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Abstract: The experimental study on the electrical conductivities of schists with various contents
of alkali ions (CA = K2O + Na2O = 3.94, 5.17, and 5.78 wt.%) were performed at high temperatures
(623–1073 K) and high pressures (0.5–2.5 GPa). Experimental results indicated that the conductivities
of schist markedly increased with the rise of temperature. Pressure influence on the conductivities of
schist was extremely weak at the entire range of experimental temperatures. Alkali ion content
has a significant influence on the conductivities of the schist samples in a lower temperature
range (623–773 K), and the influence gradually decreases with increasing temperature in a higher
temperature range (823–1073 K). In addition, the activation enthalpies for the conductivities of
three schist samples were fitted as being 44.16–61.44 kJ/mol. Based on the activation enthalpies
and previous studies, impurity alkaline ions (K+ and Na+) were proposed as the charge carriers of
schist. Furthermore, electrical conductivities of schist (10−3.5–10−1.5 S/m) were lower than those of
high-conductivity layers under the Tibetan Plateau (10−1–100 S/m). It was implied that the presence
of schist cannot cause the high-conductivity anomalies in the middle to lower crust beneath the
Tibetan Plateau.

Keywords: schist; electrical conductivity; high pressure; chemical compositions; conduction
mechanism; Tibetan Plateau

1. Introduction

Electrical conductivity of geological material combined with magnetotelluric (MT) data is
very significant in exploring material compositions and temperature–pressure conditions in the
Earth’s interior. For most dominant minerals and rocks of the Earth’s crust, upper mantle, and
transition zone, the electrical properties have been researched in detail [1–11]. As a significant
regional metamorphic zone, the Tibetan Plateau was formed by the subduction of the Indian plate
beneath the Eurasian continent. A large amount of metamorphic rocks was widely distributed in
the surface of Tibetan Plateau [12–14], recording the past geological processes at different depths
of the subduction zone. However, the internal state under the Tibetan Plateau has not been very
clear until now. Electrical conductivity, an important physical parameter, can be applied to reveal the
material compositions and thermodynamic state beneath the Tibetan Plateau. In order to systematically
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explore the electrical structure under the regional metamorphic belt, electrical properties of the most
dominant metamorphic rocks under regional metamorphic belts (gneiss, granulite, and eclogite) were
investigated in depth [15–18]. However, the electrical conductivities of natural schist, a significant
medium-grade metamorphic rock, have not been explored in detail to date.

Schist with various chemical compositions can be formed by the metamorphism of pelite,
sandstone, and intermediate-acid igneous rock below the depth of the middle crust. During subduction,
abundant schist can enter into the deep Earth and be changed into gneiss and granulite after further
metamorphism. Schist is widely distributed in the Tibetan Plateau and coexists with slate, gneiss,
granulite, among others [13,14]. Therefore, geophysicists should comprehensively research the
conductivities of the important metamorphic rocks (schist, gneiss, granulite, and eclogite) and invert
the magnetotelluric (MT) data under the Tibetan Plateau. Fuji-ta et al. [16] studied the electrical
properties of gneiss at the lower-crust thermodynamic conditions. Effect of temperature and structure
on gneiss conductivities has been studied, but the relevant charge carriers have not been discussed
in detail. Based on the various slopes of the linear relationship of logarithmic conductivities and
reciprocal temperatures, it was proposed that the charge carriers in the gneiss sample at low and
high temperatures are different. At high temperatures and pressures, the electrical properties of
biotite-bearing felsic gneiss (with varied alkaline ionic contents) have been investigated [18]. It was
proposed that chemical composition has a significant influence on the electrical conductivity of gneiss,
and the electrical properties of gneiss markedly depend on the alkali ionic content [18]. Regarding
the conduction mechanisms of gneiss, it was found to be impurity conduction with low activation
enthalpies (33.60–55.68 kJ/mol) at low temperatures and ionic conduction with high activation
enthalpies (68.16–83.52 kJ/mol) at high temperatures [18]. Under the conditions of 1.0 GPa and
300–890 K, the conductivities of granulite and temperatures conform to an Arrhenius relation above
500 K, whereas the behavior of electrical conductivity of the sample is unstable below 500 K [15].
The charge carriers of the granulite sample have not been studied. However, the conduction mechanism
for granulite changes from an extrinsic one to an intrinsic one after three heating/cooling cycles.
For dry eclogite, the electrical conductivities significantly increase with the increase of temperature
and oxygen fugacity and slightly decrease with rising pressure. Small polarons were proposed to be
the charge carriers of dry eclogite. The conductivities of dry eclogite cannot be used to explain the high
conductivity layers (HCLs) under the stable middle–lower crust. Meantime, the high-conductivity
anomalies under the Dabie–Sulu metamorphic belt were not caused by the presence of dry eclogite [17].

In the present study, the electrical conductivities of three natural schists with different contents
of alkaline ions were measured under the experimental conditions. The influence of temperature,
pressure, and chemical composition on the conductivities of schist was discussed in detail, and the
microcosmic conduction mechanism of schist was investigated based on the activation enthalpies and
previous relevant studies. Furthermore, we inferred the relationship between the electrical properties
of schist and the high-conductivity anomalies under the Tibetan Plateau.

2. Experimental Methods

2.1. Sample Collection and Analysis

Three schists were collected from different rock masses in Xinjiang, China. The distribution of the
main minerals in each schist sample was homogeneous, and the schist samples were completely fresh,
unoxidized, and unfractured. The mineral compositions in the schist samples were detected by the
scanning electron microscope (SEM) at the State Key Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences (CAS), Guiyang, China. The major element content
of the schist samples was analyzed by X-ray fluorescence (XRF) by Australian Laboratory Services,
Shanghai, China. The mineral compositions of schists are listed in Table 1; the samples were composed
of feldspar, quartz, and biotite with various grain sizes. This indicated that our schist samples belong
to biotite–plagioclase–quartz schist. The grain sizes of feldspar, quartz, and biotite in different schist
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samples were relatively similar to each other (Table 1). The major element contents of different samples
were varied (Figure 1 and Table 2), and CA for the three schist samples was 3.94, 5.17, and 5.78 wt.%,
respectively. The schist samples were machined into regular cylinders (diameter: 6 mm; length: 6 mm)
and then placed in a drying oven at the temperature of 473 K to keep them dry for subsequent in situ
electrical conductivity measurements.
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Figure 1. Scanning electron microscope (SEM) images of the schist samples. Pl, Qtz, and Bt represent
plagioclase, quartz, and biotite, respectively.

Table 1. Mineral compositions of the schist samples. Pl, Qtz, and Bt represent plagioclase, quartz, and
biotite, respectively.

Sample No. Mineralogical Assemblage (in Volume Percent, Grain Size)

DS18 Pl (35%, 20 × 10 - 80 × 60 µm2) + Qz (55%, 20 × 20 - 80 × 80 µm2) + Bi (10%, 10 × 5 - 100 × 20 µm2)
DS19 Pl (40%, 20 × 10 - 110 × 80 µm2) + Qz (50%, 20 × 20 - 100 × 100 µm2) + Bi (5%, 10 × 5 - 120 × 20 µm2)
DS20 Pl (50%, 20 × 10 - 60 × 40 µm2) + Qz (30%, 10 × 10 - 60 × 60 µm2) + Bi (20%, 10 × 5 - 50 × 10 µm2)
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Table 2. Chemical composition of the schist samples (the results of X-ray fluorescence analyses).

Oxides (wt.%) DS18 DS19 DS20

SiO2 60.53 64.79 47.99
Al2O3 17.44 15.62 13.50
MgO 3.76 3.18 4.50
CaO 2.62 3.25 13.35

Na2O 2.94 3.00 3.76
K2O 2.84 2.17 0.18

Fe2O3 7.25 5.89 10.36
TiO2 0.77 0.84 2.10

Cr2O3 0.02 0.02 0.02
MnO 0.09 0.11 0.19
BaO 0.04 0.03 0.02
SrO 0.04 0.04 0.03

P2O5 0.17 0.23 0.26
SO3 <0.01 <0.01 <0.01
L.O.I 1.60 1.15 4.21
Total 100.11 100.33 100.47

Note: L.O.I denotes the loss on ignition.

2.2. Impedance Measurements

The electrical conductivity in situ measurements on the schist samples at 0.5–2.5 GPa
and 623–1073 K were carried out in the YJ-3000t multianvil apparatus and the Solartron-1260
impedance/gain-phase analyzer at the Key Laboratory of High-Temperature and High-Pressure
Study of the Earth’s Interior, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China.
As shown in Figure 2, the sample assemblage for electrical conductivity measurements on schist was
composed by a series of components. In order to avoid the influence of absorbed water on the electrical
conductivity measurements, all components (pyrophyllite cube, ceramic tubes, MgO, and Al2O3

sleeves) were baked at 1073 K for 12 h in a muffle furnace. Pyrophyllite cube (32.5 × 32.5 × 32.5 mm3)
and three-layer stainless steel sheets with a total thickness of 0.5 mm were used as the pressure medium
and heater, respectively. MgO and Al2O3 sleeves adjacent to the heater were used to insulate and
transmit pressure. A layer of nickel foil (thickness: 0.025 mm) was installed between the alumina
and magnesia sleeves to shield against the external electromagnetic and spurious signal interference.
The sample was placed into the MgO capsule, and the electrodes were composed of two nickel disks
(diameter: 6.0 mm; thickness: 0.5 mm). In order to avoid the influence of free water on the electrical
conductivity measurements, the experimental assembly was dried at 330 K in an oven before electrical
conductivity measurements.

In the experiments, pressure and temperature were successively increased to the designated
values. When the given temperature was stable, the impedance spectra of schist were collected in
the frequency range of 10−1–106 Hz. At a certain pressure, the temperature interval for electrical
conductivity measurements is 50 K. In order to ensure the experimental data was reproducible,
the electrical conductivities of the samples were measured in multiple heating/cooling cycles at
0.5–2.5 GPa (pressure error: ± 0.1 GPa) and 623–1073 K (temperature error: ± 5 K).
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the thermocouple.

3. Results

Figure 3 shows the representative Nyquist diagram of the complex plane for the schist sample
DS20 at 1.5 GPa and 623–1073 K. All complex impedance spectra of schist consist of two parts: an ideal
semicircle in frequency region of 106–103 Hz and an additional tail in the frequency region of 103–10−1

Hz (Figure 3). Previous studies have proposed that the ideal semicircle stands for the impedance and
capacitive reactance of the whole sample and that the additional tail is caused by the diffusion effect of
charge carriers between the sample and electrode [4,18–20]. In order to fit the electrical resistance of
schist, we applied the equivalent circuit which is shown in Figure 3. It is of note that the equivalent
circuit was analogous to those used in relevant previous studies, and it was explained in detail by Dai
et al. [18]. For the resistance, the fitting errors were about 5%. The electrical conductivities of schist
were obtained based on the following formula:

σ = L/SR (1)

where L represents sample length (m), S represents the cross-sectional area of the electrodes (m2),
R represents the sample resistance (Ω), and σ represents the electrical conductivity of the sample
(S/m).

Materials 2019, 12, x 5 of 15 

 

Figure 2. Schematic drawing of the sample assembly for the present experiments. Note: TC stands 
for the thermocouple. 

3. Results 

Figure 3 shows the representative Nyquist diagram of the complex plane for the schist sample 
DS20 at 1.5 GPa and 623–1073 K. All complex impedance spectra of schist consist of two parts: an 
ideal semicircle in frequency region of 106–103 Hz and an additional tail in the frequency region of 
103–10−1 Hz (Figure 3). Previous studies have proposed that the ideal semicircle stands for the 
impedance and capacitive reactance of the whole sample and that the additional tail is caused by 
the diffusion effect of charge carriers between the sample and electrode [4,18–20]. In order to fit the 
electrical resistance of schist, we applied the equivalent circuit which is shown in Figure 3. It is of 
note that the equivalent circuit was analogous to those used in relevant previous studies, and it was 
explained in detail by Dai et al. [18]. For the resistance, the fitting errors were about 5%. The 
electrical conductivities of schist were obtained based on the following formula: 

/L SRσ =  (1) 

where L represents sample length (m), S represents the cross-sectional area of the electrodes (m2), R 
represents the sample resistance (Ω), and σ represents the electrical conductivity of the sample 
(S/m).  

 
Figure 3. Nyquist plot of the complex impedance for sample DS20 at 1.5 GPa and 623–1073 K.



Materials 2019, 12, 961 6 of 14

The logarithmic electrical conductivities of DS20 in two heating/cooling cycles were plotted
against the reciprocal temperatures at 1.5 GPa and 623–1073 K (Figure 4 and Table 3). As shown
in Figure 4, the conductivities of DS20 measured at the same temperature in different cycles were
close to each other. This indicated that the schist sample remained in a steady state during the
entire heating/cooling cycles and our experimental data are reproducible. Under the conditions
of a certain pressure and 623–1073 K, the electrical conductivities dramatically increased with the
increasing temperature, and the conductivities and temperatures followed an Arrhenius relation.
Effect of pressure on the conductivities of schist was much weaker than that of temperature, and the
conductivities slightly increased with rising pressure (Figure 5 and Table 4). In addition, the electrical
conductivities of schists markedly increased with the rising content of alkali ions (Na+ and K+)
at low temperatures and became close to each other at high temperatures (Figure 6 and Table 5).
Unexpectedly, there was no direct correlation between the conductivities of the schist samples and iron
content (Figure 6 and Table 2). Furthermore, the conductivities of the schist samples did not change
regularly with the feldspar content (Table 1 and Figure 6). Under the conditions of a certain pressure
and 623–1073 K, electrical conductivities of schist and temperatures conformed to the Arrhenius
relation; the relevant formula was explained by Dai et al. [2]. The thermodynamic parameters of
the schists were fitted by the Arrhenius relation. Table 6 showed that the activation enthalpies of
the three schists were 44.16–61.44 kJ/mol and were negatively correlated with alkali ionic content.
The pre-exponential factors for the Arrhenius relation between the conductivities of the schist samples
and temperatures are positive values.
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Table 3. The electrical conductivities of the schist sample DS20 over multiple heating/cooling cycles at
1.5 GPa and 623–1073 K.

T (K)
σ (×10−3 S/m)

1st Heating 1st Cooling 2nd Heating 2nd Cooling

623 0.35 0.38 / 0.38
673 0.85 0.82 0.85 0.85
723 1.77 1.77 1.63 1.77
773 3.26 3.26 3.12 3.37
823 5.74 5.89 5.74 5.89
873 9.23 9.65 9.23 9.65
923 14.15 15.16 15.16 15.16
973 21.22 23.07 22.82 23.58

1023 32.65 32.65 33.16 34.23
1073 47.16 / 47.16 /

Note: “/” represents the electrical conductivity (σ) is same as the value at the same temperature in the previous
heating or cooling cycle.
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Table 4. Electrical conductivities of the schist sample DS20.

T (K)
σ (×10−3 S/m)

0. 5 GPa 1.5 GPa 2.5 GPa

623 0.30 0.38 0.42
673 0.76 0.85 0.94
723 1.63 1.77 1.85
773 3.03 3.37 3.60
823 5.58 5.89 6.06
873 9.23 9.65 10.11
923 14.15 15.16 16.98
973 21.65 23.58 25.88
1023 31.21 34.23 36.59
1073 44.21 47.16 51.76
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Table 5. The electrical conductivities of the schist samples DS18, DS19, and DS20 at 1.5 GPa and
623–1073 K.

T (K)
σ (×10−3 S/m)

DS18 DS19 DS20

623 1.18 0.71 0.38
673 2.11 1.41 0.85
723 3.49 2.91 1.77
773 5.79 5.05 3.37
823 9.07 8.16 5.89
873 12.40 11.79 9.65
923 18.47 17.68 15.16
973 23.83 25.88 23.58

1023 32.34 32.65 34.23
1073 42.10 47.16 47.16

Table 6. The thermodynamic parameters for the electrical conductivities of the three schists.

Sample No. P (GPa) T (K) Log σ0 (S/m) ∆H (kJ/mol) R2

DS18 1.5 623–1073 0.77 ± 0.03 44.16 ± 0.95 99.91
DS19 1.5 623–1073 1.17 ± 0.03 51.84 ± 0.94 99.92

DS20
0.5 623–1073 1.62 ± 0.01 61.44 ± 0.86 99.99
1.5 623–1073 1.58 ± 0.02 59.52 ± 0.90 99.97
2.5 623–1073 1.63 ± 0.04 59.52 ± 0.96 99.90

4. Discussion

4.1. Comparison with Previous Studies

The electrical conductivities of schist showed good repeatability in the multiple heating/cooling
cycles (Figure 4), revealing that the schist sample remained stable throughout the entire experimental
process. In this process, the rock structure and matter distribution of schist samples were not obviously
changed. For most silicate rocks, the conductivities in the first heating/cooling cycles were unstable,
reflecting that the chemical compositions and porosity are gradually adjusted [16–18]. The discrepancy
between schist and other silicate rocks may be due to their different mineralogical assemblages
and structures.

The conductivities of the schist samples were slightly related to pressure. This again confirmed
the weak dependence of the conductivities of silicate minerals and rocks on the pressure [21,22].
Under the experimental conditions, the electrical conductivities of the schist samples with different
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alkaline ionic contents were ~10−3.5–10−1.5 S/m. In order to research the influence factors of
conductivity of schist in detail, it was significant to investigate the significance of the dominant
minerals (quartz, feldspar, and biotite) for the electrical conductivity of the schist sample. Wang et
al. [8] researched the conductivities of polycrystalline quartz under the conditions of 1.0 GPa and
850–1600 K. The conductivities of polycrystalline quartz were lower than those of the schist samples.
This discrepancy was proposed to result from the different internal structures and charge carrier
contents of synthetic quartz and natural schist. Hu et al. [23] explored the conductivities of alkali
feldspar solid solutions at 1.0 GPa and 873–1173 K. This work revealed that electrical conductivities
of albite were 0.5 orders of magnitude higher than those of K-feldspar and that the conductivities of
solid solutions increased with Na+ content at constant temperature. The alkaline ions were proposed
to be the charge carriers for the alkali feldspars. It was showed that the conductivities of schists
are much higher than those of alkali feldspars [18]. It implies that the conductivities of the schist
samples are not dominated by feldspars. Li et al. [9] has investigated the conductivities of phlogopite
at 1.0 GPa and 473–1173 K. The conductivities of schist were lower than the values of phlogopite
at higher temperatures and higher than those of phlogopite at lower temperatures. In addition, the
influence of temperature on the conductivity of phlogopite was more significant than that of schist [9].
Furthermore, the electrical conductivities of some rocks with the similar mineralogical assemblage of
the schist samples have been studied. Dai et al. [2] investigated the conductivities of natural granite
samples (main minerals: quartz, feldspar, and biotite) under the thermodynamic conditions of the
Earth’s middle–lower crust. However, the conductivities of schists were much higher than the values
of granites (Figure 7). At high temperatures and pressures, the electrical conductivity of gneiss was
investigated in detail [18]. Figure 7 showed that the conductivities of schists are much higher than those
of gneisses. Fuji-ta et al. [15] investigated the electrical conductivities of granulite under middle-lower
crustal pressure and temperature conditions. The conductivities of the schist samples were close
to those of granulite at low temperature and higher than those of granulite at high temperature.
In addition, the influence of temperature on the conductivities of schist was more significant than
that of granulite. These discrepancies may be due to the different chemical compositions and rock
structures of schist and other relevant rocks.
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Figure 7. The electrical conductivities of schists and other relevant minerals and rocks at high
temperatures and pressures. The dashed red lines represent the conductivities of gneisses with various
chemical compositions (WA = K2O + Na2O + CaO in weight percent) at 1.5 GPa [18]; the dashed
sky-blue lines stand for the conductivities of granites with various chemical compositions (XA= (K2O
+ Na2O + CaO)/SiO2 in weight percent) at 0.5 GPa [2]; the dashed dark-green line represents the
conductivities of granulite [15], the dashed purple and blue lines stand for the conductivities of albite
and K-feldspar [23], respectively; the dashed pink line represents the conductivities of phlogopite [9];
and the dashed light-green line represents the conductivities of quartz [8]. The electrical conductivities
of granulite, albite, K-feldspar, phlogopite, and quartz were measured at 1.0 GPa [8,9,15,23].
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4.2. Conduction Mechanism

For the schist samples, the electrical conductivities and temperatures conformed to an Arrhenius
relation at 0.5–2.5 GPa and 623–1073 K. This implied that one conduction mechanism dominates the
conductivities of schist samples at a certain pressure. As a very complicated natural metamorphic rock,
the conduction mechanism for schist was difficult to determine. Biotite is a hydrous mineral with a high
content of iron, and feldspar contains abundant alkali ions. Therefore, possible conduction mechanisms
for the schist samples include hydrogen-related defect conduction, small polaron conduction, intrinsic
ionic conduction, and impurity ionic conduction. The conductivities of schists did not change
consistently with the content of calcium and alkali ions (Table 2 and Figure 6), and the ∆H for the schist
samples were smaller than those for minerals (feldspars and phlogopite) and rocks (granite and gneiss)
displaying intrinsic ionic conduction [2,9,10,18,23]. This indicated that intrinsic ionic conduction was
not the conduction mechanism for the schist samples. Furthermore, hydrogen-related defect and small
polaron conduction mechanisms have been proposed to be the dominant ones for many iron-bearing
hydrous minerals and rocks [3,24–30]. ∆H for iron-bearing hydrous minerals and rocks with
hydrogen-related defect conduction is about 57.60–76.80 kJ/mol [3,25,29] and about 52.80–76.80 kJ/mol
for iron-bearing hydrous minerals and rocks with small polaron conduction [26,28,30]. For the schist
samples, biotite is the sole iron-bearing or hydrous mineral. Although the activation enthalpies
for electrical conductivity of schist were close to those for hydrogen-related defect conduction and
small polaron conduction of iron-bearing hydrous minerals and rocks, the conductivities of schist
did not regularly change with biotite content increase. Based on the electron backscattered images
(Figure 1), the biotite is uniformly distributed in schist samples to a certain extent. Interconnectivity
of biotite in DS20 was better than that in DS18 and DS19, but electrical conductivity of DS20 was
lower than that of DS18 and DS19. Meanwhile, there was no relationship between the electrical
conductivity of schist and iron content (Table 2 and Figure 6). It was implied that the charge carriers for
the schist samples were not protons or small polarons. Finally, impurity K+ and Na+ ions are widely
distributed in many minerals and rocks [2,8,18]. The activation enthalpies for the electrical conductivity
of schist (44.16–61.44 kJ/mol) are very close to the values of gneiss with impurity ionic conduction
(33.60–55.68 kJ/mol). Meantime, the electrical conductivities of schist increased with the increase
of CA (CA = K2O + Na2O = 3.94, 5.17, and 5.78 wt.%) at low temperatures. In the high-temperature
region, the conductivities of the schist samples were close to each other. It was caused by the influence
of activation enthalpies, which decreased with the increasing content of alkali ions. Furthermore,
∆H increased or remained roughly constant upon pressure (Table 6), which was the evidence for ionic
conductivity. Therefore, the conduction mechanism for the schist samples was proposed to be impurity
ionic conduction (charge carriers: K+ and Na+).

5. Geophysical Implications

The schist samples were collected in Altai, Xinjiang, China. The Chinese Altai, as part of the
peri-Siberian orogenic system, was amalgamated with the Kazakhstan/south Mongolian orogenic
system in the latest Paleozoic. A range of metamorphic rocks (up to amphibolite faces) were widely
distributed in the Chinese Altai, and an important rock in this setting is schist with the main mineral
constituents being quartz, feldspar, and biotite [31,32]. The Tibetan plateau is another globally
significant orogenic belt, and schist with the main minerals being quartz, feldspar, and biotite is a
crucial metamorphic rock in this region [33]. Therefore, it is valuable to study the relationship between
biotite–feldspar–quartz schist and electrical structure in the Tibetan Plateau. The Tibetan Plateau,
a consequence of the ongoing India–Eurasia continental collision since approximately 50–60 Ma,
has been widely investigated over the past decade [34–36]. The deep structure, evolution, and
tectonic processes under the Tibetan Plateau have been comprehensively studied by magnetotelluric
(MT) results [36–38]. However, the material compositions and thermodynamic state under the
Tibetan Plateau are not very clear. It is necessary to combine filed magnetotelluric (MT) results
and laboratory-derived electrical conductivities of natural rocks to infer the internal states of the
Tibetan Plateau. Schist with various chemical compositions is widely distributed in the Tibetan
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Plateau, where it coexists with other regional metamorphic rocks [12–14,39,40]. The interior of the
Tibetan Plateau must distribute a mass of metamorphic rocks with different degrees of metamorphism.
According to the magnetotelluric data, high-conductivity anomalies are widely distributed in the
Earth’s middle–lower crust and upper mantle [36,41]. The interpretations for the high-conductivity
anomalies are discrepant [1,3,29,42–45], and the high-conductivity layers in various regions may
be constituted by different materials. Therefore, it is crucial to systematically study the causes for
high-conductivity anomalies under the Tibetan Plateau. The conductivity–depth profile of schist under
the Tibetan Plateau was obtained based on the conductivity–temperature data of the sample and the
relationship between temperature and depth in the Earth’s stationary crust [46]:

T = T0 + (
Q
k
)Z − (

A0

2k
)Z2 (2)

where T0 is the surface temperature (K), Q is the surface heat flow (mW/m2), Z is the lithosphere layer
depth (km), k is thermal conductivity (W/mK), and A0 is the lithospheric radiogenic heat productivity
(µW/m3). According to previous studies, the corresponding thermal calculation parameters for the
Tibetan Plateau are Q = 84 mW/m2 [47], A0 = 0.8 µW/m3 [48], T0 = 280.5 K, and k = 2.6 W/mK [49].

According to the heat conduction equation (Equation (2)) and the conductivity–temperature
results of schists, we constructed the conductivity–depth profiles of schists beneath the Tibetan Plateau.
The two conductivity–depth profiles were constructed for HCLs that moderately correlate with the
northern and southern Tibetan Plateau, respectively (Figure 8). As shown in Figure 8, the electrical
conductivities of high-conductivity layers at the depth of 5–35 km in the Tibetan Plateau are about
10−3–1.0 S/m. The electrical conductivities of schists are lower than the largest conductivities of
the high-conductivity layers in Tibetan Plateau. It is indicated that the presence of schist with main
minerals of quartz, feldspar, and biotite cannot cause the high-conductivity anomalies in the middle
to lower crust beneath the Tibetan Plateau. For anomalously high electrical conductivities, previous
studies have confirmed that interconnected aqueous fluids and melts are important factors [3,42].
According to the MT results and geological structural setting, it was suggested that crustal melt beyond
the Kunlun Fault permeated into the northern Tibetan Plateau [38], and significant amounts of aqueous
fluids overlying a layer of partial melting constitute the HCLs in the southern Tibetan Plateau [37,50].
Therefore, the high-conductivity layers beneath Tibetan Plateau might be caused by the presence of
interconnected aqueous fluids and melts.Materials 2019, 12, x 12 of 15 
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Figure 8. The conductivity–depth profiles for schists and electrical structures of high-conductivity
layers beneath the Tibetan Plateau [36,41]. The solid black lines stand for the laboratory-based
conductivity–depth profiles from data obtained for the schist samples in this study based on the
thermal structure in the Tibetan Plateau, and the blue and red dashed lines represent the electrical
structures of the northern Tibetan Plateau and southern Tibetan Plateau, respectively.
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6. Conclusions

Electrical conductivity of schist was found to significantly depend on temperature, following
an Arrhenius relation at high temperatures and pressures. Effect of pressure on the conductivity of
schist was much weaker than that of temperature. Chemical composition had an important influence
on the conductivities of the schist samples. Electrical conductivities of schists increased markedly
with increasing content of alkali ions (K+ and Na+) at low temperature and were close to each other at
high temperature. According to the activation enthalpies (44.16–61.44 kJ/mol) and previous studies,
alkaline ions (K+ and Na+) were proposed to be the charge carriers at high temperatures and pressures.
Furthermore, the high-conductivity layers beneath Tibetan Plateau are not composed of schist with
main minerals of quartz, feldspar, and biotite.
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Funding: This research was financially supported by the strategic priority Research Program (B) of the Chinese
Academy of Sciences (Grant No. 18010401), Key Research Program of Frontier Sciences of CAS (Grant No.
QYZDB-SSW-DQC009), Hundred Talents Program of CAS, NSF of China (Grant Nos. 41774099 and 41772042),
Youth Innovation Promotion Association of CAS, Special Fund of the West Light Foundation of CAS, and
Postdoctoral Science Foundation of China (Grant No. 2018M643532).

Acknowledgments: We thank the guest editor of Vassilis Saltas and two anonymous reviewers for their very
constructive and enlightened comments and suggestions in the reviewing process, which helped us greatly in
improving the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dai, L.D.; Karato, S.I. Influence of FeO and H on the electrical conductivity of olive. Phys. Earth Planet. Inter.
2014, 237, 73–79. [CrossRef]

2. Dai, L.D.; Hu, H.Y.; Li, H.P.; Jiang, J.J.; Hui, K.S. Influence of temperature, pressure, and chemical composition
on the electrical conductivity of granite. Am. Mineral. 2014, 99, 1420–1428. [CrossRef]

3. Hu, H.Y.; Dai, L.D.; Li, H.P.; Hui, K.S.; Sun, W.Q. Influence of dehydration on the electrical conductivity of
epidote and implications for high conductivity anomalies in subduction zones. J. Geophys. Res. Solid Earth
2017, 122, 2751–2762. [CrossRef]

4. Huang, X.G.; Xu, Y.S.; Karato, S.I. Water content in the transition zone from electrical conductivity of
wadsleyite and ringwoodite. Nature 2005, 434, 746–749. [CrossRef] [PubMed]

5. Saltas, V.; Chatzistamou, V.; Pentari, D.; Paris, E.; Triantis, D.; Fitilis, I.; Vallianatos, F. Complex electrical
conductivity measurements of a KTB amphibolite sample at elevated temperatures. Mater. Chem. Phys. 2013,
139, 169–175. [CrossRef]

6. Saltas, V.; Fitilis, I.; Vallianatos, F. A combined complex electrical impedance and acoustic emission study in
limestone samples under uniaxial loading. Tectonophysics 2014, 637, 198–206. [CrossRef]

7. Saltas, V.; Vallianatos, F.; Soupios, P.; Makris, J.P.; Triantis, D. Dielectric and conductivity measurements as
proxy method to monitor contamination in sandstone. J. Hazard. Mater. 2007, 142, 520–525. [CrossRef]

8. Wang, D.J.; Li, H.P.; Matsuzaki, T.; Yoshino, T. Anisotropy of synthetic quartz electrical conductivity at high
pressure and temperature. J. Geophys. Res.: Solid Earth 2010, 115, B09211. [CrossRef]

9. Li, Y.; Yang, X.Z.; Yu, J.H.; Cai, Y.F. Unusually high electrical conductivity of phlogopite: the possible role of
fluorine and geophysical implications. Contrib. Mineral. Petrol. 2016, 171, 1–11. [CrossRef]

10. Li, Y.; Jiang, H.T.; Yang, X.Z. Fluorine follows water: Effect on electrical conductivity of silicate minerals by
experimental constraints from phlogopite. Geochim. Cosmochim. Ac. 2017, 217, 16–27. [CrossRef]

11. Liu, H.Y.; Zhu, Q.; Yang, X.Z. Electrical conductivity of fluorite and fluorine conduction. Minerals 2019, 9, 72.
[CrossRef]

http://dx.doi.org/10.1016/j.pepi.2014.10.006
http://dx.doi.org/10.2138/am.2014.4692
http://dx.doi.org/10.1002/2016JB013767
http://dx.doi.org/10.1038/nature03426
http://www.ncbi.nlm.nih.gov/pubmed/15815625
http://dx.doi.org/10.1016/j.matchemphys.2013.01.016
http://dx.doi.org/10.1016/j.tecto.2014.10.011
http://dx.doi.org/10.1016/j.jhazmat.2006.08.051
http://dx.doi.org/10.1029/2009JB006695
http://dx.doi.org/10.1007/s00410-016-1252-x
http://dx.doi.org/10.1016/j.gca.2017.08.020
http://dx.doi.org/10.3390/min9020072


Materials 2019, 12, 961 13 of 14

12. Yan, D.P.; Zhou, M.F.; Robinson, P.T.; Grujic, D.; Malpas, J.; Kennedy, A. Constraining the mid-crustal channel
flow beneath the Tibetan Plateau: Data from the Nielaxiongbo gneiss dome, SE Tibet. Int. Geol. Rev. 2012, 54,
615–632. [CrossRef]

13. He, D.F.; Dong, Y.P.; Liu, X.M.; Yang, Z.; Sun, S.S.; Cheng, B. Tectono-thermal events in East Kunlun, Northern
Tibetan Plateau: Evidence from zircon U–Pb geochronology. Gondwana Res. 2016, 30, 179–190. [CrossRef]

14. Liu, C.F.; Wu, C.; Zhou, Z.G.; Yan, Z.; Jiang, T.; Song, Z.J. U–Pb detrital zircon geochronology from the
basement of the Central Qilian Terrane: Implications for tectonic evolution of northeastern Tibetan Plateau.
Int. J. Earth Sci. 2018, 107, 673–686. [CrossRef]

15. Fuji-ta, K.; Katsura, T.; Tainosho, Y. Electrical conductivity measurement of granulite under mid- to lower
crustal pressure-temperature conditions. Geophys. J. Int. 2004, 157, 79–86. [CrossRef]

16. Fuji-ta, K.; Katsura, T.; Matsuzaki, T.; Ichiki, M.; Kobayashi, T. Electrical conductivity measurements of
gneiss under mid- to lower crustal P–T conditions. Tectonophysics 2007, 434, 93–101. [CrossRef]

17. Dai, L.D.; Hu, H.Y.; Li, H.P.; Wu, L.; Hui, K.S.; Jiang, J.J. Influence of temperature, pressure, and oxygen
fugacity on the electrical conductivity of dry eclogite, and geophysical implications. Geochem. Geophys.
Geosyst. 2016, 17, 2394–2407. [CrossRef]

18. Dai, L.D.; Sun, W.Q.; Li, H.P.; Hu, H.Y.; Wu, L.; Jiang, J.J. Effect of chemical composition on the electrical
conductivity of gneiss at high temperatures and pressures. Solid Earth 2018, 9, 233–245. [CrossRef]

19. Roberts, J.J.; Tyburczy, J.A. Frequency dependent electrical properties of polycrystalline olivine compacts.
J. Geophys. Res. Solid Earth 1991, 96, 16205–16222. [CrossRef]

20. Hu, H.Y.; Dai, L.D.; Li, H.P.; Sun, W.Q.; Li, B.S. Effect of dehydrogenation on the electrical conductivity of
Fe-bearing amphibole: Implications for high conductivity anomalies in subduction zones and continental
crust. Earth Planet. Sci. Lett. 2018, 498, 27–37. [CrossRef]

21. Xu, Y.S.; Shankland, T.J.; Duba, A.G. Pressure effect on electrical conductivity of mantle olivine. Phys. Earth
Planet. Inter. 2000, 118, 149–161. [CrossRef]

22. Hu, H.Y.; Li, H.P.; Dai, L.D.; Shan, S.M.; Zhu, C.M. Electrical conductivity of albite at high temperatures and
high pressures. Am. Mineral. 2011, 96, 1821–1827. [CrossRef]

23. Hu, H.Y.; Li, H.P.; Dai, L.D.; Shan, S.M.; Zhu, C.M. Electrical conductivity of alkali feldspar solid solutions at
high temperatures and high pressures. Phys. Chem. Minerals 2013, 40, 51–62. [CrossRef]

24. Zhu, M.X.; Xie, H.S.; Guo, J.; Zhang, Y.M.; Xu, Z.M. Electrical conductivity measurement of serpentine at
high temperature and pressure. Chinese Sci. Bull. 1999, 44, 1903–1907. [CrossRef]

25. Guo, X.Z.; Yoshino, T.; Katayama, I. Electrical conductivity anisotropy of deformed talc rocks and
serpentinites at 3 GPa. Phys. Earth Planet. Inter. 2011, 188, 60–81. [CrossRef]

26. Wang, D.J.; Guo, X.Y.; Yu, Y.J.; Karato, S.I. Electrical conductivity of amphibole-bearing rocks: Influence of
dehydration. Contrib. Mineral. Petrol. 2012, 164, 17–25. [CrossRef]

27. Wang, D.J.; Liu, X.W.; Liu, T.; Shen, K.W.; Welch, D.O.; Li, B.S. Constraints from the dehydration of antigorite
on high conductivity anomalies in subduction zones. Sci. Rep. 2017, 7, 16893. [CrossRef]

28. Manthilake, G.; Bolfan-Casanova, N.; Novella, D.; Mookherjee, M.; Andrault, D. Dehydration of chlorite
explains anomalously high electrical conductivity in the mantle wedges. Sci. Adv. 2016, 2, e1501631. [CrossRef]

29. Sun, W.Q.; Dai, L.D.; Li, H.P.; Hu, H.Y.; Wu, L.; Jiang, J.J. Electrical conductivity of mudstone (before and
after dehydration at high P-T) and a test of high conductivity layers in the crust. Am. Mineral. 2017, 102,
2450–2456. [CrossRef]

30. Sun, W.Q.; Dai, L.D.; Li, H.P.; Hu, H.Y.; Jiang, J.J.; Hui, K.S. Effect of dehydration on the electrical conductivity
of phyllite at high temperatures and pressures. Miner. Petrol. 2017, 111, 853–863. [CrossRef]

31. Zhuang, Y.X. The pressure-temperature-space-time (PTSt) evolution of metamorphism and development
mechanism of the thermal-structural-gneiss domes in the Chinese Altaids. Acta Geol. Sin. 1994, 68, 35–47.

32. Li, P.F.; Sun, M.; Rosenbaum, G.; Cai, K.; Yu, K.C. Structural evolution of the Irtysh Shear Zone (northwestern
China) and implications for the amalgamation of arc systems in the Central Asian Orogenic Belt. J. Struct.
Geol. 2015, 80, 142–156. [CrossRef]

33. Dong, Y.S.; Li, C.; Chen, H.; Chen, W.; Zhang, Y. Study on geochronology and its geological significance of
the Demala Group complex in Chayu area, Southeast Tibetan Plateau. Acta Petrol. Sin. 2011, 27, 1198–1208.

34. Yin, A.; Harrison, T.M. Geologic evolution of the Himalayan–Tibetan orogen. Annu. Rev. Earth Pl. Sc. 2000,
28, 211–280. [CrossRef]

http://dx.doi.org/10.1080/00206814.2010.548153
http://dx.doi.org/10.1016/j.gr.2015.08.002
http://dx.doi.org/10.1007/s00531-017-1522-5
http://dx.doi.org/10.1111/j.1365-246X.2004.02165.x
http://dx.doi.org/10.1016/j.tecto.2007.02.004
http://dx.doi.org/10.1002/2016GC006282
http://dx.doi.org/10.5194/se-9-233-2018
http://dx.doi.org/10.1029/91JB01574
http://dx.doi.org/10.1016/j.epsl.2018.06.003
http://dx.doi.org/10.1016/S0031-9201(99)00135-1
http://dx.doi.org/10.2138/am.2011.3796
http://dx.doi.org/10.1007/s00269-012-0546-4
http://dx.doi.org/10.1007/BF02886351
http://dx.doi.org/10.1016/j.pepi.2011.06.012
http://dx.doi.org/10.1007/s00410-012-0722-z
http://dx.doi.org/10.1038/s41598-017-16883-4
http://dx.doi.org/10.1126/sciadv.1501631
http://dx.doi.org/10.2138/am-2017-6146
http://dx.doi.org/10.1007/s00710-017-0494-2
http://dx.doi.org/10.1016/j.jsg.2015.08.008
http://dx.doi.org/10.1146/annurev.earth.28.1.211


Materials 2019, 12, 961 14 of 14

35. Hu, X.; Garzanti, E.; Moore, T.; Raffi, I. Direct stratigraphic dating of India–Asia collision onset at the
Selandian (middle Paleocene, 59 +/− 1 Ma). Geology 2015, 43, 859–862. [CrossRef]

36. Xie, C.L.; Jin, S.; Wei, W.B.; Ye, G.F.; Jing, J.E.; Zhang, L.T. Crustal electrical structures and deep processes of
the eastern Lhasa terrane in the south Tibetan plateau as revealed by magnetotelluric data. Tectonophysics
2016, 675, 168–180. [CrossRef]

37. Wei, W.B.; Jin, S.; Ye, G.F.; Deng, M.; Jing, J.E.; Unsworth, M. Conductivity structure and rheological property
of lithosphere in southern Tibet inferred from super-broadband magnetotelluric sounding. Sci. China
Earth Sci. 2009, 53, 189–202. [CrossRef]

38. Le Pape, F.; Jones, A.G.; Vozar, J.; Wei, W. Penetration of crustal melt beyond the Kunlun Fault into northern
Tibet. Nat. Geosci. 2012, 5, 330–335. [CrossRef]

39. Newell, D.L.; Jessup, M.J.; Cottle, J.M.; Hilton, D.R.; Sharp, Z.D.; Fischer, T.P. Aqueous and isotope
geochemistry of mineral springs along the southern margin of the Tibetan plateau: Implications for fluid
sources and regional degassing of CO2. Geochem. Geophys. Geosyst. 2008, 9, Q08014. [CrossRef]

40. Wang, F.; Liu, F.L.; Liu, P.H.; Shi, J.R.; Cai, J. Petrology, geochemistry, and metamorphic evolution of
metasedimentary rocks in the Diancang Shan–Ailao Shan metamorphic complex, Southeastern Tibetan
Plateau. J. Asian Earth Sci. 2016, 124, 68–93. [CrossRef]

41. Xiao, Q.B.; Zhang, J.; Zhao, G.Z.; Wang, J.J. Electrical resistivity structures northeast of the Eastern Kunlun
Fault in the Northeastern Tibet: Tectonic implications. Tectonophysics 2013, 601, 125–138. [CrossRef]

42. Gaillard, F.; Malki, M.; Iacono-Marziano, G.; Pichavant, M.; Scaillet, B. Carbonatite melts and electrical
conductivity in the asthenosphere. Science 2008, 322, 1363–1365. [CrossRef] [PubMed]

43. Padilha, A.L.; Vitorello, I.; Antunes, C.E.; Padua, M.B. Imaging three-dimensional crustal conductivity
structures reflecting continental flood basalt effects hidden beneath thick intracratonic sedimentary basin.
J. Geophys. Res. Solid Earth 2015, 120, 4702–4719. [CrossRef]

44. Chen, J.Y.; Yang, X.S.; Chen, J.Y. Experimental studies on the relationship between carbonaceous structure
and electrical conductivity of the Longmenshan fault zone. Chinese J. Geophys. 2017, 60, 3475–3492.

45. Li, P.; Guo, X.Z.; Chen, S.B.; Wang, C.; Yang, J.L.; Zhou, X.F. Electrical conductivity of the
plagioclase–NaCl–water system and its implication for the high conductivity anomalies in the mid-lower
crust of Tibet Plateau. Contrib. Mineral. Petrol. 2018, 173, 16. [CrossRef]

46. Selway, K.; Yi, J.; Karato, S.I. Water content of the Tanzanian lithosphere from magnetotelluric data:
Implications for cratonic growth and stability. Earth Planet. Sci. Lett. 2014, 388, 175–186. [CrossRef]

47. Hu, S.B.; He, L.J.; Wang, J.Y. Heat flow in the continental area of China: A new data set. Earth Planet. Sci. Lett.
2000, 179, 407–419. [CrossRef]

48. Wang, C.Y.; Chen, W.P.; Wang, L.P. Temperature beneath Tibet. Earth Planet. Sci. Lett. 2013, 375, 326–337.
[CrossRef]

49. Zhang, C.; Jiang, G.Z.; Shi, Y.Z.; Wang, Z.T.; Wang, Y.; Li, S.T. Terrestrial heat flow and crustal thermal
structure of the Gonghe-Guide area, northeastern Qinghai-Tibetan plateau. Geothermics 2018, 72, 182–192.
[CrossRef]

50. Unsworth, M.J.; Jones, A.G.; Wei, W.; Marquis, G.; Gokarn, S.G.; Spratt, J.E. Crustal rheology of the Himalaya
and southern Tibet inferred from magnetotelluric data. Nature 2005, 438, 78–81. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1130/G36872.1
http://dx.doi.org/10.1016/j.tecto.2016.03.017
http://dx.doi.org/10.1007/s11430-010-0001-7
http://dx.doi.org/10.1038/ngeo1449
http://dx.doi.org/10.1029/2008GC002021
http://dx.doi.org/10.1016/j.jseaes.2016.04.014
http://dx.doi.org/10.1016/j.tecto.2013.05.003
http://dx.doi.org/10.1126/science.1164446
http://www.ncbi.nlm.nih.gov/pubmed/19039132
http://dx.doi.org/10.1002/2014JB011657
http://dx.doi.org/10.1007/s00410-018-1442-9
http://dx.doi.org/10.1016/j.epsl.2013.11.024
http://dx.doi.org/10.1016/S0012-821X(00)00126-6
http://dx.doi.org/10.1016/j.epsl.2013.05.052
http://dx.doi.org/10.1016/j.geothermics.2017.11.011
http://dx.doi.org/10.1038/nature04154
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Methods 
	Sample Collection and Analysis 
	Impedance Measurements 

	Results 
	Discussion 
	Comparison with Previous Studies 
	Conduction Mechanism 

	Geophysical Implications 
	Conclusions 
	References

