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Abstract The anomalously high electrical conductivities (~0.1 to 1 S/m) in deep mantle wedge regions
extensively detected by magnetotelluric studies are often associated with the presence of fluids released
from the progressive dehydration of subducting slabs. Epidote minerals are the Ca-Al-rich hydrous silicates
with huge stability fields exceeding those of amphibole (>70-80 km) in subducting oceanic crust, and they
may therefore be transported to greater depth than amphibole and release water to the mantle wedge. In
this study, the electrical conductivities of epidote were measured at 0.5-1.5 GPa and 573-1273 K by using a
Solartron-1260 Impedance/Gain-Phase Analyzer in a YJ-3000t multianvil pressure within the frequency range
of 0.1-10° Hz. The results demonstrate that the influence of pressure on electrical conductivity of epidote is
relatively small compared to that of temperature. The dehydration reaction of epidote is observed through
the variation of electrical conductivity around 1073 K, and electrical conductivity reaches up to ~1 S/m at
1273 K, which can be attributed to aqueous fluid released from epidote dehydration. After sample
dehydration, electrical conductivity noticeably decreases by as much as nearly a log unit compared with that
before dehydration, presumably due to a combination of the presence of coexisting mineral phases and
aqueous fluid derived from the residual epidote. Taking into account the petrological and geothermal
structures of subduction zones, it is suggested that the aqueous fluid produced by epidote dehydration could
be responsible for the anomalously high conductivities in deep mantle wedges at depths of 70-120 km,
particularly in hot subduction zones.

1. Introduction

A large number of electromagnetic and seismic results from various subduction zones indicate the presence of
anomalies of electrical conductivity (EC) and seismic wave attenuation in the mantle wedge and fore-arc
regions. In these regions, electrical conductivity is characterized by the high value of ~0.1-1 S/m [Soyer and
Unsworth, 2006; Chen and Clayton, 2009; Pozgay et al., 2009; Worzewski et al., 2011; Evans et al., 2014; Pommier,
2014]. By combining petrological studies [Liu et al., 1996; Ono, 1998; Schmidt and Poli, 1998] with experimentally
conductivity measurements [Guo et al., 2011; Niet al., 2011; Wang et al., 2012; Manthilake et al., 2015, 2016], the
high conductivity anomalies in these regions are commonly explained by the presence of partial melt or free
fluids released from dehydration of hydrous minerals (e.g., amphibole, chlorite, lawsonite, zoisite/epidote,
chloritoid, and talc) in the subducting slab. In the setting of young and hot subduction zones, partial melting
in the mantle wedge, caused by ascending fluids released from the subducting oceanic lithosphere or escaped
along fracture zones to the upper mantle, is often at depths shallower than 70 km [Liu et al., 1996]. However, for
the mature and cold subduction zone with low thermal gradient, hydrous minerals are stable to greater depth
along the subducting slab and a large amount of water released from the dehydration of these minerals takes
place at depths even greater than 100 km [Poli and Schmidt, 1995], also causing partial melting of the deep
mantle wedge overlying the subduction slab. Consequently, the interpretations for the highly conductivity
anomalies in the deep mantle wedge as a result of the release of deep fluids or partial melting are still in debate.
However, the laboratory-based EC measurements on hydrous minerals in subduction slabs can provide aninde-
pendent and important constraint on the interpretation of the anomalous high conductivity observed in field
magnetotelluric (MT) results, because electrical conductivity is strongly dependent on the variation of water
content in sample, partial melting, and temperature.

Extensive laboratory work has sought to measure the electrical conductivity of the major hydrous phases in
subduction zones such as serpentinites and talc [Guo et al., 2011; Reynard et al., 2011; Wang and Karato, 2013],
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400 amphibole [Wang et al., 2012], lawso-

nite [Manthilake et al., 2015], phlogo-
pite [Li et al, 2016], and chlorite
[Manthilake et al., 2016], but large
differences are evident in the results
of these experiments, and in some
cases, the laboratory measurement
results are inconsistent with field
MT observations. Additionally, the
mechanism of enhanced electrical
conductivity of hydrous minerals dur-
ing dehydration temperature regime
is still controversial. For instance, the
enhanced conductivity of amphibole
and talc at temperatures exceeding
100 the stability field of samples is consid-
Abundance (vol%) ered to be due to the oxidation of
iron rather than aqueous fluid

Figure 1. Temperature-abundance diagram for hydrated MORB composi-  released during dehydration [Wang
tion. Data from Apted and Liou [1983]. Abbreviations: Amp, amphibole; Chl, et al., 2012; Wang and Karato, 2013].
chlorite; Epi, epidote; Plag, plagioclase; Qtz, quartz.
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The electrical conductivity results of
phlogopite also showed that the con-
ductivity is not caused by water, but probably F and K [Li et al., 2016]. Recent experimental study on electrical
conductivity of chlorite demonstrated that aqueous fluid alone cannot explain the anomalously high conduc-
tivity in the mantle wedge, but an interconnected network of chemically impure magnetite produced during
the dehydration of chlorite does [Manthilake et al., 2016]. In addition, molecular dynamic simulation results
reveal that the presence of low-salinity (0.5 wt %) NaCl-H,O fluid can account for the anomalous high-
conductivity zones at a relative shallow depths above the subducting oceanic crust [Sakuma and Ichiki,
2016]. Consequently, it remains unknown whether the presence of other conductive materials other than
aqueous fluid is required to explain the high EC in the subduction zone.

The epidote group is a complex family of rock-forming silicate minerals with the chemical formula
CasAlz _ ,Fe,Siz03H (0 < x < 1.0) [Franz and Selyerstone, 1992; Kvick et al., 1988; Grodzicki et al., 2001].
Monoclinic members up to 0.5 Fe per formula unit (pfu) are commonly called clinozoisite, and those with
more than 0.5 Fe pfu are named epidote. Epidote is unequivocally a reaction product when the oceanic crust
passes through the greenschist to blueschist facies metamorphism, simultaneously a progressive increase of
epidote abundance with pressure, and its high abundance reaches 30-35 vol % occurring in epidote-
blueschist facies as shown in Figure 1 [Apted and Liou, 1983; Poli and Schmidt, 2004]. Additionally, the huge
stability field of epidotes means that they often have been considered to be an significant water reservoir
in subducting oceanic crust at depths exceeding the stability of amphibole (>70-80 km), even at higher
geothermal gradients, which implies that epidote/zoisite could contribute to fluid flux to the mantle wedge
at depths of 100-120 km [Poli and Schmidt, 1995, 1998; Liu et al., 1996]. Hence, the aqueous fluids released by
epidote dehydration in the context of subduction may be responsible for the anomalously high conductivity
in the deep mantle wedge. However, no study has been devoted to the electrical conductivity of epidote
under the conditions prevailing in subduction zones and its possible contribution to the anomalously high
conductivity regions in the deep mantle wedge.

2, Experimental Procedures

The starting materials were gem-quality, short prismatic single crystals of green epidote from Handan in
Hebei province, China. The chemical compositions of samples were determined with an EPMA-1600 electron
probe operating at an accelerating voltage of 25 kV and a beam current of 10 nA, and the results are shown in
Table 1. The crystals are chemically homogeneous determined by multipoint electron microprobe analyses.
Cylindrical cores with 6.0 mm in diameter and 3.0-6.0 mm in length were prepared by cutting and polishing
natural crystals along the direction of b axis. The samples were then successively cleaned by using acetone
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Table 1. The Chemical Composition of Sample Before Electrical Conductivity Measurement (wt %)2
Sample SiOy Al,O3 Cao MgO TiO, MnO Fe,03 Na,O Total

Epi 39.27 22.18 23.49 0.03 0.03 0.04 12.25 0.03 97.32

3All Fe in epidote as Fe3™.

and ethanol in an ultrasonic cleaner and later stored in a muffle furnace at 423 K in order to keep them dry
before the experiments. After electrical conductivity experiments, the recovered samples were polished to
investigate the microstructures and identify the phase transition products by scanning electronic
microscope (SEM) and optical microscope. For the conductivity measurement, the cell design was basically
similar to that used in our previous work [Hu et al., 2014, 2015]. The cylindrical sample was sandwiched
between two symmetric Ni electrodes, and two nickel-aluminum (Nig;Alz) wires were separately
connected to each electrode. Because epidote group minerals host iron in the fully oxidized state [Franz
and Liebscher, 2004], high oxygen fugacities (equal to or above the hematite-magnetite oxygen buffer) are
expected to maximize epidote stability. The oxygen fugacity, therefore, was controlled by using Ni
electrodes and its correspondent Ni shielding for the sake of keeping fO, close to the Ni-NiO buffer. An
Al,O5 sleeve was placed outside the sample, and a cylindrical MgO sleeve was put directly in contact with
Al;O5 sleeve in order to keep a highly insulated electrical environment under experimental conditions. An
Ni shielding was used between Al,O3; and MgO sleeves and connected to the ground by a wire so as to
prevent external electromagnetic disturbance and minimize the thermal gradient of the sample. The
heater, made of three layers of stainless steel sheets with a total thickness of 0.5 mm, was installed outside
of MgO sleeve. An NigoCrqo-Nig7Al3 thermocouple with a ball head in direct contact with the middle of the
sample was used to monitor the temperature of sample. Prior to sample assembly, the pyrophyllite
pressure medium with an edge length of 32.5 mm and pyrophyllite end caps were heated at 1023 K for
5 h in order to avoid pyrophyllite dehydration influencing the EC measurements. All other parts were kept
at 400 K until they were assembled in order to remove absorbed water. After assembly of the sample, it
was kept in a muffle furnace at 473 K until EC measurements.

High-temperature and high-pressure experiments were carried out by using a YJ-3000t multianvil apparatus
installed in the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. Complex impedance
spectra were measured at temperatures of 573-1273 K and pressures of 0.5-1.5 GPa by a Solartron-1260
Impedance/Gain-Phase Analyzer with the frequency range from 10" to 10° Hz. The applied alternating
current voltage was 1 V. For each run, the sample was first compressed to the desired pressure. Under a
constant pressure, the sample was slowly heated to 873 K at a rate of 20 K/min and kept at that temperature
for 3 h to attain thermal transfer equilibrium and remove the absorbed moisture in the sample assembly. The
impedance spectra were collected frequently at 873 K until the sample resistance reached a steady value. The
sample was then cooled to 573 Kiin steps of 50 K, and simultaneously, at each temperature interval, the impe-
dance spectra were measured after the measurement system was stabilized for about 15 min at each
temperature interval. The maximum temperature (873 K) during the initial heating-cooling cycles was
designed to avoid the decomposition of the sample and ensure the reproducible data before the sample
dehydration. During sample dehydration process, the impedance spectra were collected directly without
the period of 15 min for stabilizing measurement system at each temperature interval until temperature
was raised up to 1273 Kiin order to investigate the variation of electrical conductivity during sample dehydra-
tion process. After no change of resistance at maximum temperature of 1273 K was observed, the impedance
spectrum measurements were performed again in the following heating and cooling cycle by the same
method as that before sample dehydration. This procedure confirmed the reproducibility of data and
minimized the uncertainty of electrical conductivity measurements. Details of the experimental conditions
are listed in Table 2.

Since the shapes of impedance arcs in the complex plane exhibited remarkable differences during the
different stages of sample, an appropriate equivalent circuit was chosen to model the impedance spectrum
in order to determine sample resistance by using a complex nonlinear least squares fitting routine. The
electrical conductivity () was then calculated from the sample dimensions and the resistance by using the
equation ¢ =L/SR, where L and S are the sample length and cross-section area of electrode, respectively,
and R is the sample resistance. The sample geometry was checked before and after electrical conductivity
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Table 2. The Fitting Parameters for Electrical Conductivity at Different Stages of Sample

Ty (K) T2 (K)

Run No. P (GPa) Before Dehydration After Breakdown 001 (S/m) AHq (eV) 002 (S/m) AH> (eV)

E11 0.5 523-1023 573-1253 194.98
E22 1.0 523-1073 673-1273 158.05
E31 1.5 523-1073 623-1223 102.40

0.64 103.85 0.91
0.68 84.15 0.94
0.67 48.87 0.92

measurements, and the distortion were found to be so small that they could be ignored during data
processing. The uncertainty in temperature due to the thermal gradient along the length of sample cell
was less than 5 K. The uncertainty in pressure in the sample cell was lower than 0.1 GPa according to the
pressure calibration in YJ-3000t multianvil apparatus [Shan et al., 2007]. Therefore, the total uncertainty of
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Figure 2. Representative complex spectra at different stages of the sample.
(a) Before sample dehydration (below 1073 K), the spectra show the ideal
semicircle arcs in the complex plane, which represents the bulk conduction
of single crystal epidote. During sample dehydration process, the impedance
arcs marked by colored symbols show that the inductive loop in the low-
frequency regime reflected the occurrence of dehydration reaction. An
equivalent circuit of a single RC/CPE in parallel is used to fit these impedance
arcs. (b) After sample dehydration, the grain boundary arcs are well devel-
oped in the low-frequency range owing to sample breakdown. The solid
lines represent the fitting results by the equivalent circuit.

electrical conductivity, including
impedance spectra fitting and
temperature, was no more than 5%.

3. Results

Representative impedance spectra at
different stages of heating and cool-
ing at 0.5 GPa are displayed in
Figure 2. At temperatures below
1073 K (before sample dehydration),
the spectra show a Debye semicircle
in the complex impedance plane
over the whole frequency range with
a center that falls on the real axis. The
semicircular arc represents the bulk
conduction of sample because there
are no grain boundaries in the single
crystal sample of epidote, and hence,
it can be fitted by a parallel
resistance-capacitance  equivalent
circuit to determine the sample resis-
tance [Huebner and Dillenburg, 1995].
The diameters of the semicircular
arcs gradually decrease with increas-
ing temperature, implying a decrease
of resistance and an increase in elec-
trical conductivity of sample. At
1123 K, the onset of sample dehydra-
tion, the impedance arcs remarkably
shrink as indicated by the colored
symbols in Figure 3a, implying the
slope of electrical conductivity
changes ~1123 K. Meanwhile, the
extent of variation of impedance arcs
at temperatures above 1123 K
becomes smaller, reflecting a gentle
increase in electrical conductivity. At
high temperatures during the dehy-
dration process, the impedance arcs
in the low-frequency regime indicate
the positive Z" of the presence of the
inductive loop, which is related to
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electrode-fluid reaction at the sample
electrode interface, as reported pre-
viously [Bai and Conway, 1991;
Macdonald, 1978]. Therefore, the
inductive loop that appears at low
frequencies reflects the occurrence
of dehydration reaction, as are also
observed for other hydrous minerals
such as talc [Wang and Karato, 2013]
and chlorite [Manthilake et al., 2016].
After dehydration, the impedance
spectra in the lower frequency range
are remarkably developed, which is
usually attributed to the contribution
of a grain boundary component to
the sample resistance [Roberts and
Tyburczy, 1993; Dai et al., 2013]. The
appearance of grain boundary impe-
dance arcs reflects the breakdown
of the single crystal sample and the
formation of new phases that are
confirmed by using images produced
with an SEM and optical microscope
for the recovered sample, as shown
in Figure 3.

The temperature dependence of
electrical conductivity for silicate
minerals is usually expressed accord-
ing to the Arrhenius relationship:

o\
10pm SKLODG 6/6/2016

20.0kV BED-C SEM WD 9.9mm AH
o = 0y <——>, (1)

Figure 3. (a) Optical microscope image and (b) SEM image of the recovered
sample after conductivity measurements. The presence of voids (dark-gray
regions) showed in the SEM image corresponds to the presence of aqueous where g is a pre-exponential factor
fluid preserved during high P-T experiments. Abbreviations: an, anorthite; (S/m), k is the Boltzmann constant
epi, epidote; hem, hematite; qtz, quartz; grt, garnet. (eV/K), T is the absolute temperature
(K), and AH is the activation enthalpy
(eV), which can be defined as a function of pressure (P) and is expressed by AH = AEy + PAV, where AE and AV
are the activation energy and the activation volume, respectively. The examples of electrical conductivity in
different heating and cooling cycles at 1.5 GPa and the conductivity data at 0.5-1.5 GPa are illustrated in
Figures 4 and 5, respectively. As the plot of electrical conductivity versus temperature shows different slopes
at different stages of sample heating, the data were separately fitted by the Arrhenius formula. Accordingly,
the fitting parameters from equation (1) are summarized in Table 2.

The electrical conductivity measurements were carried out in the several heating/cooling cycles at
0.5-1.5 GPa, and similar features are displayed as Figure 4. In the first cooling and second heating cycle,
the logarithmic conductivity increases with increasing temperature and a good reproducibility of data was
acquired before sample dehydration (<873 K). Once the sample was heated to ~1073 K, a noticeably weak
dependence of electrical conductivity on temperature was observed, and when the sample was kept at
the maximum temperature of 1273 K, electrical conductivity displayed the remarkable decrease, reflecting
the progressive dehydration of the sample and the simultaneously but gradual escape of the aqueous fluid
from the sample cell. The dehydration temperature (~1073) roughly corresponds to the breakdown of
epidote into a multiphase assemblage of grossular garnet, anorthite, quartz, hematite, and fluid, which is
in consistency with the results of phase equilibrium experiments with epidote by Poli and Schmidt [2004].
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Figure 4. Electrical conductivities of epidote as a function of reciprocal temperatures along different heating/cooling
cycles. The conductivities in the first cooling and second heating below 873 K are reproducible, and after the sample
dehydration at high temperature regimes, the trace of the second cooling path is almost consistent with that of the third
heating path.

After sample dehydration, relatively low electrical conductivity was yielded in the following cooling and
heating cycles and the data demonstrated good reproducibility. Accordingly, relatively high activation
enthalpies are obtained with the value of about 0.90 eV. The incomplete breakdown of the epidote sample
was investigated after EC experiments by images of optical microscope (Figure 3a) and SEM (Figure 3b).

The electrical conductivities (Figure 5) at different pressures also demonstrate similar features with three
different stages of sample as shown in Figure 4. The distinguishable variation of the electrical conductivity
was displayed in the heating path ~1073 K, which indicates the occurrence of sample dehydration. After
annealing at the maximum temperature of 1273 K, the reproducibility of electrical conductivity implies the
formation of a mineral assemblage with relatively low electrical conductivity. As illustrated in Figure 5, the
influence of pressure on the electrical conductivity is relatively weak compared with temperature. There is

1290 1090 8q0 60|0 40|0 300 °C)
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04
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5 8
g 3
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Figure 5. The logarithm of electrical conductivity of epidote as a function of reciprocal temperature at 0.5-1.5 GPa. Data
from different pressures show good reproducibility, and the moderate increase of EC is observed when the sample
dehydration happened ~1073 K. The decrease of EC by more than 1 order of magnitude is also observed after the break-
down of epidote at different pressures. The orange dash-dotted line is the EC data of aqueous fluid with 5 wt % NaCl from
Sinmyo and Keppler [2017]. The blue dotted line and green dashed line are the EC data of polycrystalline anorthite and
quartz from Hu et al. [2015] and Bagdassarov and Delépine [2004], respectively.

HU ET AL.

ELECTRICAL CONDUCTIVITY OF EPIDOTE 2756



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2016JB013767

a tendency for the effect of pressure on electrical conductivity of epidote to become small as pressures
increase (Figure 5), and even at low temperature, the electrical conductivities overlap at 1.0 GPa and
1.5 GPa. Meanwhile, the activation enthalpies at various pressures in the same temperature range demon-
strate only slight discrepancy as shown in Table 2. As a consequence, the effect of pressure on electrical
conductivity is not considered in the following discussion sections.

4. Discussions

4.1. Conduction Mechanism

Since several distinct types of electrical conductivity/temperature dependences on the Arrhenius plot in
Figure 5 were observed in the sample heating and cooling cycles, different conduction mechanisms can
be identified and operate individually in the different stages of sample. At temperatures below ~1073 K
(before sample dehydration), the measured high conductivities and low activation enthalpies (~0.70 eV) at
pressures of 0.5-1.5 GPa can probably be attributed to the H,O in sample, or in other words, hydrogen-
related defect (H) as the main charge carriers may dominate the conduction mechanism. For the Fe-bearing
nominally hydrous minerals, proton (H) conduction and small polaron conduction by the hopping of electron
holes between Fe?* and Fe**are commonly considered to be two representative mechanisms of charge
transport before the dehydration stage. However, the relatively low activation energies (~0.6-0.8 eV)
reported for talc, serpentinite, and brucite [Fuji-ta et al., 2007; Guo et al., 2011; Guo and Yoshino, 2014] are
often attributed to the migration of proton owing to its small ion radius and highly mobility, although these
minerals contain small amounts of iron. In contrast, for Fe-bearing nominally anhydrous minerals, the
conduction by the hopping of small polaron is often characterized by relatively high activation energy, which
depends on iron concentration in sample [Dai and Karato, 2009; Poe et al., 2010; Yang et al., 2012; Yoshino
et al., 2012]. For Fe-bearing nominally hydrous minerals, the activation energy for small polaron conduction
is also high (~1.3 eV), e.g., antigorite [Reynard et al., 2011] and pyrophyllite [Hicks and Secco, 1997], which is
similar to the situation for Fe-bearing nominally anhydrous minerals. Despite that our sample is iron-rich
epidote with Fe,05 content of ~12.25 wt % (Table 1), the replacement of AI** by Fe** ion increases the
0O-0 distance which results in a weakening of hydrogen bond with increasing Fe content reported by
Kvick et al. [1988]. Thus, the low AH (~0.70 eV) and high electrical conductivity before sample dehydration
in this study may have been the result of a significant contribution of proton conduction.

At temperatures above 1073 K, the presence of aqueous fluids released during sample dehydration as well as
the simultaneous escape of fluids from sample cell caused a discontinuous variation in electrical conductivity.
We propose that the bulk electrical conductivity was dominated by the water fluid with very low or no
salinity, because as shown in Figure 5, aqueous fluids with 5 wt % NaCl have extremely high conductivity
value [Sinmyo and Keppler, 2017]. After a long duration at the highest temperature of 1273 K, the reproducible
low electrical conductivity in final cooling/heating cycles and relatively high activation enthalpy (~0.90 eV)
are obtained. According to SEM and optical microscope images shown in Figure 3, massive anorthite and
quartz form an interconnected network as matrix in the sample and the residual epidote distributes as
isolated shapes in the grain boundary; consequently, the bulk conductivity of the sample is most likely domi-
nated by the weak conductive anorthite and quartz. However, according to the electrical conductivity data of
polycrystalline quartz [Bagdassarov and Delépine, 2004] and anorthite [Hu et al., 2015] as shown in Figure 5,
both of them have restively low electrical conductivity and higher activation enthalpies (~1.40 eV for quartz
and 1.90 eV for anorthite) compared to the present value (0.90 eV). Consequently, it is expected that the
presence of a small amount of aqueous fluid continuously released from residual epidote causes an enhance-
ment of electrical conductivity and the decrease in activation enthalpy. Aqueous fluids from the residual
epidote located in grain boundary presumably facilitated the migration of charge carriers in solid matrix.
Therefore, the bulk conductivity of the sample was probably controlled by the coexisting solid phases (quartz
and anorthite) and aqueous fluids existing in the grain boundary.

4.2. Comparisons With Previous Data of Hydrous Minerals

Previous conductivity data for epidote at high temperature and high pressure are unfortunately unavailable.
However, the EC data for most of other nominally hydrous minerals in subduction zones have been widely
reported [Guo et al., 2011; Reynard et al., 2011; Wang et al., 2012; Wang and Karato, 2013; Manthilake et al.,
2015, 2016; Li et al., 2016]. Comparisons with these data therefore are therefore important in explaining
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B’ s to 5 GPa and temperatures of up to
798 K, and the low electrical conduc-
68 tivities (<10™* S/m) as shown in
Figure 6 are obviously lower than
8l our results. They concluded that elec-
trical conductivity of antigorite could
6 9 12 15 18 21 24 27 not account for the high conductiv-

10000/7’(}(1) ities observed in the mantle wedge,
and the electrical conductivity in the

Figure 6. Electrical.conductivity gf epid(?te and comparison with ava.ilable hydrated mantle wedge is only sensi-
Fiata on hydrous minerals. The thick red line represents a result of antl'gc'>r— tive to fluid content and salinity, not
ite [Reynard et al., 2011]. The gray field denotes the deformed serpentinites L
and talc rocks [Guo et al., 2011]. The thick light blue and orange lines indicate to serpentinization. Guo et al. [2011]
talc aggregates and amphibole-bearing rocks, respectively [Wang et al., 2012;  measured the electrical conductivity
Wang and Karato, 2013]. The thin pink and green lines illustrate lawsonite measurements of deformed natural
and chlorite, respectively [Manthilake et al., 2015, 2016]. The dark blue line
represents phlogopite [Li et al., 2016]. Abbreviation: BD, before dehydration;
AD, after dehydration.

talc rocks and serpentinites at
500-1000 K and 3 GPa, yielding the
low electrical conductivities that are
similar to the present results at low temperatures after sample dehydration. Therefore, the anomalously high
conductor in both warm and cold subduction zones cannot be explained by the presence of talc and serpen-
tinites. However, the activation enthalpies (0.59-0.75 eV) for deformed serpentinites and talc rocks reported
by Guo et al. [2011] are generally consistent with our data (~0.70 eV) before sample dehydration, and in both
studies, the structural water conduction is also proposed to be dominant conduction mechanism.

Wang and Karato [2013] performed electrical conductivity experiments of talc aggregates before and after
dehydration at 0.5 GPa, and EC values are much lower than those of our results before and during dehydra-
tion, although Wang and Karato [2013] did observe an abrupt increase in electrical conductivity during dehy-
dration process. They concluded that the electrical conductivity of talc is possibly dominated by ferric iron
both before and after dehydration, rather than proton (H) or aqueous fluid. Similarly, they also concluded that
the high activation enthalpy and enhanced conductivity of amphibole during the dehydration process were
not caused by the conductive fluids but by the dissociation of OH™ into hydrogen and oxygen associated
with the oxidation of iron [Wang et al., 2012]. There are inconsistencies in their results and ours with regard
to the contribution of aqueous fluids to the EC. The dehydration temperature of amphibole observed by
Wang et al. [2012] is much lower than that of epidote observed in this study, and this is consistent with experi-
mental studies that revealed that epidote minerals have huge stability fields exceeding the field of amphi-
bole stability (70-80 km) [Poli and Schmidt, 1995, 1998; Schmidt and Poli, 1998].

Manthilake et al. [2015] conducted the electrical conductivity measurement on lawsonite at 7 GPa and
temperatures of 298-1320 K, reporting the sharp increase in conductivity when exceeding the dehydration
temperature of ~1258 K. The electrical conductivity of lawsonite after dehydration is much higher than our
results in a similar temperature range, although both the lawsonite and epidote have similar electrical
conductivity values before dehydration. Manthilake et al. [2015] attributed the increase in electrical conduc-
tivity to the highly conductive fluid released during its dehydration, which is similar to our conclusion for epi-
dote. More recently, the electrical conductivity of natural chlorite under conditions prevailing the subduction
zone was determined by Manthilake et al. [2016]. In their study, the two distinct enhancements of conductiv-
ity after chlorite dehydration were attributed to the release of aqueous fluids and interconnected highly con-
ductive magnetite, respectively. The lower electrical conductivities of aqueous fluid and higher conductivity
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of impure magnetite formed after the breakdown of chlorite are inconsistent with our results before and after
epidote dehydration. Furthermore, their results demonstrated that aqueous fluids alone cannot interpret the
anomalous high conductivity in the mantle wedge, but the interconnected conductive impure magnetite
with 14 vol % can do. Anisotropic electrical conductivity data of phlogopite from Li et al. [2016] revealed a
large activation energy for the geometrical mean of the conductivity (1.78 eV), which was attributed to the
probably K" and F~ conduction. Accordingly, Li et al. [2016] suggested that the highly conductive anomalies
above subduction zones or in normal shields could be caused by a regional enrichment of K- and F-rich phlo-
gopites. The electrical conductivities of phlogopite are higher than those we observed for epidote in the high
temperature regime.

4.3. Implications for Highly Conductivity Anomalies in Subduction Zones

According to the laboratory conductivity data for important hydrous minerals in the subduction zone
(Figure 6), the dehydration of some hydrous minerals such as amphibole [Wang et al., 2012] and talc
[Wang and Karato, 2013] cannot be the cause of the anomalous high conductivity in spite of the presence
of aqueous fluids released during dehydration reaction. On the other hand, it has been suggested that the
high conductive accessory minerals such as oxides (magnetite), phlogopite, and sulfides (or saline fluids)
could account for the high conductivity anomalies in subduction zones by the conductivity model of two
phase medium consisting of a resistive matrix and those conductive materials [Reynard et al., 2011; Li et al.,
2016; Manthilake et al., 2016; Sakuma and Ichiki, 2016]. These results are somewhat efficient for the interpre-
tation of some regional highly conductive anomalies, but not consistent with the widespread interpretation
of highly conductive zones in terms of partial melting or the accumulation of free fluids [Ichiki et al., 2000;
Soyer and Unsworth, 2006; Worzewski et al., 2011; Evans et al., 2014; McGary et al., 2014; Pommier, 2014].
Since the thermal structure of a subduction zone determines the depth at which the hydrous minerals
become dehydrated in the subducting slab, therefore, if regardless of the complexity and diversity of thermal
and petrological structure in different subduction zones, a single high conductivity mechanism observed
from experimental conductivity study on a single hydrous mineral can hardly explain the widespread highly
conductive anomalies in subduction zones. Accordingly, the laboratory electrical conductivity data on geo-
materials, together with petrological results, are generally required to explain the field electromagnetic data
for a clear map of composition, temperature, and geological processes.

Based on the typical mineralogy and thermal model of a subduction zone given by Schmidt and Poli [1998] as
shown in Figure 7a, the depth of the release of water from the subducting slab is related to the thermal
stability of various hydrous minerals and thermal structure of the subduction zones. Epidote forms through-
out greenschist facies and reaches up to 35 vol % in epidote-blueschist facies. The transition from blueschist
to eclogite facies occurs via the consumption of epidote; thus, this mineral is the ultimate fluid source in mafic
rock compositions in an oceanic crust subducting at intermediate temperatures [Poli and Schmidt, 2004]. The
highly conductive anomalies shown in Figure 7a in the mantle wedge (~70-120 km) are widely observed by
magnetotelluric imaging of the subduction zones [Soyer and Unsworth, 2006; Evans et al., 2014; McGary et al.,
2014].The enhanced conductivity in these zones is commonly interpreted as the presence of free fluids
released from the underlying subducting crust, although partial melting of the mantle wedge is another
possible way of explaining the deep high conductivity region of mantle wedge, especially for the young
and hot subduction zones. Consequently, aqueous fluids derived from the dehydration of zoisite/epidote
in subducting slab at depths below 70 km shown in Figure 7a may make a significant contribution to deep
highly conductive anomalies in the mantle wedge.

To explain the deep highly electrical conductors in the mantle wedge, the different thermal structures along
subduction zones for cool and hot subduction need to be considered, because electrical conductivity is
particularly sensitive to temperature. The typical hot and cool thermal models for a slab surface, derived
respectively from Central Cascadia subduction zones and central New Zealand subduction zones, are
adopted and shown in Figure 7b [Syracuse et al, 2010], in order to establish the laboratory-based
conductivity-depth profile by electrical conductivity data of epidote in this study and the data for dry eclogite
from Dai et al. [2016]. The thermal structure of the wedge from Currie et al. [2004] was also selected, together
with the SEO3 model for dry olivine from Constable [2006]. These results, along with the high conductivity
zone in mantle wedge at depths of ~70-120 km, are shown in Figure 7b.
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Figure 7. (a) Mineralogical model of the subduction zone is referred from Schmidt and Poli [1998]. The red regions in the
mantle wedge are the anomalous high conductivity zones extensively detected by magnetotelluric and seismic velocity
surveys; (b) conductivity-depth profiles established from the data of epidote in this study, dry eclogite from Dai et al. [2016]
and SEO3 model for dry olivine from Constable [2006] based on the thermal structure of subduction slab in the typical hot
(Central Cascadia subduction zones) and cool (central New Zealand subduction zone) subduction zones [Syracuse et al.,
2010], and the mantle wedge [Currie et al., 2004], respectively, which are shown in the inset. The thick solid purple black lines
represent EC profile from the present data before epidote dehydration in hot and cool subduction slabs, respectively. The
thin solid purple and black lines denote EC profile from the data of dry eclogite in hot and cool subduction slabs, respec-
tively. The solid red line indicates the SEO3 model for dry olivine in the mantle wedge. The red rectangle shows the HCZ in
the mantle wedge at depths of ~70-120 km. The waterdrops refer to the epidote dehydration process. Abbreviations: a,
phase a; amph, amphibole; chl, chlorite; cld, chloritoid; serp, serpentine; law, lawsonite; zo, zoisite; epi, epidote.

A typical highly conductivity region in the mantle wedge of the Cascadia hot subduction system was
investigated at depths of ~80-90 km by magnetotelluric method [Soyer and Unsworth, 2006; Evans et al.,
2014; McGary et al., 2014]. According to the thermal model of the slab interface, the depth of initial occur-
rence of epidote dehydration reaction (marked by waterdrops on the thick solid purple line in Figure 7b) is
just within the range of 80-90 km, which is consistent with the depth of highly conductive anomaly.
Aqueous fluids from epidote dehydration reaction would migrate upward into the overlying mantle
wedge and could cause extensive accumulation in the overlying mantle; partial melting may also be
triggered in the core of the converting mantle wedge through reducing the melting temperature.
However, partial melting can explain the high conductor only if the temperature is high enough
(>1473 K) in the hot core of the mantle wedge, based on the electrical conductivity of hydrous basaltic
melt [Ni et al., 2011]. The temperature of the high conductor in the mantle wedge of central Cascadia
subduction is in the range of ~1373-1673 K as indicated by van Keken et al. [2011] and therefore partial
melting of the mantle-wedge peridotite, triggered by the involvement of aqueous fluid released from
epidote dehydration, may be responsible for the high conductivity in the hot core of this mantle wedge,
because dry olivine has a low electrical conductivity value (Figure 7b). In addition, the electrical conductiv-
ity of epidote during dehydration falls in the range of high conductors (~0.1-1 S/m) in the mantle wedge,
and it is likely, therefore, that poorly conductive eclogite accounts for the highly conductive anomaly of
the slab interface if a certain amount of residual epidote exists and interconnects in eclogite during the
transition from blueschist to eclogite facies. Consequently, the deep highly conductive anomalies at
depths of more than 80 km in Cascadia subduction zone can be interpreted as a consequence of free
fluids from continuously progressive dehydration of epidote.

In the case of the representative cool subduction zone in New Zealand, a conductive zone at depths below
100 km has been observed by MT sounding inversion, attributed to the amphibole-zoisite breakdown at
75-100 km depth in the subducting slab [Wannamaker et al., 2009]. However, owing to the low thermal
gradient of the slab surface in New Zealand [Syracuse et al., 2010], the depth where the dehydration reaction
of epidote initially occurs is about 140 km (marked by waterdrops on the thick solid black line in Figure 7b),
which is much deeper than that of high conductive region. The depth of the occurrence of epidote dehydra-
tion in cool subduction zone is consistent with that from petrological studies that reported that the
blueschist-eclogite transformation may release large amounts of H,O by the breakdown reaction of glauco-
phane, clinozoisite, and/or lawsonite at depths below 100 km [Liu et al., 1996]. Therefore, fluids released from
the dehydration of epidote are less efficient to account for the high conductive region in the deep mantle
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wedge at depth greater than 100 km. In contrast, amphibole would make a significant contribution to
provide aqueous fluids to the mantle wedge, since the dehydration of amphibole occurs at relatively shallow
depths (65-90 km) [Schmidt and Poli, 1998]. In summary, the present results suggest that the fluid released
during epidote dehydration could make a significant contribution to the origin of deep anomalous highly
conductivity zones in mantle wedge below 70 km, particularly for the hot subduction zones.

5. Conclusions

In this study, the electrical conductivities of natural epidote as a function of temperature (573-1273 K) and
pressure (0.5-1.5 GPa) were measured by AC Impedance/Gain-Phase Analyzer. The pressure dependence
on the electrical conductivity was relatively weak compared to temperature and tends to be smaller with
increasing pressure. The dehydration process of epidote was investigated at elevated temperatures
(>1073 K), and the maximum conductivity reaches up to ~1 S/m at 1273 K, but the discontinuous variation
of electrical conductivity occurs in high temperature regimes, which can be ascribed to the presence of
aqueous fluid in sample and the simultaneous escape of fluids from sample cell. Incompletion dehydration
and residual epidote were investigated after sample dehydration, and the reproducible electrical conductiv-
ity decreases noticeably by almost a log unit under similar conditions to the dehydration process. The lower
conductivity after sample dehydration is presumably dominated by the coexisting high resistive mineral
assemblages (anorthite and quartz) and aqueous fluids from the residual epidote.

In a combination of the thermal and petrologic structure in subduction zones, the conductivity-depth profiles
in the typical hot and cold subduction zones are respectively established based on our data in order to
account for the high conductivity anomalies at depths blow 70 km in the deep mantle wedge. Our results
suggests that the fluids released from epidote dehydration make a significant contribution to the highly
conductive anomalies of the deep mantle wedge, particularly in the hot subduction zones. This occurs not
only in mantle wedge near the slab interface at depths of 70-120 km but also at the hot corner of the mantle
wedge into which fluids migrate upward, resulting in partial melting.
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