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Chromite, a crucial high-conductivitymineral phase of peridotite in ophiolite suites, has a significant effect on the
electrical structure of subduction zones. The electrical conductivities of sinteredpolycrystalline olivine containing
various volume percents of chromite (0, 4, 7, 10, 13, 16, 18, 21, 23, 100 vol.%) were measured using a complex
impedance spectroscopic technique in the frequency range of 10−1–106 Hz under the conditions of
1.0–3.0 GPa and 873–1223 K. The relationship between the conductivities of the chromite-bearing olivine aggre-
gates and temperatures conformed to the Arrhenius equation. The positive effect of pressure on the conductivi-
ties of the olivine–chromite systems was much weaker than that of temperature. The chromite content had an
important effect on the conductivities of the olivine–chromite systems, and the bulk conductivities increased
with increasing volume fraction of chromite to a certain extent. The inclusion of 16 vol.% chromites dramatically
enhanced the bulk conductivity, implying that the percolation threshold of interconnectivity of chromite in the
olivine–chromite systems is ~16 vol.%. The fitted activation enthalpies for pure polycrystalline olivine, polycrys-
talline olivine with isolated chromite, polycrystalline olivine with interconnected chromites, and pure polycrys-
talline chromite were 1.25, 0.78–0.87, 0.48–0.54, and 0.47 eV, respectively. Based on the chemical compositions
and activation enthalpies, small polaron conductionwas proposed to be the dominant conductionmechanism for
polycrystalline olivine with various chromite contents. Furthermore, the conductivities of polycrystalline olivine
with interconnected chromite (10–1.5–100.5 S/m) provides a reasonable explanation for the high conductivity
anomalies in subduction-related tectonic environments.
©2021ChinaUniversity of Geosciences (Beijing) andPekingUniversity. Production andhostingby Elsevier B.V. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

According to themagnetotelluric (MT) data, high-electrical-conduc-
tivity layers arewidely distributed in the Earth's subduction-related tec-
tonic environments (Baba et al., 2006; Matsuno et al., 2010, 2020; Xiao
et al., 2013; Xie et al., 2016; Li et al., 2020). Electrical conductivity is
highly sensitive to material compositions and is thus considered to be
a significant parameter to infer the origin of high conductivity anoma-
lies in the Earth's interior (Dai and Karato, 2014a,b; Pommier et al.,
2015;Hu et al., 2017; Shen et al., 2020). The conductivities ofmost dom-
inant minerals and rocks in the deep Earth have been extensively
mperature and High-Pressure
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investigated in previous studies (Wang et al., 2010; Manthilake et al.,
2015, 2016; Dai et al., 2016, 2018, 2020; Sun et al., 2017; Hu et al.,
2018; Dai and Karato, 2020). Comparing the laboratory results and MT
data, the high conductivity anomalies in the subduction zones may be
caused by various high-conductivity phases (e.g., saline fluids, high-
conductivity minerals, or silicate or carbonate melts) (Bagdassarov
et al., 2009; Wang et al., 2013a,b; Laumonier et al., 2015; Padilha et al.,
2015; Guo and Keppler, 2019; Karato, 2019). Combined with the com-
plicated geological environments in the Earth's interior, it is plausible
that the high-conductivity layers in the various regions could be caused
by different material compositions. However, the relationship between
chromite, a crucial high-conductivity mineral phase, and the high con-
ductivity anomalies in the subduction zones remains unclear.

Chromite is widely distributedwithin the outcrops of themantle pe-
ridotites in ophiolites, and abundant chromic iron ores with high-grade
chromite are widely distributed on a global scale (Page and Barnes,
2009; Torabi, 2009; Zhou et al., 2014; Arguin et al., 2016; Zhang et al.,
2017; Rollinson et al., 2018; Uysal et al., 2018; Zhang et al., 2020).
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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There are three traditional viewpoints for the formation mechanisms of
chromitites: interaction between mantle peridotite (especially
harzburgite) and themelt in the uppermantle, partialmelting ofmantle
peridotite and crystal fractionation, and mixing of Cr-enriched mafic
magmas (Zhou et al., 1996; Arai and Miura, 2016). Podiform chromite
deposits are defined as irregular, but fundamentally lenticular,
chromite-rich bodies foundwithin mantle peridotites of ophiolite com-
plexes (Thayer, 1964; Dickey, 1975). Mantle sequences of many
ophiolites contain podiform chromitites,which coexistwith chromite±
olivine ± other silicate phases (Zhou et al., 2014). According to photo-
graphs of the natural chromitite specimens, the volume percents of
chromite grains can exceed 50 vol.% (Zhou et al., 2014; Rollinson et al.,
2018; Zhang et al., 2020). Olivine, themain co-existingmineral of chro-
mite, is also the dominant mineral in the upper mantle, where the oliv-
ine volume fraction is ~60 vol.% (Ringwood, 1975, 1982; Lin et al., 2013).
The electrical conductivities of single-crystal and polycrystalline
olivine with various iron and water contents have been systematically
investigated in previous studies (Dai et al., 2008; Dai and Karato,
2014a,b,c,d; Liu et al., 2017). The presence of hydrogen-related defects
in olivine crystals was proposed as a possible origin of the high con-
ductivity anomalies (Dai and Karato, 2014a). In addition, previous
studies have evaluated the conductivities of olivine aggregates with
high-conductivity phases (e.g., graphite, magnetite, iron sulfide) and re-
vealed a significant effect of the high-conductivity phase on the conduc-
tivities (Wang et al., 2013a,b; Zhang and Pommier, 2017; Dai et al.,
2019). However, the conductivities of olivine aggregateswith chromites
have not been reported. To determine the origins of the high conductiv-
ity anomalies in detail, it is necessary to investigate of the conductivities
of olivine–chromite systems with various chromite contents at high
temperatures and pressures.

In the present study, we measured the electrical conductivities of
polycrystalline olivine with various chromite contents in situ under
the conditions of 1.0–3.0 GPa and 873–1223 K. The effects of tempera-
ture, pressure and chromite content on the conductivities of the sam-
ples were systematically investigated. Based on the activation
enthalpies, we also explored the conduction mechanisms for the sam-
ples in detail. Furthermore, the conductivities of polycrystalline olivine
with interconnected chromite reasonably explained thehigh conductiv-
ity anomalies in the subduction zones.

2. Experimental procedures

2.1. Sample preparation

The chemical compositions of the fresh and origin-unknown olivine
and chromite were determined using a field-emission electron probe
microanalyzer (EPMA) at the State Key Laboratory of Ore Deposit Geo-
chemistry, Chinese Academy of Science (CAS), Guiyang, China. The
weight percents of the oxides for major elements in the olivine and
chromite are shown in Table 1, and the ionic valences of chromium
and iron elements are expressed as+3and+2, respectively. The olivine
and chromite grains were ultrasonically cleaned in amixture of distilled
water, acetone, and ethanol and then ground to a powder (<100mesh)
in an agate mortar after being dried in a furnace at 473 K for 4 h. The
densities of the olivine and chromite were approximately 3.4 and
4.6 g/cm3, respectively, and the olivine and chromite powder (weight
percent of chromite: 5, 10, 15, 20, 25, 30, 35, and 40 wt.%) were
Table 1
The contents of main elements in the initial samples of olivine and chromite revealing by the w
ferrous ions.

Sample FeO MnO NiO Cr2O3 Al2O3 TiO2 Na2

Olivine 9.158 0.117 0.376 0.003 0.000 0.000 0.0
Chromite 25.515 0.280 0.087 47.246 14.908 0.577 0.0

2

weighted using a high-precision electronic scale. The olivine and chro-
mite powder were homogeneously mixed, and the volume percent of
chromite at normal temperatures and pressures was 4, 7, 10, 13, 16,
18, 21, and 23 vol.%, respectively. The pure olivine, pure chromite pow-
der, andmixed powderwere loaded into a copper capsule with a 0.025-
mm-thickNi-foil liner and then hot pressed for 6 h in amulti-anvil high-
pressure apparatus at 2.0 GPa and 873 K. The hydrothermally annealed
samples were cut and polished into cylinders of 6-mm diameter and
height and then ultrasonically cleaned again using a mixture of deion-
ized water, acetone, and ethanol. The samples were then baked at
373 K for 12 h to eliminate any absorbed water to avoid affecting the
electrical conductivity measurements.

2.2. Impedance measurements

We performed the electrical conductivity measurements using the
YJ-3000t multi-anvil apparatus and 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,
CAS, Guiyang, China. Fig. 1 presents a schematic illustration of the
cross section of the experimental assemblage for the electrical conduc-
tivity measurements at high temperatures and pressures. All the com-
ponents of the sample assembly (pyrophyllite cubes, pyrophyllite
plugs, ceramic tubes, MgO plugs, and Al2O3 and MgO sleeves) were
baked at 1073 K in a muffle furnace for 8 h before the electrical conduc-
tivity measurements. In the sample assembly, a pyrophyllite cube
(32.5 mm× 32.5 mm× 32.5mm) and three-layer stainless-steel sheets
(total thickness: 0.5 mm) were applied as the pressure medium and
heater, respectively. Alumina and magnesia sleeves were placed be-
tween the sample and heater as insulators. To shield against external
electromagnetism and spurious signal interference, a sheet of nickel
foil (thickness: 0.025 mm) was placed between the alumina and mag-
nesia sleeves. The sample was loaded into the magnesia tube, and
then, two nickel disks (diameter: 6.0 mm and thickness: 0.5 mm)
were placed on the top and bottom of the sample as electrodes. Before
the electrical conductivity measurements, the sample assembly was
heated in an oven at 323 K to avoid the effect of moisture.

The complex impedance spectra of the samples (frequency range:
10−1–106 Hz and applied voltage: 1 V) were collected under conditions
of 1.0–3.0 GPa and 873–1223 K. In the experiments, the pressure was
slowly raised to a designated pressure at a speed of 1.0 GPa/h, and
then, the temperature was increased to 873 K at a rate of 50 K/min.
When the desired temperatures and pressures remained stable, the
complex spectra were measured. Then, the temperature was increased
to another desired value at an interval of 50 K, and the complex spectra
were collected again. To obtain reproducible data, the electrical conduc-
tivities of the samplesweremeasured inmultiple heating/cooling cycles
under the experimental conditions. The experimental temperatures
were monitored with a K-type thermocouple (NiCr/NiSi). The errors of
temperature and pressure were ±5 K and ±0.1 GPa, respectively.

The internal composition and structure of the recovered samples
with chromite contents of 4, 7, 10, 13, 16, 18, 21, and 23 vol.% are
shown in Fig. 2 (these measurements were conducted using a scanning
electron microscope at the Center for Lunar and Planetary Sciences, In-
stitute of Geochemistry, CAS, Guiyang, China). The olivine and chromite
grains were homogeneously distributed in the samples. The shapes of
the olivine and chromite were irregular, and the grain sizes of olivine
eight percents (wt.%) of the corresponding oxides, where all iron ions were assumed to be

O SiO2 MgO K2O CaO As2O5 V2O3 Total

03 45.439 44.351 0.001 0.036 0.000 0.000 99.484
00 0.000 10.349 0.000 0.000 0.088 0.370 99.420



Fig. 1. Schematic illustration of cross-section of sample assembly for high-P/T electrical
conductivity measurements.
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and chromite in a recovered sample varied (long axis: less than
150 μm). However, the ranges of grain size in various samples were
very close. Thus, the possible differences in the electrical conductivities
of the various olivine–chromite systems cannot be caused by the grain
size. To determine the water contents of the olivines before and after
the electrical conductivity measurements, we applied Fourier-
transform infrared (FTIR) spectroscopy (Vertex-70V and Hyperion-
1000 infrared microscope at the Key Laboratory of High-temperature
and High-pressure Study of the Earth's Interior, Institute of Geochemis-
try, Chinese Academy of Sciences, China). The samples with less than
200-μm thickness were placed on a CaF2 window, and the absorbances
of themid-IR lights were detected by a mercury‑cadmium-telluride de-
tector (aperture size: 100 μm× 100 μm). For the original and recovered
samples, at least 5 infrared spectra from different positions for each
sample were collected using unpolarized radiation. The absorbance in
the wavenumber range of 3000–4000 cm−1 with 512 scans was ob-
tained, and the infrared spectra after simple base and smooth treat-
ments are shown in Fig. 3. No obvious absorption peak appeared in
the infrared spectra of the original and recovered olivine samples, im-
plying that the olivine before and after the electrical conductivity mea-
surements was almost dry.
3. Results

The impedance spectra of the pure polycrystalline olivine and
olivine–chromite system with 18 vol.% chromites consisted of an ap-
proximate semicircle in the higher-frequency region of 103–106 Hz
and an additional tail in the lower-frequency region of 10−1–103 Hz
(Fig. 4). The shapes of the impedance spectra for the other olivine–
chromite systems with various chromite contents were similar to
those in Fig. 4b. According to the theory of complex impedance spectra
andprevious relevant studies, the ideal semicircle in the high-frequency
region is related to the conduction process for the samples, and the ad-
ditional tail is related to the diffusion processes of inductive reactance at
the sample–electrode interface (Roberts and Tyburczy, 1991; ten
Grotenhuis et al., 2004; Wang et al., 2013a,b; Pommier et al., 2018).
Therefore, the bulk resistance of our samples was obtained by fitting
the ideal semicircle in the high-frequency region. A parallel connection
of RS-CPES (RS and CPES represent the resistance and constant-phase el-
ement of the sample, respectively)was applied as the equivalent circuit,
and the fitting errors of the electrical resistance were less than 10%. For
3

the measuring method using two electrodes consisting of parallel
plates, the electrical conductivities of the samples were calculated
using the following formula:

σ ¼ G=RS ð1Þ

where G is the sample geometric constant calculated based on L/S (L is
the height of the sample (m) and S is the cross-sectional area of the elec-
trodes (m2)), Rs is the fitting resistance (Ω), and σ is the electrical con-
ductivity of the sample (S/m).

To obtain reproducible data, the conductivities of the samples were
measured in multiple sequential heating and cooling cycles at certain
pressures. As shown in Fig. 5, after the first heating process, the conduc-
tivities of the sample in different heating/cooling cycles were close to
each other. This result indicated that the polycrystalline samples
remained in a steady state after the first heating cycle. We used repro-
ducible data to investigate the electrical properties of dry olivine aggre-
gates with various chromite contents. The logarithmic electrical
conductivities of the dry polycrystalline olivine with certain chromite
contents were plotted against the reciprocal temperatures under the
conditions of 1.0–3.0 GPa and 873–1223 K. The electrical conductivities
of polycrystalline olivine mixed with 16 vol.% chromite slightly in-
creased with increasing pressure (Fig. 6). In addition, the conductivities
of the olivine aggregates with 4 vol.% chromite was much higher than
those of the pure polycrystalline olivine, and the chromite slightly en-
hanced the conductivities of the olivine–chromite systems when the
volume fraction of chromite was 4–10 vol.%. The electrical conductivi-
ties of the olivine–chromite systemwith 13 vol.% chromiteweremoder-
ately higher than those of the sample with 10 vol.% chromite. There was
an inflection point in the variation trend for the sample conductivities
when the chromite content reached 16 vol.%. The conductivities of the
samples then moderately increased with increasing chromite content
(16–23 vol.%) (Figs. 7 and 8). For the polycrystalline olivine–chromite
system with 16 vol.% chromite, the chromite was finely interconnected
based on the change trend of the electrical conductivity (Fig. 8). Inter-
connected chromite can dramatically enhance the conductivities of oliv-
ine aggregates. At a certain pressure, the relationship between the
electrical conductivities of all the samples and temperatures were fitted
to the Arrhenius formula:

σ ¼ σ0 exp −ΔH=kTð Þ ð2Þ

where σ0 is the pre-exponential factor (K·S/m), k is the Boltzmann con-
stant (eV/K), T is the absolute temperature (K), and ΔH is the activation
enthalpy (eV). All the fitting parameters for the electrical conductivities
of the olivine aggregates with various chromite contents are listed in
Table 2. The activation enthalpy for pure polycrystalline olivine was de-
termined to be 1.25 eV, and that for polycrystalline olivine mixed with
isolated and interconnected chromite was 0.78–0.87 eV and
0.48–0.54 eV, respectively. For pure polycrystalline chromite, the activa-
tion enthalpy was 0.47 eV under the conditions of 2.0 GPa and
873–1223 K. Furthermore, the logarithmic pre-exponential factors for
all the samples were positive.

4. Discussion

4.1. Comparison with previous studies

The electrical conductivities of polycrystalline olivine containing
16 vol.% chromites in the first heating cycle were lower than those in
the first cooling cycle and second heating/cooling cycle (Fig. 5). This re-
sult indicates that the polycrystalline olivines with a certain chromite
content were unstable in the first heating cycle. During the first heating
cycle, the chemical compositions of olivine and chromite might be
slightly changed, and microcracks gradually tend closed. The electrical
conductivities of the polycrystalline olivinewith a certain chromite con-
tent showed good repeatability after the first heating cycle, indicating



Fig. 2. Back-scattered electron images of recovered samples of polycrystalline olivine–chromite systems containing various volume percents of chromite. The chromite contents for the
DS30, DS31, DS32, DS33, DS34, DS35, DS36, and DS37 run were 4, 7, 10, 13, 16, 18, 21, and 23 vol.%, respectively.

W. Sun, J. Jiang, L. Dai et al. Geoscience Frontiers 12 (2021) 101178
that the samples remained stable. Previous studies have shown that the
electrical conductivities of silicateminerals and rocks are unstable in the
previous heating/cooling cycles and gradually remain stable in the sub-
sequent heating/cooling cycles (Wang et al., 2010; Hu et al., 2015; Dai
et al., 2018, 2019). These phenomena imply that the interior of most
minerals and rocks undergo little change even if there is no phase tran-
sition at high temperatures and pressures. During this process, the grain
size, element distribution, and porosity will change to some extent and
gradually reach steady state.

Under the conditions of 2.0 GPa and 873–1223 K, the electrical con-
ductivities of the pure polycrystalline olivine and polycrystalline oliv-
ines with isolated chromite were approximately 10−5–10−3 and
4

10−4–10−2.5 S/m, respectively; the conductivities of the polycrystalline
olivinewith interconnected chromite and pure polycrystalline chromite
were 10–1.5–100.5 and 101–101.5 S/m, respectively (Fig. 7). Based on the
conductivities of the pure olivine and chromite aggregates and the
volume fraction of olivine and chromite grains in the olivine–chromite
systems, we applied the computational formulas of the Hashin–
Shtrikman models to calculate the upper and lower bounds (HS+ and
HS−) of the electrical conductivities for the olivine–chromite systems
(Hashin and Shtrikman, 1962) (Table 3). As shown in Fig. 7 and
Table 3, the experimental results of the conductivities of the olivine–
chromite systems were much higher than the lower bounds and much
lower than the upper bounds from the Hashin–Shtrikman models.



Fig. 3. Fourier-transform infrared (FTIR) spectra of olivines before and after electrical
conductivity measurements in the wavenumber range of 3000–4000 cm−1.

Fig. 4. Representative complex impedance spectra for (a) pure polycrystalline olivine and (b) o
873–1223 K.

Fig. 5. Logarithmic electrical conductivity versus reciprocal temperature for olivine–
chromite system containing 16 vol.% chromite during two heating/cooling cycles under
the conditions of 2.0 GPa and 873–1223 K.
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This discrepancy might be caused by the differences in the particle
shape, grain size, and mineral distribution of the samples in this study
and in the HS models. The HS models can be used to constrain the
upper and lower bounds for the conductivities of the samples but can-
not be used to calculate accurate conductivities of the olivine–
chromite system. Thus, we applied our experimental data to investigate
the effect of temperature, pressure, and chromite content on the con-
ductivities of the olivine–chromite system. As shown in Fig. 8, the con-
ductivities of the olivine–chromite system slightly increased with
increasing chromite content from 4 vol.% to 10 vol.%; the conductivities
of the system containing 13 vol.% chromites were moderately higher
than those of the system containing 10 vol.% chromites but much
lower than those of the system containing16vol.% chromites. According
to previous studies, for polycrystalline minerals mixed with a high-
conductivity phase, the isolated high-conductivity phase slightly en-
hanced the electrical conductivities; however, the conductivities were
dramatically increased when the high-conductivity phase reached a
state of interconnection (Dai et al., 2019). The inflection point of the re-
lationship between the sample conductivities and contents of the high-
livine–chromite system containing 18 vol.% chromite under the conditions of 2.0 GPa and

Fig. 6. Linear relationship between logarithmic electrical conductivity and reciprocal
temperature for olivine–chromite system containing 16 vol.% chromites under the
conditions of 1.0–3.0 GPa and 873–1223 K.



Fig. 7. Logarithm of electrical conductivity versus reciprocal temperature for olivine
aggregates containing various chromite contents at 2.0 GPa and 873–1223 K.

Fig. 8. Relationship between electrical conductivity and chromite volume fraction for the
olivine–chromite systems at 2.0 GPa and 873–1173 K. The relation curves were fitted
with the Boltzmann function in the OriginPro 8 software.

Table 2
Fitted parameters of the Arrhenius relation for the electrical conductivity of the olivine
samples with various chromite contents.

Run No. φIlm (vol.%) P (GPa) T (K) Logσ0 (S/m) ΔH (eV) R2

DS29 0 2.0 873–1223 2.23 ± 0.10 1.25 ± 0.02 99.81
DS30 4 2.0 873–1223 0.62 ± 0.03 0.78 ± 0.01 99.94
DS31 7 2.0 873–1223 0.93 ± 0.08 0.83 ± 0.01 99.69
DS32 10 2.0 873–1223 1.27 ± 0.08 0.87 ± 0.02 99.67
DS33 13 2.0 873–1223 1.54 ± 0.10 0.79 ± 0.01 99.41
DS34 16 2.0 873–1223 1.48 ± 0.04 0.54 ± 0.01 99.74
DS35 18 2.0 873–1223 1.68 ± 0.01 0.48 ± 0.01 99.98
DS36 21 2.0 873–1223 2.02 ± 0.02 0.50 ± 0.01 99.94
DS37 23 2.0 873–1223 2.52 ± 0.03 0.51 ± 0.01 99.89
DS38 100 2.0 873–1223 3.65 ± 0.04 0.47 ± 0.01 99.78
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conductivity phase was considered to be the approximate percolation
threshold (Dai et al., 2019). Thus, we proposed that the percolation
threshold of the chromite in the olivine–chromite systems was
~16 vol.%. The conductivities of polycrystalline olivine with isolated
6

chromite were moderately higher than those of the pure olivine aggre-
gates, and the interconnected chromites significantly affected the con-
ductivities of the olivine–chromite systems. In addition, the electrical
conductivities of the polycrystalline olivine containing various chromite
contents moderately increased with increasing temperatures and
slightly changed with rising pressures. These phenomena are similar
to those observed for most silicate minerals and rocks at high tempera-
tures and pressures (Xu et al., 2000; Wang et al., 2010; Hu et al., 2014;
Hui et al., 2015; Dai et al., 2016, 2018;Manthilake et al., 2016). The effect
of pressure on the conductivities of the pure polycrystalline olivine was
negative (Dai et al., 2010); however, the conductivities of the olivine–
chromite systems in this study and the olivine–magnetite systems of
Dai et al. (2019) increased with increasing pressure. Thus, the pressure
effect for the conductivities of pure polycrystalline olivine was opposite
to that of olivine aggregates containing some high-conductivitymineral
phases. According to previous studies, the content of important high-
conductivity phases (e.g., graphite, FeS, andmagnetite) significantly af-
fects the conductivities of mantle peridotite (Wang et al., 2013a,b;
Zhang and Pommier, 2017; Dai et al., 2019). As shown in Fig. 9, the elec-
trical conductivities of the pure polycrystalline olivine in this studywere
slightly higher than those of the olivine aggregates of Dai et al. (2019)
butmoderately lower than those of Zhang and Pommier (2017). The ol-
ivine samples of this study and those of Dai et al. (2019) and Zhang
and Pommier (2017) were anhydrous; thus, the electrical conductivity
differences might be caused by the various iron contents, as the iron
content was shown to have a significant effect on the electrical conduc-
tivities of dry olivine (Dai and Karato, 2014b). For the olivine aggregates
with graphite, the conductivities were markedly enhanced when the
concentration of graphite exceeded the percolation threshold of
~4 vol.% (Wang et al., 2013a,b). The percolation threshold for graphite
(~4 vol.%) was much lower than that for chromite (~16 vol.%). The elec-
trical conductivities of the olivine–4 vol.% graphite systemwere approx-
imately 0.5–1 orders of magnitude lower than those of the olivine–
16 vol.% chromite system. The conductivities of the olivine–16 vol.%
chromite system were close to those of the olivine–12 vol.% FeS system
but slightly lower than those of the olivine–3 vol.% magnetite system.
Furthermore, the conductivities of the olivine–7 vol.% graphite system
were ~2.5–3 orders of magnitude higher than those of the olivine–
3 vol.% magnetite system. It was proposed that the different effect de-
grees of various high-conductivity mineral phases on the bulk conduc-
tivities were due to the various conductivities and interconnectivity of
the impurity phases.

4.2. Conduction mechanism

For olivine aggregates with various chromite contents, the logarith-
mic electrical conductivities and reciprocal temperatures conformed to
linear relationships under the experimental conditions of 1.0–3.0 GPa
and 873–1223 K. This finding indicated that the conduction process of
the samples was under the control of one dominant conductionmecha-
nism. Small polarons, protons, and ions are proposed to be the signifi-
cant charge carriers for silicate minerals and rocks (Wang et al., 2010;
Manthilake et al., 2016; Hu et al., 2018). The material compositions
were important factors determining the conduction mechanism of the
samples. As shown in Table 1, the calcium and alkaline ions in the
pure and fresh olivine and chromite crystals can be ignored because of
their very minor content. Thus, impurity ionic conduction cannot be
the conduction mechanism for the pure olivine aggregates and poly-
crystalline olivine containing various chromite contents. Dai and
Karato (2014b) investigated the electrical conductivities of hydrous ol-
ivine aggregates, and the activation enthalpies for proton-related impu-
rity ion conduction were 0.8–0.88 eV, which were much lower than the
activation enthalpy for olivine aggregates (1.25 eV) in this study. In ad-
dition, there was almost no hydrogen in the olivine aggregates accord-
ing to the FT-IR spectra. It was thus implied that proton conduction
could not be the conduction mechanism for the samples. The activation



Table 3
The calculated logarithmic conductivities (Logσ, unit: S/m) of the olivine–chromite systems under the conditions of 2.0 GPa and 873–1223 K using the Hashin-Shtrikman upper (HS+)-
and lower (HS−)-bound models. Ol and Chr are abbreviations of olivine and chromite, respectively.

T (K) Ol Chr HS+ HS−

Chr- 7 (vol.%) 10 13 16 23 7 10 13 16 23

873 −4.89 0.95 −0.37 −0.21 −0.09 0.00 0.17 −4.80 −4.77 −4.73 −4.70 −4.61
923 −4.55 1.10 −0.22 −0.06 0.08 0.15 0.32 −4.46 −4.43 −4.39 −4.35 −4.27
973 −4.21 1.21 −0.11 0.05 0.17 0.26 0.43 −4.12 −4.09 −4.05 −4.01 −3.93
1023 −3.86 1.35 0.03 0.19 0.31 0.40 0.57 −3.77 −3.74 −3.70 −3.66 −3.58
1073 −3.63 1.47 0.15 0.31 0.43 0.52 0.69 −3.54 −3.51 −3.47 −3.43 −3.35
1123 −3.34 1.57 0.25 0.41 0.53 0.62 0.79 −3.25 −3.22 −3.18 −3.14 −3.06
1173 −3.10 1.65 0.33 0.49 0.61 0.70 0.87 −3.01 −2.98 −2.94 −2.90 −2.82
1223 −2.83 1.73 0.41 0.57 0.69 0.78 0.95 −2.74 −2.71 −2.67 −2.63 −2.55

Fig. 9. Comparisons of the electrical conductivities of the olivine–chromite systems
measured at 2.0 GPa in this study with the data measured for olivine–graphite systems,
olivine–FeS systems, and olivine–magnetite systems in previous studies. The dashed red
lines represent the conductivities of olivine aggregates containing 4 vol.% and 7 vol.%
graphite at 4.0 GPa (Wang et al., 2013a,b), the dashed green lines represent the
conductivities of FeS-free olivine aggregates and olivine–FeS systems containing 11 vol.%
and 12 vol.% FeS at 4.7–6.1 GPa (Zhang and Pommier, 2017), and the dashed blue lines
represent the conductivities of magnetite-free olivine aggregates and olivine–magnetite
system containing 3 vol.% magnetite at 2.0 GPa (Dai et al., 2019).
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enthalpy for the dry polycrystalline olivine (1.25 eV) in this study was
close to that of the dry olivine aggregateswith small polaron conduction
mechanism (1.21–1.48 eV) (Dai and Karato, 2014b). Therefore, we
Fig. 10. Schematic diagrams of the conductionmechanism for small polarons in the olivine–chro
and chromite crystals, and the balls of the same color indicate one type of ion. The names of the i
position of Fe2+; however,Mg2+does not participate in the conduction process. E represents the
Fe3+ and Cr3+ to Fe2+ in the olivine and chromite crystals.
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proposed that small polaron conduction was the main conduction
mechanism for the pure polycrystalline olivine. For polycrystalline oliv-
ine with isolated chromite, the electrical conductivity was dominated
by the olivine, and thus, themain conductionmechanismwas small po-
laron conduction. Chromite dominated the conductivities of the
olivine–chromite systems when the chromite grains remained inter-
connected. Iron and chromium ions, as variable valence elements, occu-
pied the lattice positions of chromite (Fe,Mg)Cr2O4, and the valence
states of Fe2+ and Cr3+ could be changed to 3+ and 2+, respectively.
This indicated that electrons in the conduction band of Fe2+ migrated
to the electron vacancies of Cr3+ at a certain excitation voltage
(Fig. 10). Thus, small polaron conduction was proposed to be the con-
duction mechanism for the chromites. In addition, a small polaron as a
charge carrier may possibly migrate through the olivine and chromite
grain boundary (Fig. 10). The mechanism for small polaron conduction
(Schock et al., 1989; Hirsch et al., 1993; Dai et al., 2016) was revealed to
be the following:

Fe�Mg þ h� ⇌ Fe�Mg ð3Þ

where FeMg
× and FeMg

• represent the ferrous and ferric ions occupying the
lattice site in olivine, respectively, and h• is the electron hole in the out-
most electronic shell for iron ions. The electrical conductivity of min-
erals and rocks can be described by the Nernst–Einstein equation (Xu
and McCammon, 2002; Karato, 2013):

σ ¼ ∑
j
njqjμ j ð4Þ

where σ is the electrical conductivity of the sample, nj is the concentra-
tion of j-type charge carriers, qj is the effective charge, and μj is the
mite systems. The colored balls represent ions occupying the lattice positions of the olivine
ons are shownnext to the balls. It is noted thatMg2+ in the chromite crystal can occupy the
electricalfield along the direction indicated by the arrow, and h• is a hole transported from
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charge mobility. Because of the short bond length and high concentra-
tion of Fe2+ and Cr3+, the concentration of small polarons in the chro-
mite was much higher than that in the olivine, and the activation
enthalpy for chromite aggregates (0.47 eV) was much lower than that
for olivine aggregates (1.25 eV) at high temperatures and pressures.
Furthermore, the main ions exchanged between olivine and chromite
might be Fe2+, Mg2+, Cr3+, and Mn2+, which will not affect the species
of the charge carriers (small polaron) in the olivine–chromite systems.
The molar concentrations of the charge carriers in the olivine and chro-
mite might be slightly changed.
5. Geophysical implication

Chromite is a significantmetallicmineral in the peridotites of the de-
pleted oceanic or subcontinental lithosphere (Yamamoto et al., 2009;
Arai, 2010, 2013; Griffin et al., 2016). Ultrahigh-pressure (UHP)mineral
inclusions (e.g., coesite, diamond) have been found in the chromitites
(“UHP chromitites”), implying a much deeper origin for both
chromitites and their host rocks (Yang et al., 2007). The low-pressure
(upper mantle) igneous chromitites can be conveyed through mantle
convection or subduction down to the mantle transition zone to form
ultrahigh-pressure chromitites. The “subduction-recycling” model has
been constructed to interpret the formation process of “UHP
chromitites”: A segment of the lithospheric mantle with low-pressure
chromitites was subducted into the deep mantle and stagnated around
the Transition Zone, where the diopside-associated chromite trans-
formed into the CF-structured phase, with a strongly deformed and
lineated microstructure (Arai, 2010, 2013; Satsukawa et al., 2015;
Griffin et al., 2016). After a long residence (≥150 Ma), the depleted
harzburgite was heated to the ambient mantle T and became more
buoyant than the surrounding mantle and was then recycled back to
shallow depth due to the effects of slab rollback and mantle convection
(McGowan et al., 2015; Griffin et al., 2016). During the uplift process,
the CF-structured phase transformed back into chromite at depths of
approximately 400 km (Satsukawa et al., 2015), and the recycled
Fig. 11. A possible model for the formation of podiform chromitites from Zhou et al. (2014). Cr
with fine grains were formed due to the change of the chemical compositions and temperatu
forming podiform chromitites, which were distributed into the lithosphere above the subduct
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mantle rocks with UHP chromites appeared in the harzburgite diapir
(Griffin et al., 2016). Some of these UHP chromites reappeared in the
shallower mantle and can coexist with newly formed low-pressure ig-
neous chromitites. Based on the geological environments, the
chromitites can be divided into Arc-type and mid-ocean ridge-type
chromitites, and chromitites may be common beneath the ocean floor.
High-temperature hydrothermal fluids can dissolve and precipitate
chromite, and hydrothermal chromitites (chromitites precipitated
from aqueous fluids) are possibly formed within the mantle where the
circulation of hydrous fluid is available, e.g., at the mantle wedge (Arai
and Miura, 2016). Furthermore, chromite deposits are widely distrib-
uted in the ophiolites of many subduction zones, e.g., Luobusha (SE
Tibet), Thetford (E Canada), Guleman (SE Turkey), Othris (W Greece),
and Oman (Page and Barnes, 2009; Zhang et al., 2016, 2017; Kapsiotis
et al., 2018; Rollinson et al., 2018; Uysal et al., 2018; Zhang et al.,
2020). The chromite content in the mantle-derived peridotite of the
ophiolite suite is very large in some local regions (Zhou et al., 1996;
Satsukawa et al., 2015; Rollinson et al., 2018). The high chromite con-
tent in the peridotite of ophiolite implies that abundant chromite
might still be distributed in the deep Earth. Zhou et al. (2014) investi-
gated the possible formation mechanism of the chromite deposit in
the subduction zones (Fig. 11). Upward-migrating magmas reacted
with the subducted materials in the slab window; the magmas become
more silicious, more hydrous, and more oxidized, and thus, the crystal-
lization of chromite was rapidly triggered (Matveev and Ballhaus,
2002). The newly formed chromite crystals in the hydrous magmas
were entrained in rising melts, which would pass through
suprasubduction zone (SSZ) mantle wedges (Zhou et al., 2014). The
fine chromite grains can coalesce in the upward-migrating magmas
(Matveev and Ballhaus, 2002) and be deposited as massive, nodular,
and disseminated chromitites (Zhou et al., 2014). The chromite aggre-
gates (chromitite) were widely distributed in the dunite according to
field geological investigations (Zhou et al., 1996; Kim et al., 2020). It
was indicated that olivine–chromite systems can represent the perido-
tite with abundant chromites in the subduction zones. The chromitites
-rich upward-migrating magmas assimilated the slab window, and then wetted chromites
res for the magmas. The wetted chromites coalesced in the upward-migrating magmas,
ion slabs.
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might be formed by the differentiation of Cr-rich magma (Liu and
O’Neill, 2004; Arai and Miura, 2016; Zhang et al., 2020), and the posi-
tions of chromite-rich peridotites possibly migrated as a result of the
late tectonicmovements. Thus, itwas difficult to determine the concrete
positions of chromite-rich peridotites in subduction zones based on the
presumed geological environments. We have demonstrated that the
presence of interconnected chromites significantly enhanced the con-
ductivities of the dunite, and thus, the interconnected chromites
might be closely related to the high conductivity anomalies in the sub-
duction zones.

Magnetotelluric detection technology has been widely applied as a
remote sensing method to determine the electrical structure in the
Earth's crust and upper mantle. High conductivity anomalies beneath
southern Tibet, Grenville province, Cascadia, and the Cocos plate have
been observed based on the magnetotelluric data (Naif et al., 2013;
Evans et al., 2014; Adetunji et al., 2015; Wang et al., 2017). Although
the presence of silicate melts, carbonated melts, and aqueous fluids
can be used to interpret the origin of high-conductivity layers (Wei
et al., 2001; Gaillard et al., 2008; Laumonier et al., 2015, 2017; Hu
et al., 2017; Sun et al., 2020), a significant influencing factor on the
high conductivity anomalies, the chromite content, has not been re-
ported in previous studies. To investigate the relationship between the
high-conductivity layers and the presence of chromite, we compared
the electrical conductivities of polycrystalline olivine–chromite systems
andhigh-conductivity layers in representative geological environments.
According to the thermal models in southern Tibet, Grenville province,
Cascadia, and the Cocos plate (Mareschal et al., 1998; Currie et al.,
2002, 2004; Wang et al., 2013a,b), the electrical conductivity–
temperature data of polycrystalline olivine containing 16 and 23 vol.%
chromites were converted into relevant electrical conductivity profiles
(Fig. 12). With increasing depth, the electrical conductivities of poly-
crystalline olivine containing 23 vol.% chromites became higher than
those of polycrystalline olivine containing 16 vol.% chromites. At the
same depth, large differences in the electrical conductivities of polycrys-
talline olivine with interconnected chromites in different geological en-
vironments existed because of the various thermal structures (Fig. 12).
Furthermore, the electrical conductivity–depth profiles of southern
Fig. 12. Laboratory-based conductivity-depth profiles constructed from data obtained for
theDS34 andDS37 runs in this study based on the thermal structure in southern Tibet, the
Cocos plate, Grenville Front, and Cascadia (Mareschal et al., 1998; Currie et al., 2002, 2004;
Wang et al., 2013a,b) and comparisons with MT data from these geological environments
(Naif et al., 2013; Evans et al., 2014; Adetunji et al., 2015; Wang et al., 2017). The dashed/
solid green, blue, purple, and red lines represent the conductivity–depth profiles for DS34/
DS37 in Cascadia, the Cocos plate, Grenville Front, and southern Tibet, respectively. The
green, blue, purple, and red rectangle regions display the electrical structures of
Cascadia, the Cocos plate, Grenville Front, and southern Tibet, respectively.
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Tibet, Grenville province, Cascadia, and the Cocos plate were con-
structed using the corresponding magnetotelluric data (Naif et al.,
2013; Evans et al., 2014; Adetunji et al., 2015; Wang et al., 2017). The
electrical conductivities and depth ranges of the high-conductivity
layers in the four regions were different because of the special geologi-
cal evolutions. As shown in Fig. 12, the electrical conductivities of poly-
crystalline olivine containing 16 vol.% chromites were close to those of
the largest conductivities of the high-conductivity layers in the Cocos
plate. It was implied that the high conductivity anomalies in the Cocos
plate could be caused by the mantle peridotite containing ≤16 vol.%
chromites. The largest conductivity in the high-conductivity layers in
Cascadiawas close to the conductivity of polycrystalline olivine contain-
ing 23 vol.% chromites. Thus, the high conductivity anomalies in
Cascadia might be caused by the presence of ≤23 vol.% chromites. For
the high-conductivity layers in the Grenville province, the largest con-
ductivity was close to those of polycrystalline olivine containing
23 vol.% chromites butmuch higher than those of the polycrystalline ol-
ivine containing 16 vol.% chromites. Thus, the high conductivity anom-
alies may be related to be the mantle peridotite containing ~23 vol.%
chromites. The largest conductivity of the high-conductivity layer in
southern Tibet was moderately higher than those of polycrystalline ol-
ivine containing 23 vol.% chromites. Therefore, the high conductivity
anomalies in southern Tibet cannot be caused by the presence of inter-
connected chromites with a volume fraction of less than 23 vol.%. Ac-
cording to previous studies, the high conductivity anomalies in
southern Tibet can be caused by the silicate melts and saline fluids
(Guo et al., 2018; Sun et al., 2020). The origin of the high conductivities
in the subduction zones has always been considered to be caused by a
single high-conductivity phase (e.g., saline fluids, melts, or a high-
conductivity mineral phase) (Wang et al., 2013a,b; Laumonier et al.,
2015; Guo et al., 2018). However, chromite, silicate melts, and aqueous
fluids might coexist in the host rocks (e.g., dunite and harzburgite) of
the subduction zones and upper mantle (Matveev and Ballhaus, 2002;
Zhou et al., 2014). Therefore, the origin of a high-conductivity layer
might not be the presence of a single high-conductivity phase, and the
dominant high-conductivity phases in various regions might differ. In-
terconnected chromiteswere proposed to be the possiblematerial com-
positions of the high-conductivity layers in certain regions with
abundant chromites of the subduction zones and uppermantle. In addi-
tion, the electrical anisotropy of the high-conductivity layers in the
upper mantle is a significant geological phenomenon (Matsuno et al.,
2010; Naif et al., 2013; Adetunji et al., 2015; Pommier et al., 2015).
Two electrical layered models were applied to interpret the electrical
anisotropy in the high-conductivity layers of the upper mantle
(Pommier et al., 2015). However, no practical geological samples have
confirmed that the layered melt with anisotropic connectivity rate
was distributed in the mantle peridotite. The presence of podiform (or
nodular) chromitites with oriented arrangement in the mantle perido-
tite might be a new crucial influencing factor on the electrical anisot-
ropy in the upper mantle (Fig. 11). The conductivities of peridotite
with podiform chromitites along the direction parallel to the long axis
of the chromiteswould be higher than those along the direction parallel
to the minor axis because the interconnectivity of chromites along the
long axis might be better than that along the minor axis. Therefore,
we proposed that the directional alignment of podiform chromitites
might be a possible influencing factor on the electrical anisotropy in
the upper mantle.

6. Conclusions

The electrical conductivities of polycrystalline olivine–chromite sys-
tems significantly increasedwith increasing temperature (873–1223 K)
and slightly increasedwith increasing pressure (1.0–3.0 GPa). The chro-
mite content has an important effect on the conductivities of the olivine
aggregates. Interconnected chromites (≥16 vol.%) dramatically en-
hanced the conductivities of polycrystalline olivine–chromite systems,



W. Sun, J. Jiang, L. Dai et al. Geoscience Frontiers 12 (2021) 101178
with increases of more than 2 orders of magnitude compared with the
conductivities of pure olivine aggregates (10−5–10−3 S/m). The activa-
tion enthalpies for the polycrystalline olivine–chromite systems with
interconnected chromite (0.48–0.54 eV) were much lower than those
for pure olivine (1.25 eV) and moderately lower than those of the
olivine–chromite systems with isolated chromite (0.78–0.87 eV).
Small polaron conduction was proposed as the conduction mechanism
for the pure olivine aggregates, pure chromite aggregates, and polycrys-
talline olivine–chromite systems. The presence of chromites with good
interconnectivity might be related to the high conductivity anomalies
and electrical anisotropy in the subduction zones. In reality, it might
be impossible that interconnected chromites are distributed within
the tens and hundreds of kilometers depth and breadth range. Gener-
ally, there are abundant high-conductivity bodies with various volumes
in a certain region. Interconnected chromites might be the dominant
influencing factor of some high-connectivity bodies with small volume;
however, aqueous fluids and melts possibly play the most important
role for high-connectivity bodies with large volume.
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