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Abstract: Electrical conductivities of the dry hot-pressed sintering gabbro with various mineralogical
proportions (CpxXPl100−X, X = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 vol% (the signals of Cpx and
Pl denote clinopyroxene and plagioclase, respectively) were measured in the YJ-3000t multi-anvil
pressure and Solartron-1260 impedance spectroscopy analyzer at temperatures of 773–1073 K and
pressures of 1.0–3.0 GPa. At the given pressure conditions, the electrical conductivity and temperature
conformed to an Arrhenius relation. For the fixed mineralogical composition of Cpx50Pl50, the
electrical conductivities of the samples significantly increased with the rise of temperature, but slightly
decreased with increasing pressure. Furthermore, the activation energy and activation volume were
determined as 1.06± 0.12 eV and 6.00± 2.00 cm3/mole, respectively. As for the various mineralogical
compositions of dry gabbro, the electrical conductivities of the samples increased with the rise of
volume percentage of clinopyroxene (Cpx) at 1.0 GPa. It is proposed that the main conduction
mechanism is the small polaron, owing to the positive relation between the electrical conductivity
and the iron content in samples. On the basis of these obtained conductivity results, laboratory-based
electrical conductivity–depth profiles for the hot-pressed sintering gabbro with various mineralogical
proportions and temperature gradients were successfully established. In conclusion, although the
present acquired electrical conductivity results on the dry hot-pressed sintering gabbro with various
mineralogical proportions cannot explain the high conductivity anomaly in the oceanic crust and
West African craton, it can provide one reasonable constraint on the mineralogical composition in
these representative gabbro-rich regions.

Keywords: electrical conductivity; gabbro; mineralogical proportions; high temperature; high pressure

1. Introduction

Results of the field geophysical observations from magnetotelluric (MT) and geomag-
netic deep sounding (GDS) have confirmed that there is widespread existence of a large
quantity of the anomalously high electrical conductivity phenomena in these typical regions
of oceanic crust [1–3] and West African craton [4]. As a representative basic intrusive rock,
it is well known that gabbro is widely outcropped in these global tectonic units of oceanic
crust and craton regions, and its corresponding dominant mineralogical composition is
constituted of clinopyroxene and plagioclase [5,6]. Therefore, a systematic investigation of
the electrical conductivity of gabbro at high temperature and high pressure is crucial to
deeply explore the cause of high conductivity anomaly in these regions.

As for natural gabbro, there are a large quantity of previously available reported
electrical conductivity results using the piston-cylinder and multi-anvil press at conditions
of high temperature and high pressure [7–10]. Wang et al. [7] measured the electrical
conductivities of dry natural gabbro at pressures of 1.0–2.0 GPa and temperatures of
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593–1173 K and found that the electrical conductivity significantly decreased by two orders
of magnitude with the rise of pressure. The electrical conductivity and P-wave elastic
velocity for natural biotite-bearing gabbro were determined by Bai et al. [8] within the
temperature ranges from 293 K to 1373 K and pressure ranges from 1.0 GPa to 2.0 GPa.
They proposed that the dehydration reaction of the accessory of hydrous biotite occurred
at the critical temperature ranges of 1073–1123 K, and thus resulted in the appearance of
the partial melting. Dai et al. [9] conducted electrical conductivity on the natural hydrous
gabbro at conditions of 623–1173 K and 0.5–2.0 GPa, and three different solid oxygen
buffers to control the oxygen fugacity (e.g., Cu + CuO, Ni + NiO, and Mo + MoO2). Their
mineralogical compositions of natural gabbro were composed of 60% plagioclase, 39%
augite, and ~1% minor mineral phases. Some hydrogen-related defects in the natural
hydrous gabbro with the relatively lower concentration were considered as the main charge
carrier because a negative dependence relationship between the electrical conductivity and
oxygen fugacity was observed by Dai et al. [9]. More recently, Saito and Bagdassarov [10]
performed laboratory measurements of the electrical conductivity for gabbro samples in
the Oman ophiolite at 523–1181 K and 0.6–0.8 GPa using the piston-cylinder high-pressure
apparatus. In comprehensive considerations of all previously acquired conductivity results,
we find that there exists one obvious discrepancy of almost three magnitude orders in the
electrical conductivity of natural gabbro, which possibly originates from the differentiation
of mineralogical proportion, water content, and accessory minerals.

As usual, the laboratory-based electrical conductivity of rock is highly correlated with
its main constituent minerals at high temperate and high pressure. As two dominant con-
stituent minerals in gabbro, electrical conductivities of clinopyroxene and plagioclase single
crystals have been studied extensively. Yang et al. [11] obtained the electrical conductivities
of lower crustal clinopyroxene at temperatures of 523–1273 K and pressures of 0.6–1.2 GPa
in a piston-cylinder press. Electrical conductivities of anhydrous and hydrous clinopyrox-
ene were measured by Zhao and Yoshino [12] at temperatures of 600–1200 K and 1.5 GPa
in a DIA-type multi-anvil apparatus. By virtue of the Wayne Kerr B642 alternating current
analyzer at a fixed frequency of 1.6 kHz, electrical conductivities of natural and synthetic
polycrystalline diopside were measured at temperatures of 913–1337 K and pressure of
1.0 GPa [13]. Liu et al. [14] carried out the impedance spectroscopic measurements on
omphacite single crystals containing 7.92 wt% iron and 0.0085 wt% water at temperatures
of 623–973 K and 1.0 GPa in a piston-cylinder press. Sun et al. [15] researched the electri-
cal conductivities of the clinopyroxene–NaCl–H2O systems with various fluid fractions
and salinities at 673–973 K and 1.0 GPa, and they found that the NaCl-bearing aqueous
fluids in clinopyroxene can greatly enhance the electrical conductivity of fluid-bearing
sample. Except for these abovementioned electrical conductivity results on clinopyroxene,
Yang et al. [16] also performed the measurement of the electrical conductivity of lower
crustal plagioclase (its corresponding chemical composition is An66Ab32Or2. Here, An, Ab,
and Or denote anorthite, albite, and orthoclase, respectively) at temperatures of 573–1273 K
and pressures of 0.6–1.2 GPa, and further, the correlation between the electrical conduc-
tivity of plagioclase and water content was successfully established. It is well known
that plagioclase is regarded as the solid solution of albite and anorthite. To explore the
electrical transport mechanism for the feldspar family, Hu et al. [17,18] measured electrical
conductivities of albite and anorthite within the temperature ranges from 773 K to 1073 K
and pressure ranges from 1.0 GPa to 3.0 GPa in a YJ-3000t multi-anvil press. They found
that the dominant conduction mechanisms for albite and anorthite are of the alkali ion, i.e.,
the monovalent cationic sodium and bivalent cationic calcium, respectively.

Because of the existence of heterogeneity in the mineralogical compositions and its
corresponding mineralogical proportion between the clinopyroxene and plagioclase in
different gabbro samples, it is impossible to directly extrapolate the electrical conductivity
of gabbro from its main constituent minerals. Therefore, it is crucial to make a systematic
study of electrical conductivity for gabbro with different mineralogical proportions at
certain mineralogical compositions at high temperature and high pressure.
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In the present study, we researched the electrical conductivities of dry hot-pressed
sintering gabbro with various mineralogical proportions (CpxXPl100−X, X = 0, 10, 20, 30, 40,
50, 60, 70, 80, 90 and 100 vol% at temperatures of 773–1073 K and pressures of 1.0–3.0 GPa.
Further, the functional relationship between the electrical conductivity of sample and in-
fluential factors (e.g., temperature, pressure, and mineralogical proportion) was deeply
explored. Based on these obtained electrical conductivity results and various thermo-
dynamic parameters, we constructed the laboratory-based electrical conductivity–depth
profile. Finally, the anomalously high electrical conductivity phenomena in oceanic crust
and West African craton are discussed in detail.

2. Experimental Procedures
2.1. Sample Preparation

The natural gem-grade clinopyroxene (Cpx) and plagioclase (Pl) single crystals were
chosen as the starting materials in order to synthesize the gabbro. The results of chemical
composition of the main constituent minerals in the hot-pressed sintering gabbro was
analyzed by virtue of the electron microprobe, as shown in Table 1.

Table 1. The chemical composition of the main constituent minerals in the hot-pressed sintering
gabbro by virtue of the electron microprobe analysis.

Oxides (wt%) Clinopyroxene (Cpx) Plagioclase (Pl)

SiO2 53.90 52.94
TiO2 0.13 0.03

Al2O3 0.25 26.72
FeO 1.62 0.85
MnO 0.06 0.01
MgO 17.90 0.03
CaO 24.71 13.22

Na2O 0.22 5.39
K2O 0.00 0.06
NiO 0.02 0.00

Cr2O3 0.23 0.00
Total 99.04 99.25

The Cpx and Pl single crystal grains were cleaned in a mixture of distilled water,
acetone, and ethanol, and then crushed and ground to powders with the grain size of
25 µm. Then, the mineral powders were homogeneously mixed with various volume
percentages (CpxxPl100−x, X = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 vol%) in the
agate mortar and loaded into a copper–nickel doubly encapsulated sample chamber. The
copper tube has a diameter of 8.5 mm, a thickness of 0.5 mm, and a height of 18.0 mm.
To avoid interdiffusion between the copper tube and sample powder, 0.025 mm of nickel
foil was adopted to encapsulate it. Subsequently, the sample assemblage was installed
in the YJ-3000t multi-anvil high-pressure apparatus in order to complete the hot-pressed
sintering of each gabbro with various mineralogical proportions. At the constant pressure
of 1.0 GPa, the temperature in the sample chamber was 1073 K for 4 h. After that, the
recovered samples were cut and polished into cylinders with diameters of 6.0 mm and
heights of 4.0 mm. Lastly, the hot-pressed sintering gabbro was kept in the vacuum dry
furnace at 423 K for at least 12 h before the in situ electrical conductivity measurements.

To identify the distribution of the minerals in hot-pressed sintering gabbro samples,
four representative backscattered electron images of dry hot-pressed sintering gabbro with
various mineralogical proportions were observed by using scanning electron microscope,
as displayed in detail in Figure 1. As a whole, the distributions of Cpx and Pl grains in the
acquired synthetic gabbro are almost homogeneous, and the magnitude of grain size is
~25 µm. As pointed out by Yang and Heidelbach [19], when the grain size of hot-pressed
sintering synthetic clinopyroxene is larger than 10 µm, the influence of grain size on the
electrical conductivity of a sample can be negligible under conditions of similar temperature
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and pressure ranges. Thus, the effect of grain size on the electrical conductivity of synthetic
gabbro did not need to be considered in this study.

Figure 1. Four representative backscattered electron images of dry hot-pressed sintering gabbro by
using scanning electron microscope with different mineralogical proportions: (a) Cpx20Pl80, (b) Cpx40Pl60,
(c) Cpx60Pl40, and (d) Cpx80Pl20. Cpx and Pl represent clinopyroxene and plagioclase, respectively.

To accurately determine the water contents in the hot-pressed sintering gabbro before
and after electrical conductivity experiments, the infrared spectra of samples were measured
for each individual constituent Cpx and Pl mineral phases by a Fourier transform infrared
spectrometer (Vertex-70V and Hyperion-1000 infrared microscope). The samples for Fourier
transform infrared spectroscopy analysis (FT-IR) were double-polished up to a thickness of
less than 200 µm. As shown in Figure 2, the FT-IR absorption spectra for clinopyroxene
and plagioclase were conducted within the wavenumber range of 3000–4000 cm−1 in the
hot-pressed sintering gabbro, respectively. By virtue of the representative hydrogen-related
bands within the range of 3000–3750 cm−1, the water content in the sample was calculated
by the modified equation of the Beer–Lambert law [20]. The obtained water content in the
sample is less than 25 ppm wt, which is almost anhydrous. A detailed description for the
FT-IR measurement was given in the previous reference [21].
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Figure 2. FT-IR spectra in the dry hot-pressed sintering gabbro before and after electrical conduc-
tivity measurements within the wavenumber range of 3000–4000 cm−1. Here, (a,b) represent the
clinopyroxene and plagioclase in the dry hot-pressed sintering gabbro, respectively.

2.2. High-Pressure Cell and Impedance Measurements

Electrical conductivity measurements were performed with the YJ-3000t multi-anvil
apparatus and a Solartron-1260 Impedance/Gain-phase analyzer. Detailed measurement
principles and experimental procedures are described by Dai et al. [22] and Hu et al. [23].
Figure 3 shows the schematic diagram of the experimental assemblage for electrical con-
ductivity measurements at high pressure and temperature. Pyrophyllite with edge length
of 32.5 mm was used as the pressure medium. The heater with a thickness of 0.5 mm
consisted of three-layer stainless-steel sheets. The alumina and magnesia sleeves were
adopted to provide a good insulation environment. The nickel foil (thickness: 0.025 mm)
between the insulation sleeves was installed, which was directly linked to the Earth line to
shield against the spurious signal interference and external electromagnetism. All these
parts were baked at 1073 K for 5 h in a muffle furnace before the electrical conductivity of
sample assembly. Two symmetric nickel disks with thickness of 0.5 mm and correspondent
diameter of 6.0 mm were installed at both ends of the sample as measurement electrodes. A
K-type thermocouple was used to monitor the temperature during the process of electrical
conductivity measurements at high pressure.

For each electrical conductivity measurement, pressure was enhanced with a rate of
1.0 GPa/h to the desired value. Under the constant pressure condition, the temperature
was gradually increased with a speed of 120 K/h. At a given temperature and pressure,
the impedance spectra of samples were measured on the Solartron-1260 Impedance/Gain-
phase analyzer with an applied voltage of 1.0 V signal voltage within the frequency range
of 10−1–106 Hz. To check the reproducibility of electrical conductivity result, each electrical
conductivity measurement in the sample was continuously measured at least two heating
and cooling cycles. The uncertainties from the experimental pressure and temperature
were less than 0.1 GPa and 5 K, respectively.
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Figure 3. The experimental setup for electrical conductivity measurements at high temperature and
high pressure.

3. Results

In the experiments, we measured the electrical conductivities of dry gabbro with
various mineralogical proportions (CpxxPl100−x, X = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 vol%) at temperature ranges of 773–1073 K and 1.0 GPa. To explore the effect of pressure
on the conductivity of the dry gabbro, the electrical conductivities of Cpx50Pl50 sample
were measured at temperature ranges of 773–1073 K and pressure ranges of 1.0–3.0 GPa.

Typical complex impedance spectra of hot-pressed sintering gabbro (Cpx50Pl50) at
temperature ranges of 773–1073 K and pressure of 1.0 GPa are shown in Figure 4. The
impedance spectra arcs were composed of an ideal semicircular arc within the high-
frequency range from 106 Hz to ~1 Hz and another extra small tail at the frequency range
from ~1 Hz to 10−1 Hz, which reflected the electrical transport process of grain interior
and polarization effect at the sample–electrode interface, respectively [24]. Therefore, the
equivalent circuit composed of the series connection of RS-CPES (RS and CPES represent
the resistance and the constant phase element from the grain interior, respectively) and
RE-CPEE (RE and CPEE represent the resistance and the constant phase element from the
polarization effect at the sample–electrode interface, respectively) were adopted to fit the
impedance spectra arc and acquire the conductivity results.

The electrical conductivities of the samples were calculated by the following equation,

σ = L / SR (1)

where σ is the electrical conductivity of the sample (S/m), R is the resistance (Ω), L is the
length of the sample (m), and S is the cross-sectional area of the electrode (m2). The electrical
conductivities of the hot-pressed sintering gabbro and the temperatures conformed to the
Arrhenius relation,

σ = σ0 exp(−∆ H /kT) (2)

where σ0 is the pre-exponential factor (S/m), k is the Boltzmann constant, T is the absolute
temperature (K), and ∆H is the activation enthalpy (eV). The fitting parameters for the
electrical conductivities are listed in Table 2.
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Figure 4. Typical complex impedance spectra for the Cpx50Pl50 sample, obtained at temperatures
of 773–1073 K and pressure of 1.0 GPa in the frequency range from 10−1 Hz to 106 Hz. Z′ and Z′′

are the real and imaginary parts of the complex impedance, respectively. The equivalent circuit
that is composed of the series connection of RS-CPES and RE-CPEE (RS and CPES represent the
resistance and the constant-phase element of the bulk impedance for the sample, respectively; RE

and CPEE represent the resistance and the constant phase element from the polarization effect of the
sample-electrode interface, respectively) is selected to model the impedance semicircles. The fitting
results for the experimental data are displayed by using the solid line.

Table 2. Fitted parameters of the Arrhenius relation for the electrical conductivity of dry hot-pressed
sintering gabbro samples. P is pressure, T is temperature, σ0 is the pre-exponential factor, ∆H is
activation enthalpy, and R2 is the linear correction.

Run No. Sample P (GPa) T (K) Log [σ0 (S/m)] ∆H (eV) R2

DW02 Dry Pl 1 773–1073 2.43 ± 0.16 1.28 ± 0.03 99.68
DW04 Cpx10Pl90 1 773–1073 2.36 ± 0.07 1.26 ± 0.01 99.94
DW06 Cpx20Pl80 1 773–1073 2.36 ± 0.09 1.25 ± 0.02 99.90
DW08 Cpx30Pl70 1 773–1073 2.38 ± 0.12 1.24 ± 0.02 99.81
DW10 Cpx40Pl60 1 773–1073 2.40 ± 0.07 1.23 ± 0.01 99.93
DW12 Cpx50Pl50 1 773–1073 2.46 ± 0.06 1.23 ± 0.01 99.91
DW26 Cpx50Pl50 2 773–1073 2.77 ± 0.21 1.32 ± 0.04 99.52
DW28 Cpx50Pl50 3 773–1073 2.88 ± 0.23 1.37 ± 0.05 99.33
DW14 Cpx60Pl40 1 773–1073 2.52 ± 0.08 1.23 ± 0.01 99.78
DW16 Cpx70Pl30 1 773–1073 2.56 ± 0.11 1.22 ± 0.01 99.96
DW18 Cpx80Pl20 1 773–1073 2.53 ± 0.06 1.21 ± 0.01 99.95
DW20 Cpx90Pl10 1 773–1073 2.31 ± 0.07 1.15 ± 0.01 99.93
DW22 Dry Cpx 1 773–1073 2.02 ± 0.01 1.09 ± 0.01 99.95

For two fixed mineralogical proportions of Cpx30Pl70 and Cpx70Pl30 gabbro, the electri-
cal conductivities of samples among two heating–cooling cycles at a pressure of 1.0 GPa are
shown in Figure 5, respectively. In the first heating process, it is clear that a relatively higher
value of electrical conductivity in gabbro was observed, which is possibly owing to the
disequilibrium of thermal transference at 1.0 GPa. Subsequently, the electrical conductivity
of the sample is almost reproducible in the first cooling and another heating–cooling cycle.
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A good reproducibility in the electrical conductivity of sample denotes a completely stable
and equivalent state to be reached in the sample chamber during the process of electri-
cal conductivity measurement, which will be also adopted to fit the following electrical
conductivity results.

Figure 5. The electrical conductivities of the hot-pressed sintering gabbro among two heating–cooling
cycles at a pressure of 1.0 GPa. Here, (a,b) represent the samples of Cpx30Pl70 and Cpx70Pl30, respectively.

4. Discussions
4.1. Influence of Pressure on Electrical Conductivity

To identify the effect of pressure on the electrical conductivity of gabbro, we measured
the electrical conductivities of dry hot-pressed sintering gabbro (Cpx50Pl50) at pressures
of 1.0–3.0 GPa. As shown in Figure 6, the electrical conductivity of the sample slightly
decreases with the rise of pressure at temperature ranges of 773–1073 K. Further, the pre-
exponential factor increased from 2.51× 102 S/m to 7.59× 102 S/m and activation enthalpy
raised from 1.23 eV to 1.35 eV with the rise of 1.0 GPa to 3.0 GPa, respectively. In the present
studies, the influence of pressure on the electrical conductivity can be described as

σ = A0·(1− BP)·exp(
∆U + P∆V

kT
) (3)

Here, the pre-exponential factor (σ0) and activation enthalpy (∆H) of pressure depen-
dence can be described as the equations of σ0= A0(1− BP) and ∆H = ∆U + P∆V, where
∆U is the activation energy (eV), ∆V is the activation volume (cm3/mole), P is pressure
(GPa), and B is a constant with a dimension of 1/GPa. Therefore, the globally fitting data
was adopted to fit it, and the fitting results are shown in Table 3. The logarithmic electrical
conductivity of hot-pressed sintering sample and the inverse temperature follows a good
linear relation, which reveals only one conduction mechanism operating the electrical
transport within our experimental pressure ranges. By virtue of the Arrhenius relationship
between the electrical conductivity and temperature at different pressures, we can extrap-
olate a linear relationship between log σ and the reciprocal temperature at atmospheric
pressure. Furthermore, the pre-exponential factor and activation enthalpy at room pressure
are calculated as 1.99 × 102 S/m and 1.17 eV, respectively. According to Equation (3) and
Table 3, the activation energy and activation volume of the dry gabbro (Cpx50Pl50) can be
determined as 1.06 ± 0.12 eV and 6.00 ± 2.00 cm3/mole.
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Figure 6. Influence of pressure on the electrical conductivity of dry hot-pressed sintering gabbro
(Cpx50Pl50) at the temperature ranges of 773–1073 K.

Table 3. Parameter values for the electrical conductivity of dry hot-pressed sintering gabbro Cpx50Pl50

(units: σ0: S/m, ∆U: kJ/mole, ∆V: cm3/mole, P: GPa). The equation σ = σ0 exp(∆U+P∆V
kT ) is adopted

for the globally fitting of electrical conductivity data in sample. Considering the strong dependence
on experimental data of σ0 value on pressure, we used the relation σ0= A0(1− BP) (where the unit
for B is 1/GPa).

σ0 ∆U (kJ/Mole) ∆V (cm3/Mole)

A0 = 92.40 ± 14 (S/m)
B = 0.23 ± 0.02 (1/GPa) 102 ± 12 6.00 ± 2.00

In the present study, we observed a negative dependence relation for the electrical
conductivity of dry hot-pressed sintering gabbro (Cpx50Pl50) on the pressure, which is
in good consistency with previously reported results [8]. In addition, Dai et al. [9] also
investigated the electrical conductivity of natural gabbro at conditions of temperature
ranges from 623 K to 1173 K, pressure ranges from 0.5 GPa to 2.0 GPa, and controlled
different oxygen fugacities by three solid buffers (Cu + CuO, Ni + NiO, and Mo + MoO2). On
the contrary, a positive dependence relationship between the effect of electrical conductivity
of natural gabbro and pressure was observed at a similar experimental condition. It
is possibly related to the water content of the gabbro sample, which is also found to
have a similar pressure effect to those of previously available electrical conductivity of
anhydrous pyrope-rich and almandine-rich garnet single crystals at high temperature and
high pressure [9,25,26].

4.2. Influence of Mineralogical Proportions on Electrical Conductivity

We have already measured the electrical conductivity on the hot-pressed sintering
gabbro with various mineralogical proportions (CpxXPl100−X, X = 0, 10, 20, 30, 40, 50,
60, 70, 80, 90 and 100 vol%) under conditions of 873–1473 K, 1.0 GPa, and the Ni–NiO
solid buffer. The chemical composition of gabbro sample is well controlled by changing
the mineralogical proportion of clinopyroxene and plagioclase. At a fixed pressure of
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1.0 GPa, the effects of mineralogical proportions on the electrical conductivity of gabbro
are illustrated in Figures 7 and 8.

Figure 7. Logarithmic electrical conductivities of dry hot-pressed sintering gabbro with different miner-
alogical proportions versus reciprocal temperature at temperature ranges of 773–1073 K and 1.0 GPa.

Figure 8. Effect of clinopyroxene content on the electrical conductivity of dry hot-pressed sintering
gabbro samples with various mineralogical proportions at temperatures of 773–1073 K and 1.0 GPa.

Figure 7 shows the dependence of the electrical conductivity on temperature for
gabbro samples with different mineralogical proportions. With the rise of temperature, the
electrical conductivity of each hot-pressed sintering gabbro gradually increases accordingly.



Minerals 2022, 12, 336 11 of 19

For each correspondent mineralogical proportion (CpxXPl100−X, X = 0, 10, 20, 30, 40, 50,
60, 70, 80, 90 and 100 vol%), the logarithm of electrical conductivity of the sample and
reciprocal temperature follows a good linear relation, which reveals only one individual
conduction mechanism operating the electrical transport process at high pressures.

As for each temperature point, a detailed dependence of the electrical conductivity of
hot-pressed sintering gabbro on the volume percentage of clinopyroxene was illustrated in
Figure 8. It is clear that the electrical conductivity of hot-pressed sintering gabbro shows
a strong dependence on the variation of the volume percentage of clinopyroxene, i.e.,
electrical conductivity of the sample increases with the rise of the volume percentage of
clinopyroxene at a constant temperature condition. At the same mineralogical proportion,
the electrical conductivity of dry gabbro gradually increases with the rise of the temperature.
Noteworthily, the dependence relation of electrical conductivity of gabbro on the variation
of volume percentage of clinopyroxene tends to strengthen when the measured temperature
is enhanced from 773 K to 1073 K. As one example at the fixed temperature of 1073 K,
when the volume percentage of clinopyroxene is increased from 10% to 90%, the electrical
conductivity of hot-pressed sintering gabbro is enhanced from about 3.23 × 10−4 S/m to
8.27 × 10−4 S/m accordingly.

In order to further explore the mineralogical proportion on the electrical conductivity
of the hot-pressed sintering gabbro, a function relation for the electrical conductivity of
gabbro on the volume percentage of clinopyroxene was established as follows,

σ = CXα
Cpxexp(−

D + βXγ
Cpx

kT
) (4)

In here, the pre-exponential factor (σ0) and activation enthalpy (∆H) of pressure
dependence can be described as the equations of σ0 = A0(1− BP) and ∆H = D + βXγ

Cpx,
where the C is the pre-exponential factor, the D stands for the activation enthalpy at very
small values of XCpx, XCpx stands for the volume percentage of clinopyroxene, and all of
these parameters including α, β and γ are constants. Therefore, the globally fitting data
was adopted to fit it, and the fitting results are shown in Table 4.

Table 4. Fitting parameters of activation enthalpy and pre-exponential factor for the electrical con-
ductivity of dry hot-pressed sintering gabbro with various mineralogical proportions at temperatures

of 773–1073 K and 1.0 GPa obtained from σ = CXα
Cpx exp(−

D+βXγ
Cpx

kT ). In here, the C stands for the
pre-exponential factor, the D stands for the activation enthalpy at very small values of XCpx, XCpx

stands for the volume percentage of clinopyroxene, and all of these parameters including α, β and γ

are constants.

XCpx log C D α β γ

0.1 ≤ XCpx ≤
0.9 2.47 ± 1.34 1.25 ± 0.01 0.12 ± 0.05 −8.31 ± 0.91 1.60 ± 0.24

5. Comparisons with Previous Studies

As the dominant endmember of constituent mineral in gabbro, the mineralogical
content of clinopyroxene has a significant influence on the electrical conductivity of the
sample at conditions of 773–1073 K, 1.0 GPa and controlled oxygen fugacity by a Ni–NiO
solid buffer. As displayed in Figure 9a, five previously reported results on the electri-
cal conductivity of natural clinopyroxene were employed to compare it in detail [11–15].
Previous results have already confirmed that the iron content and water content are two
crucial influential ingredients in the electrical conductivity of Fe-bearing silicate minerals at
high temperatures and high pressures [25,27–30]. In the present studies, some microscopic
observations from the electron microprobe and the Fourier transform infrared spectroscopy
measurements confirmed that the iron content of clinopyroxene is ~1.62 wt% and belonging
to a typically anhydrous sample. The electrical conductivities for our dry clinopyroxene
are enhanced from 1.01 × 10−5 S/m to 9.19 × 10−4 S/m as the temperature increases from
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773 K to 1073 K at 1.0 GPa. We note that, under the similar experimental conditions, our
present results on the electrical conductivity of dry clinopyroxene are in good agreement
with the anhydrous clinopyroxene reported by Yang et al. [11] and Zhao and Yoshino [12],
but about 1.5 orders of magnitude lower than the electrical conductivities of hydrous
sample from Zhao and Yoshino [12]. As noted by Zhao and Yoshino [12], the discrep-
ancies may be due to the differentiation of water content; the electrical conductivities of
clinopyroxene can be enhanced by the rise of water content. Liu et al. [14] also carried out
the impedance spectroscopic measurements on the omphacite single crystals with their
correspondent iron content of 7.92 wt% and the water content of 85 ppm wt at pressure of
1.0 GPa and temperature ranges of 623–973 K. The electrical conductivities for omphacite
(10−3.6–10−1.3 S/m) from Liu et al. [14] are higher than our present acquired results, which
is possibly caused by the higher contents of iron and water in their measured omphacite.
Our obtained electrical conductivities of clinopyroxene are lower than those of natural
diopside with iron content of 4.09 wt%, whereas they are higher than synthetic iron-free
diopside from Hinze et al. [13]. All of these discrepancies of the electrical conductivities
may originate from the distinction of chemical composition in samples, which resemble
the effect of iron content on the electrical conductivity of other main rock-forming silicate
minerals at high temperature and high pressure [29]. In addition, electrical conductivities of
the clinopyroxene–NaCl–H2O system were measured at temperature ranges of 673–973 K
and 1.0 GPa by Sun et al. [15]. Their electrical conductivities are approximately 4–5 orders of
magnitude higher than ours, which can be interpreted as the interconnected NaCl-bearing
aqueous fluids, and this can greatly enhance the electrical conductivity of fluid-bearing
clinopyroxene at high temperature and high pressure.

Figure 9. Comparisons of the electrical conductivities of dry clinopyroxene (a) and dry plagio-
clase (b) at temperatures of 773–1073 K and 1.0 GPa in present studies with previous results, re-
spectively. The electrical conductivity data for clinopyroxene are from Yang et al. (2011) [11],
Zhao et al. (2016) [12] Hinze et al. (1981) [13], Liu et al. (2021) [14] and Sun et al. (2020) [15]. The
electrical conductivity data for feldspar are from Yang et al. (2012) [16], Hu et al. (2011, 2015) [17,18],
Li et al. (2020) [31].

As another endmember of constituent mineral in gabbro, plagioclase can also alter
the chemical composition of hot-pressed sintering samples by changing its corresponding
volume percentage, and possibly resulting in the variation of electrical conductivity of
gabbro at conditions of high temperature and high pressure. Electrical conductivities of
anhydrous plagioclase (its chemical composition is calculated as An57Ab43) were investi-
gated under conditions of 773–1073 K and 1.0 GPa, and previously reported results are
compared in Figure 9b. It is obvious that our present acquired electrical conductivity
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of plagioclase (its chemical composition is calculated as An66Ab32Or2) is higher than the
previous results reported by Yang et al. [16]. The dominant charge carrier was extrapolated
as the monovalent ion of cationic sodium in dry plagioclase and the electrical conductivity
might increase with the rise of cationic sodium concentration. The discrepancy between
our results and Yang et al. [16] can be ascribed to the higher content of cationic sodium
in our samples. The electrical conductivity of albite reported by Hu et al. [17] was higher
than our results of plagioclase at 1.0 GPa, which is possibly related to the distinction in the
content of cationic sodium. Although the same dominant charge carriers of cationic sodium
between our present plagioclase and previously reported albite from Hu et al. [17] were
extrapolated, it is evident that our experimental measured plagioclase contains a relatively
lower cationic sodium content. In comparison with Hu et al. [18], the electrical conductivity
of anhydrous anorthite is lower than our presently obtained results for plagioclase. As
usual, the electrical conductivity of dry feldspar is derived from the ionic diffusion of the
charge carrier under a designated electric field of alternating current [32]. According to
the previous results on the cationic diffusion reported by Behrens et al. [33], the diffusion
coefficient of the monovalent cationic sodium is ~3.7 orders of magnitude higher than the
bivalent cationic calcium in the ternary structural feldspars at constant temperature. Due
to the Nernst–Einstein equation describing the relation between the electrical conductivity
and diffusion coefficient, a relatively higher bivalent calcium ion in Hu et al. [18] can
result in abnormally lower electrical conductivity results than ours. Besides, Li et al. [31]
measured the electrical conductivities of plagioclase–NaCl–water system at temperatures
of 400–900 K and 1.2 GPa. The electrical conductivities of NaCl-bearing fluids in plagioclase
increase with the rise of the fluid fraction and salinity, which are close to 2–4.5 orders of
magnitude higher than those of our anhydrous plagioclase.

Gabbro, as a representative basic intrusive rock, is mainly composed of clinopyroxene
and plagioclase. There are significant differences in the mineralogical proportion of gabbro
which are outcropped in different regions of oceanic crust and craton crust [5,6,34,35].
Therefore, electrical conductivities of hot-pressed sintering gabbro with various mineralog-
ical proportions (CpxXPl100−X, X = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 vol%) were
systemically investigated under conditions of temperature ranges from 773 K to 1073 K
and 1.0 GPa, which were also compared with the available previously reported results on
natural gabbro (Figure 10).

As shown in Figure 10, it is clear that our presently acquired electrical conductivities of
dry gabbro with various mineralogical proportions are well consistent with the previously
reported results. The electrical conductivities of dry natural gabbro in the Oman ophiolite
from Saito and Bagdassarov [10] were performed at conditions of temperature ranges of
523–1181 K and pressures of 0.6–0.8 GPa by using the piston-cylinder high-pressure appa-
ratus. As pointed out by Saito et al. [36], the mineralogical composition of natural Oman
gabbro is ~63 vol% of plagioclase, ~18 vol% of clinopyroxene, ~12 vol% of orthopyroxene,
~4 vol% of olivine, ~2 vol% of minor amounts of secondary serpentine, and ~1 vol% of
magnetite, and the corresponding chemical composition of plagioclase in natural sample
is described as An80Ab20. In this study, a series of pure hot-pressed sintering anhydrous
gabbro samples with the chemical composition of An57Ab43 in plagioclase were selected
to investigate the effects of mineralogical proportions on the electrical conductivity of
samples at high temperature and high pressure. Some feeble discrepancies in the electrical
conductivity results of gabbro between Saito and Bagdassarov [10] and ours are possibly
related to the complicated mineralogical composition, the occurrence of the inevitable high-
temperature dehydration of secondary serpentine, high conductivity phase of magnetite,
and chemical composition of plagioclase (An80Ab20). Of course, we also find that the elec-
trical conductivity of dry hot-pressed sintering gabbro is relatively lower, which resembles
previously reported results on the electrical conductivity of dry silicate minerals [27–29].
When we compared our presently obtained electrical conductivity results with other natural
gabbros with high water content reported by Dai et al. [9] and abnormally high content of
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high-conductivity phases reported by Wang et al. [7] and Bai et al. [8], all of these available
discrepancies are possibly due to the differentiation in initial sample composition.

Figure 10. Electrical conductivities of dry hot-pressed sintering gabbro with various mineralogical
proportions at the pressure of 1.0 GPa (red shaded area) compared with the previous results.

6. Conduction Mechanism

Since the Arrhenius plot demonstrates a linear relation between the logarithm of elec-
trical conductivity and reciprocal temperature, only one individual conduction mechanism
can be identified under various mineralogical compositions (CpxXPl100−X, X = 0, 10, 20, 30,
40, 50, 60, 70, 80, 90 and 100 vol%) at the pressure ranges from 1.0 GPa to 3.0 GPa. The
present results show that the electrical conductivity of dry hot-pressed gabbro increases
with the rise of the volume percentage of clinopyroxene. Previously available reported
results demonstrated that the electrical conductivity of dry clinopyroxene depends strongly
on iron content and the dominant conduction mechanism is small polaron [11,13,37]. Obvi-
ously, the iron content in the hot-pressed sintering gabbro increases with the rise of volume
percentage of clinopyroxene, and the electrical conductivities of samples increase with
increasing iron content, accordingly. Thus, small polaron is considered to be the dominant
conduction mechanism for the anhydrous gabbro. The lattice point defect reactions can be
described as follows:

Fe×Mg + h• 
 Fe•Mg (5)

where Fe×Mg and Fe•Mg stand for divalent and trivalent iron ion occupying the site of
magnesium ion, and h• stands for a hole, respectively. The main charge carrier of gabbro
is the Fe•Mg, and it facilitates the conduction by the hopping of the electron between Fe×Mg
and Fe•Mg [9,29,38]. When the nominally anhydrous minerals and rocks contain a trace
amount of structural water, it is generally known that some hydrogen-related defects
are considered a dominant conduction mechanism [9,27,29]. The FT-IR spectra results
indicate that the initial and recovered samples are almost anhydrous. Therefore, the
hydrogen-related defects cannot be the dominant conduction mechanism for the anhydrous
gabbro. In addition, the ionic conduction is regarded as the main conduction mechanism
in some alkali-bearing anhydrous silicate minerals [17,18,39]. It is proposed that the
conduction mechanism is the small polaron for dry clinopyroxene and the alkali ion for
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dry plagioclase [11,15,16,31]. As shown in Figure 8, the electrical conductivity of the
dry hot-pressed sintering gabbro shows a negative dependence relation with increasing
the volume percentage of plagioclase, and the contribution of plagioclase to electrical
conductivity of gabbro can be ruled out. Consequently, the small polaron might be the
dominant conduction mechanism in dry hot-pressed sintering gabbro under conditions of
high temperature, high pressure, and various mineralogical compositions.

7. Geophysical Implications

As a typical intrusive rock, gabbro is one of the dominant constituent materials in
the regions of oceanic crust and craton crust. Petrological and geochemical evidence have
demonstrated that the mineralogical proportions of the main constituent minerals in gabbro
show an obvious differentiation in various regions [40,41]. Thus, it is crucial to establish the
electrical conductivity–depth profile of dry gabbro with various mineralogical proportions
on the base of the regions of oceanic crust and craton crust. The relationship between
the temperature and depth in the Earth’s stationary crust can be obtained by a numerical
solution of the heat conduction equation [42],

T = T0+(
Q
k
) Z − (

A0

2k
) Z2 (6)

where T0 is the surface temperature (K), Q is the surface heat flow (mW/m2), Z is the litho-
sphere layer depth (km), k is thermal conductivity (Wm/K) and A0 is the lithospheric radio-
genic heat productivity (µW/m3). According to the heat conduction equation and thermal
calculation parameters, the electrical conductivity–temperature results can be converted
to an electrical conductivity–depth profile [25,43,44]. To simplify the conductivity–depth
profile model, some necessary assumptions and extrapolations are proposed as follows:
(1) the influence of pressure on the electrical conductivity of anhydrous gabbro is ignored;
(2) a Ni–NiO solid buffer is adopted to represent the oxygen fugacity in the regions of
oceanic crust and craton crust; (3) in the present studies, the hot-pressed sintering gabbro is
anhydrous, the effect of water content on the electrical conductivity of sample does not need
to be considered; (4) all of the other potentially influential characteristics, including grain
size and grain boundary state, on the electrical conductivity of rock can be neglected; (5) the
influence of accessory minerals and high conductive phases on the electrical conductivity
of gabbro are ignored; (6) dry hot-pressed sintering gabbro with three typical mineralogical
proportions (Cpx10Pl90, Cpx50Pl50, and Cpx90Pl10) are adopted to represent the chemical
composition of gabbro-rich regions in the oceanic crust and craton crust.

The electrical conductivity–depth profile based on the electrical conductivity of dry hot-
pressed sintering gabbro with three typical mineralogical proportions (Cpx10Pl90, Cpx50Pl50,
and Cpx90Pl10) for the oceanic crust is constructed at depths of 1–7 km (Figure 11a). Con-
currently, we also compared with the previous electrical resistivity results reported by
Drury [45]. Two representative geothermal gradient values of 30 K/km and 60 K/km are
chosen, which are representing the average and relatively steep plutonic sequence in the
oceanic crust, respectively [45–47]. From Figure 11a, it is very obvious that the electrical
conductivity of hot-pressed sintering dry gabbro at the geothermal gradient of 60 K/km is
far higher than that of 30 K/km at each correspondent typical mineralogical proportions
(Cpx10Pl90, Cpx50Pl50, and Cpx90Pl10). At constant geothermal gradients, the electrical con-
ductivity of hot-pressed sintering gabbro will be enhanced ~100 times of magnitude from
the Cpx10Pl90 to Cpx90Pl10 mineralogical proportions. According to the previous results, the
electrical conductivity falls within the range of 10−4–10−1 S/m in a typical oceanic crust;
therefore, the experimental results from the electrical conductivities of the dry hot-pressed
sintering gabbro with various mineralogical proportions (CpxXPl100−X, X = 0, 10, 20, 30, 40,
50, 60, 70, 80, 90 and 100 vol%) are abnormally lower than the data at depths of 1–7 km.
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Figure 11. Laboratory-based conductivity–depth profiles constructed from the electrical conductivi-
ties of the dry hot-pressed sintering gabbro (Cpx10Pl90, Cpx50Pl50, and Cpx90Pl10) and the thermody-
namic parameters, showing comparison with the conductivity for the anomalous high conductivity
zones (HCZ) in the oceanic crust and West African craton, respectively. In (a), the red and blue solid
lines represent the conductivity–depth profiles on the geothermal gradients of 60 K/km and 30 K/km,
respectively. In (b), the red solid lines and the blue solid lines are based on the surface heat flow
values of 60 mW/m2 and 38 mW/m2, respectively. The green region represents the oceanic crust
with a high conductivity anomaly in (a), and the MT data derived from a high-conductivity anomaly
in the West African craton are shown as the orange region in (b) (reproduced with permission from
the reference of Le Pape et al. [4], published by Elsevier, 2017; reproduced with permission from the
reference of Drury [45], published by Oxford University Press, 1979).

At the same time, two typical heat flow values of 38 and 60 mW/m2 were selected for
the West African craton [48,49]. As shown in Figure 11b, the electrical conductivity–depth
profile was successfully established from the West African craton at depths of 4–20 km, and
the magnetotelluric conductivity results from the West African craton are also included [4].
It is evident that the electrical conductivity of dry hot-pressed sintering gabbro at the heat
flow value of 60 mW/m2 is far higher than that of 38 mW/m2 at each correspondent
typical mineralogical proportions (Cpx10Pl90, Cpx50Pl50, and Cpx90Pl10). At constant heat
flow values, the electrical conductivity of hot-pressed sintering gabbro will be enhanced
~1000 times of magnitude from the Cpx10Pl90 to Cpx90Pl10 mineralogical proportions. Based
on the previous results from the field magnetotelluric data, the electrical conductivities are
within the range of 10−2–100 S/m in West African craton. Consequently, the experimental
results from the electrical conductivities of the dry hot-pressed sintering gabbro with
various mineralogical proportions (CpxXPl100−X, X = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and
100 vol%) are abnormally lower than field magnetotelluric data at depths of 4–20 km.

In conclusion, our obtained experimental results on the electrical conductivities of
the dry hot-pressed sintering gabbro with various mineralogical proportions (CpxXPl100−X,
X = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 vol%) at high temperature and high pressure
are abnormally lower than those of field magnetotelluric data of the gabbro-rich regions,
which cannot explain the high conductivity anomalies for the oceanic crust and West
African craton. Some potential causes need to be considered conscientiously, such as the
structural water in nominally anhydrous minerals [9,28,30,50,51], dehydration (oxidation–
dehydrogenation) of hydrous minerals [23,52,53], partial melting [54–57], the intercon-
nected high conductive phases [24,28,58,59], and the salinity-bearing (or water-bearing)
fluids [15,31,60–62], in the future. Although the present acquired electrical conductivity
results on the dry hot-pressed sintering gabbro with various mineralogical proportions
cannot explain the high conductivity anomaly in the oceanic crust and West African cra-
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ton, it can provide one reasonable constraint on the mineralogical composition in these
representative gabbro-rich regions.
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