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The electrical conductivities of carbonaceous slate were measured using
a complex impedance spectroscopic technique at 0.5-1.5 GPa and
423-973 K in the frequency range of 107! to 3.5x10° Hz. Experimental
results indicate that the conductivities of carbonaceous slate slightly
increased with increasing temperatures and pressures, respectively. At a
certain temperature range, the conductivities of carbonaceous slate follow
an Arrhenius relation. There are three Arrhenius relations for the conduc-
tivities of carbonaceous slate at a certain pressure. From high temperature
range to low temperature range, the activation enthalpies for the conduc-
tivities of carbonaceous slate are found to be 0.02-0.03 eV, 0.05-0.06 eV,
and 0.11-0.13 eV, respectively. Electron conduction is proposed to be the
conduction mechanism for carbonaceous slate at high temperatures and
pressures. It is suggested that the unusually high conductivities of carbo-
naceous slate (0.1-1 S/m) are associated to interconnected amorphous
carbon. Furthermore, the electrical conductivities of carbonaceous rocks
can be used to interpret the high-conductivity layers (HCLSs) in the Earth’s
interior.

Keywords: Electrical conductivity, Carbonaceous slate, High pressure, Arrhenius
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1 INTRODUCTION

Electrical conductivities of minerals, rocks, fluids and melts can be used to
infer the material compositions and thermodynamic states in the Earth’s inte-
rior. Previous studies have investigated the conductivities of most minerals
and rocks in the Earth’s crust and mantle [1-14], and the magnetotelluric
(MT) and geomagnetic depth sounding (GDS) results have been provided
significant constraints [1, 10, 15-17]. High conductivity layers are widely
distributed in the middle-lower crust and upper mantle [18-21]. It has been
confirmed that high conductivity anomalies can be caused by water in nomi-
nally anhydrous minerals [2-3, 22-23], dehydration of hydrous minerals
[1, 10-11, 15-16, 24-27], interconnected saline (or aqueous) fluids [28-32],
partial melting [33—41], interconnected secondary high conductivity phases
[42—-44] and graphite films on mineral grain boundaries [45—47]. In the sub-
duction zones, the material compositions are very complicated, and high con-
ductivity layers in these regions may be caused by various factors. As a
special regional metamorphic rock, carbonaceous slate is widely distributed
in subduction zones. However, the electrical conductivities of carbonaceous
slate have not been investigated.

Previous studies have found that natural graphite was formed in regional
metamorphic rocks (e.g., gneiss, granulite and metapelite), and the maximum
content of graphite is about 25 vol% [48-51]. There are four formation mech-
anisms for natural graphite: metamorphism of biogenetic carbonaceous mate-
rial; migration of mantle-derived graphite; sedimentation of carbonaceous
aqueous fluids; reduction reaction of carbonates [49, 52]. The graphite in
metamorphic rocks may be formed by the metamorphism of amorphous car-
bon in carbonaceous slate at high temperatures and pressures. In the process
of subduction, carbonaceous slate is gradually changed into schist, gneiss and
granulite, and graphite is formed at high temperatures and pressures [48, 51].
Furthermore, diamond is widely distributed in ultrahigh pressure metamor-
phic rocks (UHPM) [53, 54], and the diamond may be closely related to car-
bonaceous material from the shallow crust. Therefore, the carbonaceous
rocks entering into the Earth’s interior may play very important roles on the
carbon cycle, electrical behavior, and redox conditions in the subduction
zones. It is significant to research the electrical conductivity of carbonaceous
slate at high temperatures and pressures.

In the present study, we in-situ measured the electrical conductivity of the
carbonaceous slate samples under the conditions of 0.5-1.5 GPa and 423-
973 K. The effect of temperature and pressure on the conductivity of carbo-
naceous slate was researched in detail. According to the calculated activation
enthalpies and the results of previous studies, we also explored the conduc-
tion mechanisms for the carbonaceous slate. Finally, the electrical conduc-
tivities of carbonaceous slate were compared with those of other relevant
minerals and rocks.
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2 EXPERIMENTAL PROCEDURES

2.1 Sample preparation
The carbonaceous slate sample was collected from the metamorphic terrain
in chongan, Zhejiang, China. The surface of experimental sample was fresh,
non-oxidized and non-fractured. In order to determine the mineralogical
assemblage of the sample, we applied the optical microscopy, scanning elec-
tron microscope (SEM) and X-ray diffraction (XRD) at the State Key Labo-
ratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences (CAS), Guiyang, China. According to the characters
under the optical microscopy, quartz, chlorite and muscovite in the carbona-
ceous slate were observed (Fig. 1). However, the black minerals can not be
determined using the optical microscopy. Based on the component analysis
of scanning electron microscope-energy dispersive X-ray (SEM-EDX), car-
bon was confirmed to be the main element of the black minerals (Fig. 2).
Meanwhile, there was no characteristic peak of graphite in the XRD spectra
of carbonaceous slate (Fig. 3). Therefore, it was determined that the black
minerals were amorphous carbon distributed in the surface of quartz. As
shown in Fig. 1 and Table 1, the main minerals of carbonaceous slate are
quartz, amorphous carbon and chlorite, and muscovite is the accessory min-
eral of the carbonaceous slate.

The carbonaceous slates were ground (<200 mesh) to ensure the homoge-
neous distribution of minerals. In order to remove the absorbed water, the
powder was dried at 473 K for 6 h in a muffle furnace. Then the powder was

FIGURE 1

Photomicrographs of carbonaceous slate (a) in reflected light mode, (b) in transmitted light
mode, and (c) electron backscattered images. Qtz represents quartz, Chl represents chlorite, a—c
represents amorphous carbon and Ms represents muscovite.
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FIGURE 2

The scanning electron microscope-energy dispersive X-ray (SEM-EDX) spectra of black miner-
als in the carbonaceous slate.
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FIGURE 3

X-ray diffraction (XRD) patterns of carbonaceous slate. Qtz represents quartz, Chl represents
chlorite, and Ms represents muscovite.
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TABLE 1
Fitted parameters of the Arrhenius relation for the electrical conductivities of the carbonaceous
slate sample.

Run No. P (GPa) T (K) Log o, (S/m) AH (eV) R
423-523 —-0.53+0.01 0.02+0.01 0.9994
DS15 0.5 573-773 —-0.31+0.01 0.05+0.01 0.9956
823-973 0.04+0.01 0.11+0.01 0.9999
423-523 —0.47+0.01 0.02+0.01 0.9993
DS16 1.0 573-773 —-0.12+0.01 0.06+0.01 0.9972
823-973 0.31+0.01 0.13+0.02 0.9986
423-523 —-0.09+0.02 0.03+0.01 0.9938
DS17 1.5 573-773 0.17+0.02 0.06+0.01 0.9928
823-973 0.57+0.06 0.12+0.02 0.9938

loaded into a copper capsule with a 0.025 mm thick nickel (Ni) foil liner, and
the powdered carbonaceous slate sample was hot-pressed for 4 h in a multi-
anvil high-pressure apparatus at 1.5 GPa and 673 K. The hydrothermally
annealed samples were cut and polished into cylinders with diameters and
heights of 6 mm, and then cleaned in an ultrasonic cleaning device using the
mixed liquid of deionized water, acetone and ethanol. Furthermore, the cylin-
drical samples were heated at 473 K for 8 h in an oven to eliminate absorbed
water for subsequent measurements.

2.2 Impedance measurements

The in situ measurements of electrical conductivity were performed using a
YJ-3000t multi-anvil 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. The multi-anvil press and Solar-
tron-1260 Impedance/Gain-phase analyzer have been widely applied to
research the electrical conductivities of natural minerals and rocks (e.g., oliv-
ine, feldspar, granite, gneiss, pelites) [2—11, 24-25]. For the multi-anvil
press, six cubic WC anvils were assembled and compressed to generate
hydrostatic pressure (Fig. 4), and the pressures in the sample capsule are up
to 6.0 GPa. Generally, temperatures of up to 1573 K can be achieved using a
stainless steel heater. The errors of experimental temperatures and pressures
are £5 K and +0.1 GPa, respectively. The experimental assemblage for elec-
trical conductivity measurements on carbonaceous slate is shown in Fig. 5. In
advance, all components of sample assembly (pyrophyllite, ceramic tubes,
AlLO; and MgO sleeves) were baked at 1073 K in a muffle furnace for 8 hrs.
In the sample assembly, the sample was loaded into the magnesia tube, and
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FIGURE 4
The image (a) and internal structure diagram (b) of the YJ-3000t multi-anvil apparatus.
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FIGURE 5

Sample assembly for electrical conductivity measurements at high temperatures and pressures.



EC OF THE CARBONACEOUS SLATE 445

two nickel disks on the top and bottom of the sample were applied to be the
electrodes (diameter: 6.0 mm and thickness: 0.5 mm). In order to shield against
the external electromagnetic and spurious signal interference, a layer of nickel
foil with the thickness of 0.025 mm was installed between the alumina and
magnesia sleeve. Alumina and magnesia sleeves between heater and sample
have good properties of insulating and transmitting pressure. The three-layer
stainless steel sheets (total thicknes: 0.5 mm) and pyrophyllite cube (32.5 x
32.5 x 32.5 mm?®) were applied to be heater and pressure medium, respectively.
Before conducting electrical conductivity measurements, the sample assembly
was placed in an oven at 323 K to avoid the effect of moisture.

During the experiments, pressure was slowly raised at a rate of 1.0 GPa/h
until it reached the desired value, and then the temperature was increased at
the rate of 600 K/h to the designated values. The impedance spectra of
samples with an applied voltage of 1 V and the frequency range of
10-'-3.5x10% Hz were collected when desired pressure and temperature
were stable. At the desired pressure, the spectra were measured at a certain
temperature which was changed in 50 K intervals. In order to demonstrate
the reproducibility of data, the electrical conductivities of the sample were
measured in two heating and cooling cycles at the pressure of 0.5 GPa and
423-973 K. In the entire measurement process, the impedance spectra of
carbonaceous slate sample were collected under the conditions of 0.5-1.5
GPa and 423-973 K.

3 RESULTS

Representative complex impedance spectra of the carbonaceous slate sample
at 0.5 GPa and 423-973 K are displayed in Fig. 6. The impedance spectra are
composed of an almost ideal semicircle in the high-frequency domain and an
additional tail in the lower frequency domain. The impedance spectra of the
carbonaceous slate are similar to those of hydrous olivine [55] and the dehy-
dration product of epidote [10]. In general, the ideal semicircle of rocks at high
frequencies represents the impedance of the grain interior, and the other part at
low frequencies reflects the characteristic of diffusion processes at the sample-
electrode interface [10, 55-57]. For the impedance spectra of carbonaceous
slate, the additional tail with positive Z”” may reflect the effect of inductive
impedance. Therefore, the resistance of carbonaceous slate can be obtained by
fitting the ideal semicircle at high frequencies. A parallel connection of Rs-
CPE; (Rs and CPE; represent the resistance and constant-phase element of the
sample, respectively) was applied to be the equivalent circuit [10, 14], and the
fitting errors of the electrical resistance were less than 5 %. The electrical con-
ductivity of the sample was calculated by the following formula:

o=L/SR, ey
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FIGURE 6

Nyquist plot of the complex impedance of carbonaceous slate at 0.5 GPa and 423-973 K.

where L is the height of the sample (m), S is the cross-sectional area of the
electrodes (m?), R is the fitting resistance () and o is the electrical conduc-
tivity of the sample (S/m).

Under the conditions of 0.5 GPa and 423-973 K, the relationship between
electrical conductivities of the carbonaceous slate and temperatures in three
heating/cooling cycles are shown in Fig. 7. The conductivity of carbonaceous
slate in the previous two heating/cooling cycles gradually increased at the
same temperature, but remained stable in the third heating/cooling cycle. It
was indicated that the sample has been stable after two heating/cooling
cycles. The logarithmic electrical conductivities of the carbonaceous slate
were plotted against the reciprocal temperatures under the conditions of
0.5-1.5 GPa and 423-973 K (Fig. 8). At a certain pressure, the conductivity
of carbonaceous slate slightly increased with the increase of temperature. In
addition, the conductivity of the sample weakly decreased with increasing
pressure. As shown in Fig. 8, there are three linear relations of logarithmic
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FIGURE 7

Logarithm of electrical conductivities versus reciprocal temperatures for the carbonaceous slate
during 3 heating/cooling cycles at 0.5 GPa and 423-973 K.

electrical conductivity and reciprocal temperature, and thus the electrical
conductivities of the carbonaceous slate and temperatures conform to an
Arrhenius relation in a certain temperature region. The slopes of three linear
regions slightly increased from low temperature region to high temperature
region. The Arrhenius formula of electrical conductivity of carbonaceous
slate and temperature is shown as follows:

o= oyexp(-AH / kT), 2)

where opis the pre-exponential factor (K-S/m), k is the Boltzmann constant
(eV/K), T is the absolute temperature (K), and AH is the activation enthalpy
(eV). The relevant fitting parameters for the electrical conductivities of
carbonaceous slate are listed in Table 1. The pre-exponential factor gradu-
ally increased from low temperature region to high temperature region,
and the activation enthalpies were 0.02-0.13 eV under the experimental
conditions.
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FIGURE 8
Relationship between logarithmic electrical conductivities of carbonaceous slate and reciprocal
temperatures at 0.5-1.5 GPa and 423-973 K.

4 DISCUSSION

4.1 Conduction mechanism

The logarithmic electrical conductivities and reciprocal temperatures con-
form to three different linear relations from the low temperature region to the
high temperature region. Activation enthalpy is a crucial parameter to deter-
mine the charge carriers in various minerals and rocks [10, 24-25, 58—60]. In
order to investigate the conduction mechanism for carbonaceous slate, we
fitted the thermodynamic parameters for electrical conductivities of the car-
bonaceous slate. As shown in Table 1, the activation enthalpies for the electri-
cal conductivities of carbonaceous slate are 0.02—0.13 eV. At high temperatures
and pressures, the conduction mechanisms for most minerals and rocks are
electron conduction, small polaron conduction, ionic conduction, proton con-
duction or impurity conduction [5, 7, 10, 12, 58-60]. The activation enthal-
pies of ionic conduction for silicate minerals and rocks (>2 eV)



EC OF THE CARBONACEOUS SLATE 449

are very high due to the difficulty in the formation and migration of cation
vacancies at high pressures [9]. Furthermore, the activation enthalpies for
silicate minerals and rocks with hydrogen conduction and small polaron con-
duction are higher than 0.6 eV [10, 16, 25]. For minerals and rocks with
impurity conduction, the activation enthalpies of electrical conductivities are
about 0.5-1.2 eV [5, 61]. The activation enthalpies for carbonaceous slate
were much lower than those for minerals and rocks with the conduction
mechanisms of hydrogen conduction, small polaron conduction, ionic con-
duction and impurity conduction. Previous study has researched the electrical
conductivities and conduction mechanism of olivine aggregates with 7 vol%
graphite at high temperatures and pressures [58]. The activation enthalpies for
olivine aggregates with interconnected graphite (0.04-0.17 eV) are much
lower than those for pure olivine aggregates (1.28 eV) [4, 58]. Apparently, it
was caused by the interconnected graphite on the boundary of olivine grain.
The activation enthalpies for carbonaceous slate (0.02-0.13 eV) are very
close to the values for olivine aggregates with 7 vol% graphite (0.04-
0.17 eV) [58]. Therefore, we propose that electron conduction is the conduc-
tion mechanism for carbonaceous slate at high temperatures and pressures,
and the slight difference of the activation enthalpies for carbonaceous slate at
various temperature regions may be caused by the various structures of amor-
phous carbon.

4.2 Comparisons with previous studies

The main minerals of the natural carbonaceous slate sample are quartz, chlo-
rite, and amorphous carbon, and each mineral has a good interconnectivity.
Therefore, the electrical conductivity of carbonaceous slate is dominated by
the mineral with the highest conductivity. The mineralogical assemblage and
structure of most rocks are very complicated, so the chemical and physical
changes of the rocks always occur at high temperatures and pressures. It’s
always needed enough time to make experimental sample reach steady state.
As shown in Fig. 7, the electrical conductivities of carbonaceous slate in the
first heating/cooling cycles and the second heating cycle are slightly lower
than those in the second cooling cycle and the third heating/cooling cycles.
This indicates that the carbonaceous slates are unstable in the first heating/
cooling cycles and the second heating cycle. In the multiple heating/cooling
cycles, the change rule of the electrical conductivities of carbonaceous slate
is similar to those of other silicate rocks (e.g., gneiss, granulite, metasedi-
mentary rock, eclogite, granite and basalt), and metamorphic effect of the
rocks did not occur under the experimental conditions [5—6, 34, 62—-63].
This implies that the structure and distribution of chemical compositions of
most silicate rocks are slightly altered at high temperatures and pressures.
Previous study has found that graphite in granulite is formed at the tempera-
tures over 973 K [64]. The dehydration temperature of phlogopite is over
1273 K at 1.0 GPa, and the dehydration temperatures of chlorite is about
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1023 K at 1.5 GPa. In addition, the relationship between electrical conduc-
tivities of carbonaceous slate and temperatures in the first heating cycle is
consistent with those in other heating/cooling cycles (Fig. 7). Therefore,
the metamorphism of carbonaceous slate didn’t occur at the present experi-
mental conditions.

Under the conditions of 0.5—1.5 GPa, the electrical conductivities of car-
bonaceous slate were increased by 0.3 orders of magnitude from 423 K to
973 K. This indicates that the influence of temperature on the conductivities
of carbonaceous slate is weak, and the phenomenon is different from that for
most silicate minerals and rocks [2—6, 65]. In addition, the electrical conduc-
tivities of carbonaceous slate increased with increasing pressure, and the con-
ductivities of the slate sample was increased by 0.4 orders of magnitude from
0.5 GPa to 1.5 GPa at a certain temperature. The weak effect of pressure on
the conductivities of carbonaceous slate was similar to that of most silicate
rocks [5—7]. The previous study has investigated the electrical conductivity of
synthetic quartz at 850-1600 K and 1.0 GPa [61]. The conductivities of
quartz are much lower than those of carbonaceous slate at high temperatures
and pressures. The conductivities of chlorite are also much lower than the
values of carbonaceous slate. Furthermore, the slopes of the linear relation
between the logarithmic electrical conductivity of chlorite and the reciprocal
temperature are much higher than the slopes for the carbonaceous slate sam-
ples [16]. Therefore, the electrical conductivity of carbonaceous slate is not
dominated by quartz or chlorite, and amorphous carbon is the most conduc-
tive material in carbonaceous slate. Electrical conductivities of olivine aggre-
gates with 7 vol% graphite were two orders of magnitude higher than those
of carbonaceous slate at high temperatures and pressures (Fig. 9) [58]. This
indicates that electrical conductivity of amorphous carbon is lower than that
of graphite. Micas are important hydrous minerals in the subduction zones, so
it is necessary to compare the electrical conductivities of carbonaceous slate
with those of micas. As shown in Fig. 9, the electrical conductivities of car-
bonaceous slate are much higher than those of phlogopite and phengite at
temperatures of 423-973 K. In addition, the electrical conductivities of
gneiss samples with W, = 14.79 wt% are much lower than those of carbona-
ceous slate. Granulite is another significant metamorphic rock which is
widely distributed in regional metamorphic belts. It’s important to compare
the conductivities of carbonaceous slate with the values of granulite. The
conductivities of carbonaceous slate are two orders of magnitude higher than
the value of granulite at high temperatures and pressures [62]. Furthermore,
the electrical conductivities of pelites before and after dehydration are lower
than those of carbonaceous slate [24, 25]. Finally, the unusually high conduc-
tivities of carbonaceous slate (0.1-1 S/m) were close to those of high conduc-
tivity layers in the middle—lower crust and upper mantle (0.01-1 S/m)
[66—69]. Therefore, the presence of carbonaceous rocks can be used to inter-
pret the high conductivity anomalies in the Earth’s interior.
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FIGURE 9

Comparison of the electrical conductivities of carbonaceous slate and the results of previous
studies. The dashed green line represents the electrical conductivities of granulite at 1.0 GPa
[62], the dashed light green represents the electrical conductivity of quartz at 1.0 GPa [61], the
dashed wheat lines represent the electrical conductivity of olivine aggregates with 7 Vol% graph-
ite at 4.0 GPa [58], the dashed blue line represents the electrical conductivity of phlogopite at 1.0
GPa [12], the dashed red line represents the electrical conductivity of chlorite at 2.0 GPa and 4.0
GPa [16], the dashed brown line represents the electrical conductivity of mudstone at 1.5 GPa
[24], the dashed dark red line represents the electrical conductivity of phyllite at 1.5 GPa [25],
the dashed pink line represents the electrical conductivity of epidote at 1.5 GPa [10], the dashed
purple line represents the electrical conductivity of phengite at 2.3 GPa [1], and the dashed pow-
der blue line represents the electrical conductivity of gneiss at 1.5 GPa [7].

5 CONCLUSIONS

The electrical conductivities of carbonaceous slate slightly increased with the
increase of temperature and pressure, respectively. The influence of tempera-
ture on the conductivities of carbonaceous slate was much weaker than that
of most silicate rocks. Under the conditions of 0.5-1.5 GPa and 423-973 K,
the conductivities of carbonaceous slate were 0.1-1 S/m. Our findings indi-
cate that carbonaceous slate is a natural rock with unusually high electrical
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conductivity at high temperatures and pressures. The unusually high electri-
cal conductivity of carbonaceous slate (0.1-1 S/m) is proposed to be caused
by interconnected amorphous carbon. At a certain temperature range, the
conductivities of carbonaceous slate and temperatures conform to an Arrhe-
nius relation, and the fitted activation enthalpies are 0.02—0.13 eV. Electron
conduction is proposed to be the conduction mechanism for carbonaceous
slate. Furthermore, the slight difference of the activation enthalpies for carbo-
naceous slate at various temperature regions may be caused by the different
structures of amorphous carbon. Finally, the electrical conductivities of car-
bonaceous slate are close to those of highly conductive layers in the middle-
lower crust and upper mantle. Therefore, carbonaceous rocks might be a
significant influence factor on the high conductivity anomalies in the Earth’s
interior.
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