frequency rang-
ing from 102 Hz to 106 Hz. According to the order
from the reducibility to oxidizability, five solid oxygen
buffers including Mo+MoO2 (MMO), Fe+FeO (IW),
Fe+Fe3O4 (IM), Ni+NiO (NNO), and Fe2O3+Fe3O4

(MH) are sequentially chosen so as to control the oxy-
gen partial pressure. Then, a relationship that de-
scribes the electrical conductivity and oxygen fugacity
independent of temperature and pressure is success-
fully established at high temperature and high pres-
sure. Therefore, by changing the types of the metal
and corresponding metal oxide, the oxygen fugacity is
efficiently controlled during the grain interior electri-
cal conductivity measurement.

2. Experimental procedures

The experiments were all performed by using the
YJ-3000t multi-anvil large volume high-pressure ap-
paratus in the Laboratory for Study of the Earth’s In-
terior and Geofluids, Institute of Geochemistry, Chi-
nese Academy of Sciences, China. For the detailed
description of the equipment, please refer to the pa-
pers by Xie et al.[28] and Li et al.[29] All the observa-
tions including the transmission electron microscope,
microstructure analysis, infrared spectrum and Ra-
man spectrum were conducted in the Department of
Geology and Geophysics, Yale University, USA and
Department of Earth and Planetary Sciences, Tokyo
Institute of Technology, Japan. The experimental as-

sembly is shown in Fig. 1. The detailed experimen-
tal procedures have already been presented by Dai et
al.,[4] where the grain boundary electrical conductiv-
ity of dry peridotite was measured. Here, we focus
our attention mainly on elaborating the experimental
principle of controlling oxygen fugacity.

Fig. 1. Sample assembly for controlling oxygen fugac-

ity. 1: Pyrophyllite; 2: metal shielding cases; 3: alu-

mina; 4: electrode; 5: solid buffer tube; 6: sample; 7:

tri-layers stainless steel heater; 8: Pt–PtRh10 thermocou-

ple; 9: earth line.

Several ordinary different kinds of high-purity
powders of metals (e.g. Ni, Fe, and Mo) and their
corresponding metal oxides (e.g. NiO, FeO, Fe2O3,
Fe3O4, and MoO2) were selected and mechanically
mixed correspondingly. The ratios of metals and
metal oxides were adopted according to the weight
percentages that were shown by the following buffer
equations of chemical reaction:

NNO : 2Ni + O2 ­ 2NiO, (1)

MH : 4Fe3O4+O2 ­ 6Fe2O3, (2)

IM : 3Fe + 2O2 ­ Fe3O4, (3)

IW : 2Fe + O2 ­ 2FeO, (4)

MMO : Mo + O2 ­ MoO2. (5)

Under conditions of P = 133 MPa, T = 1573 K and
argon gas as a pressure medium in the China Iron
& Steel Research Institute, solid oxygen buffers were
pressed tightly and sintered, then we obtained the
electrode slices and buffer loops that were cut and pol-
ished from the recovery blocks of sold oxygen buffers
by the technique of electric spark discharge and ero-
sion.

For the each sold buffer, oxygen fugacity values
are a function of pressure and temperature which can
be expressed by the following relation:[30]

logfO2 = −α

T
+ β + γ

(P − 1)
T

, (6)

where α, β and γ are constants directly related to the
standard enthalpy, the standard entropy, and the mo-
lar volume variation of the solid ingredients before and
after the buffering chemical balance reaction; T is the
absolute temperature (K), and P is the pressure (Pa).
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Based on the sequence from reducibility to oxidizabil-
ity, we make a theoretical calculation and obtain the
parameter values of each solid oxygen buffer as fol-
lows: MMO: α = 30650, β = 8.92 and γ = 0.054; IW:
α = 27215, β = 6.57 and γ = 0.052; IM: α = 29260,
β = 8.99 and γ = 0.061; NNO: α = 24930, β = 9.36
and γ = 0.046, and MH: α = 24634, β = 13.97 and
γ = 0.019. In this work, the oxygen fugacity is demon-
strated to be true by changing the metal-bearing types
in the shielding case, electrodes and the corresponding
buffer loop type at a given temperature and pressure.
In addition, to verify the efficiency and the accuracy
of the solid oxygen buffer, it is crucial to perform the
x-ray diffraction analysis on the recovery buffers after
electrical conductivity measurements. If two-phase co-
existence is available for each metal and metal oxide,
the oxygen fugacity is effectively controlled.

3. Results and discussion

In order to check the validity and efficiency of con-
trolling method, under conditions of 5.0 GPa, 1423 K
and the frequency ranging from 102 Hz to 106 Hz, we
have performed the in-situ measurement of the grain
interior electrical conductivity of the dry synthetic
peridotite which originates from the Han Nuoba area,
Zhangjiakou city, Hebei Province, China. According
to the sequence from oxidizability to reducibility, five
solid buffers (MH, NNO, IM, IW and MMO) are used
to control the oxygen partial pressure.

The representative impedance spectroscopic
curves for the dry synthetic peridotite are shown
in Figs. 2–5. The Solartron-1260 Impedance/Gain-
Phase Analyzer with a 1.0-V signal voltage and the
fixed frequency raging from 102 Hz to 106 Hz is em-
ployed to measure the complex impedance of samples.
Figure 2 shows the Nyquist (Cole–Cole) diagram
indicating the relationship between real component
(Z ′) and imaginary component (Z ′′) of the complex
impedance. Figures 3–5 show the Bode diagrams rep-
resenting the dependences of real component (ReZ),
imaginary component (ImZ), magnitude (|Z|), and
the phase angle (Φ) on the frequency of the complex
impedance. According to Long et al.,[31,32] under con-
trolled the frequency ranging from 102 Hz to 106 Hz,
there appears the grain interior process only in a single
conduction mechanism. The semi-circle diameter of
the impedance spectroscopy represents the resistance
of sample. With the increase of oxygen fugacity,
the semi-circle arc becomes smaller and smaller, and
therefore the resistance value of the sample gradually

decreases. As shown in Bode Figs. 2–5, there is a reg-
ular change between the real component, imaginary
component, magnitude and phase angle with the fre-
quency. With the decrease of frequency from 106 Hz
to 102 Hz, (i) the real component and the magnitude
of the sample quickly rise, and then they gradually
tend to the approximately fixed values, (ii) the imag-
inary component reaches the peak value where the
frequency is approximate to 103 Hz∼104 Hz, and
then it gradually tends to a fixed value, (iii) the phase
angle quickly rises, and then it gradually tends to a
fixed value.

Fig. 2. Curves for Nyquist of complex impedance of Z′

versus Z′′ for dry peridotite from 102 Hz–106 Hz (from

right to left), obtained under the conditions of 5.0 GPa,

1423 K and five different solid buffers (MMO, IW, IM,

NNO and MH). Z′ and Z′′ denote the real and the imag-

inary components of complex impedance, respectively.

Fig. 3. Dependences of the real component (ReZ) and the

imaginary component (ImZ) of the complex impedance

of dry peridotite on frequency under the conditions of

5.0 GPa, 1423 K and different solid buffers. The frequen-

cies at which the individual data were measured decrease

from left to right.
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Fig. 4. Dependences of the magnitude, |Z|, of the com-

plex impedance of dry peridotite on frequency under the

conditions of 5.0 GPa, 1423 K and different solid buffers.

Fig. 5. Dependences of the phase angle, Φ, of the com-

plex impedance of dry peridotite on frequency under the

conditions of 5.0 GPa, 1423 K and different solid buffers.

The grain interior electrical conductivity of dry
synthetic peridotite can be determined through the
following equation:

σ =
L/S

R
=

L

SR
, (7)

where L is the length of the sample, S is the sectional
area of the electrode, and R is the resistance of the
sample.

Figure 6 shows the relationship between the grain
interior electrical conductivity of the dry synthetic
peridotite and oxygen fugacity under controlled MH,
NNO, IM, IW and MMO five solid oxygen buffers.
Based on the logarithmic diagram unit, we find that
the electrical conductivity of the sample increases with
the rise of the oxygen fugacity and there exists a good
linear relation. The oxygen fugacity value of the re-
duction boundary (MMO) and oxidation boundary
(MH) of the selected solid oxygen buffer has only 109

order of magnitude variation, which results in the bet-
ter linear correlation coefficient value (R2 = 0.99).

Fig. 6. Relationship between the grain interior electrical

conductivity and oxygen fugacity under the conditions of

5.0 GPa and 1423 K.

It is common sense that the oxidation state of
the upper mantle lies in a range from IW (Fe+FeO)
to FQM (Fayalite+Quartz+Magnetite close to NNO)
buffers.[33] Therefore, in this paper, the oxygen buffer
value that we chose the solid metal and metal oxide
to monitor can be suited for completely indicating the
thermodynamic environments of minerals and rocks
in the upper mantle. We execute the non-linear ad-
vanced fitting program in the ORIGIN software, and
perform the complex non-linear least square fitting
with the Levenberg–Marquardt iterative method at
least 100 times and the error analysis according to
the non-linear least square principle.[34] In this way,
the relationship model (8) of the electrical conductiv-
ity and oxygen fugacity is successfully obtained, and
the fitting result error is less than 4%.

The x-ray diffraction recovery oxygen buffer af-
ter each experiment of electrical conductivity mea-
surement must be checked by two-phase coexistence
analysis in order to confirm the efficiency and the ac-
curacy of the oxygen buffer. A new laboratory-based
model representing the relationship between grain in-
terior electrical conductivity of the dry synthetic peri-
dotite and oxygen fugacity has been successfully es-
tablished according to the most abundant rocks in the
upper mantle at high temperature and high pressure.
It is completely consistent with the previous model
at atmospheric pressure, which was obtained by Duba
and Constable,[35] about the electrical conductivity of
lherzolite and oxygen fugacity at 973 K–1473 K and
CO+CO2 controlling oxygen pressure (10−5 Pa–1 Pa)
from the following formula:

log10(σ) = (0.8596± 0.00337)× log10fO2

− (0.92305± 0.03232). (8)
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Although this new technique is applicable to dif-
ferent multi-anvil high-pressure large volume presses,
which are based on grain interior electrical conduc-
tivity measurement, we can obtain the grain bound-
ary electrical conductivity of natural and synthetic
samples if the fixed frequency of the ZPlot program
on the Solartron-1260 Impedance/Gain-Phase anal-
yser is reduced enough. By using the new technique,

if a solid oxygen buffer with better oxidation and re-
duction abilities, such as Re+ReO2 and Cr+Cr2O3,
are adopted, a new oxygen boundary value of Earth’s
interior may be successfully obtained. This would
be based on the in-situ laboratory measurement of
the grain interior electrical conductivities of miner-
als and rocks at both an elevated temperature and
pressure.[36−38]
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