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Abstract The electrical conductivity of eclogite was measured at temperatures of 873-1173 K and pres-
sures of 1.0-3.0 GPa within a frequency range of 0.1-10° Hz using a YJ-3000t multianvil press and Solartron-
1260 impedance/gain-phase analyzer. Three solid-state oxygen buffers (Cu + CuO, Ni + NiO, and

Mo + MoO,) were employed to control the oxygen fugacity. Experimental results indicate that the electrical
conductivity of the samples tended to increase with increasing temperature, conforming to an Arrhenius
relation. Under the control of a Cu + CuO oxygen buffer, the electrical conductivity of the eclogite
decreased with a rise in pressure, and its corresponding activation volume and activation energy at atmos-
pheric pressure were calculated as —2.51 = 0.29 cm>/mole and 0.86 * 0.12 eV, respectively. At 2.0 GPa, the
electrical conductivity of the eclogite increased with increasing oxygen fugacity, and the preexponential
factor increased while the activation enthalpy decreased. The observed positive exponential factor for the
dependence of electrical conductivity on oxygen fugacity, as well as the negative activation volume, con-
firm that the hopping of small polarons is the dominant conduction mechanism in eclogite at high temper-
atures and pressures. Our results suggest that the electrical conductivity of dry eclogite under various redox
conditions cannot explain the high anomalies in conductivity under stable midlower continental crust and
under the Dabie-Sulu ultrahigh-pressure metamorphic belt of eastern China.

1. Introduction

Oxygen fugacity, just like temperature and pressure, is one of the crucial factors affecting the results in
high-pressure experimental studies of the electrical properties of minerals and rocks involving multivalent
elements. Oxygen fugacity plays a substantial role in many of the physical properties of minerals, such as
electrical conductivity, grain-growth kinetics, the Seebeck coefficient, the diffusion coefficient, and phase
stability [Roberts and Tyburczy, 1993; Roberts and Duba, 1995; Du Frane et al., 2005; Nishihara et al., 2008;
Karato, 2013, 2015; Burnham and Berry, 2014; Knipping et al., 2015]. Specially, Gaillard recently points out
that oxygen fugacity has a remarkable influence on many geochemical processes such as the subduction-
related magmatic crystallization and differentiation, iron depletion and element partitioning [Gaillard et al.,
2015].

Results on the field magnetotelluric surveys have revealed that the anomalous high electrical conductivity
zone (conductivities > 10~ S/m) in the world-famous Dabie-Sulu ultra-high pressure metamorphic belts of
eastern China exists at depths of 12-21 km [Hu et al., 2000; Xiao et al., 2007; He et al., 2009]. As a representa-
tive high-temperature and high-pressure metamorphic rock, eclogite forms as a result of high-pressure met-
amorphism of gabbro or basalt at depths of 50-300 km during subduction and the consequential
continental collision of blocks. It would be usual for eclogite to exist at a depth of ~100 km in the deep inte-
rior of the Earth, and the typical eclogite would be composed of approximately equal volume fractions of
garnet and omphacite [Zheng et al., 2003; Tang et al., 2007]. Therefore, there have been many studies on
the electrical conductivity of natural eclogite [e.g., Lastovickova and Parchomenko, 1976; Cermék and
Lastovi¢kova, 1987; Bagdassarov et al., 2011]. Measurements of the dielectric constant and the electrical con-
ductivity for both direct and single-frequency alternating currents in eight natural eclogites from the
Bohemian Massif were conducted by Lastovickova and Parchomenko [1976] under pressures up to 2.0 GPa,
temperatures of 473-1173 K, and for different mineralogical compositions. The authors found that the
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electrical conductivity of

Table 1. Results of Electron Microprobe (EPMA) Analyses of the Main Constituent Minerals . .
eclogite tended to increase

in Eclogite, and X-Ray Fluorescence (XRF) Analyses of the Eclogite Whole-Rock

EPMA for EPMA for XRF for with increasing content of
Oxides (wt%) Garnet® Omphacite® Whole Rock® symplectite (such as inter-
Si0, 3801 56.74 5039 growths  of  amphibole-
Tio, 0.03 0.09 071 plagioclase or diopside-plagi-
e 016 095 y oclase) Subsequentl
ALO; 2066 1030 1467 Oclase). sequently,
FeO 31.66 436 8.02 Cermak and Lastovickova
MnO 091 0.03 0.08 [1987] measured the electri-
ca0 688 1384 1054 cal conductivity of eclogite
MgO 1.86 7.49 529 Yy 9
K0 0.01 0.09 0.06 from upper Saxony at room
Na,0 0.01 7.02 568 pressure, at temperatures of
P,0s - - 0.65 .
LOIC B B 370 473-1473 K, and with an
Total 100.20 100.90 99.83 argon atmosphere at a partial
Mineral compositions ~41% garnet ~58% omphacite <1% hydrous accessory oxygen pressure of ~107"

(volume %) minerals (e.g.,

Pa, and they compared their

results with magnetotelluric

“All Fe from the electron microprobe (EPMA) analyses is expressed as FeO. data for the crust and upper
PAIl Fe,05 from the X-ray fluorescence (XRF) analyses is expressed as FeO. <LOI denotes pp

the loss on ignition. mantle. Bagdassarov et al.

[2011] used a piston-cylinder

high-pressure apparatus to
investigate the electrical conductivity of the At-Bashi eclogite (from the lithosphere of the Tien Shan) at 2.5
GPa, 623-1423 K, and with a Mo + MoO, oxygen buffer. However, all these earlier studies of the electrical
conductivity of eclogite were performed at a defined pressure, and the effects of pressure and oxygen
fugacity on the electrical conductivity of eclogite remain unclear.

amphibole, mica, etc.)

In the present study, we have measured the electrical conductivity of eclogite at temperatures of
873-1173 K, pressures of 1.0-3.0 GPa, and with the use of three solid buffers to control oxygen fugacity,
namely Cu + CuO, Ni + NiO, and Mo + MoO,. Our results, as outlined in this paper, allow us to discuss in
detail the influence of temperature, pressure, and oxygen fugacity on the electrical conductivity of eclogite.

2, Experimental Procedures

2.1. Sample Characterization

The natural eclogite samples used in this study were collected from the Dabie-Sulu ultrahigh-pressure meta-
morphic belt of eastern China. This belt represents the collisional suture zone between the Sino-Korean and
Yangtze cratons. The NNE trending Tan-Lu Fault divides the terrane into two orogenic belts: the Dabie belt
to the west and the Sulu belt to the east. The eclogite samples are fresh, unoxidized, and free of fractures,
and there was no evidence of alteration of the rock, either before or after the conductivity experiments. The
samples are coarse-grained with a crystalloblastic texture (~250 um grain size). The chemical compositions
of the samples were determined using a PANalytical Axios-advance (Axios PW4400) X-ray fluorescence spec-
trometer (XRF) and an electron-microprobe analyzer (EPMA-1600) at the State Key Laboratory of Ore-
Deposit Geochemistry in the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China; the
analytical results are given in Table 1. By virtue of the mass balance calculation for the whole rock composi-
tion, the sample contains ~41% garnet, ~58% omphacite and <1% hydrous accessory minerals (e.g.,
amphibole, mica, et al). The average garnet composition from electronic microprobe analysis is
~Alm;g;Grs,9 8Py, 45ps,.1. The samples were cut and polished with an ultrasonic drill and diamond slicer
into cylinders 6.0 mm long and 6.0 mm diameter before they were cleaned in solutions containing deion-
ized distilled water, alcohol, and acetone. The samples were then heated at 423 K in a vacuum drying oven
for 96 hrs to remove the water adsorbed on the surfaces of the samples.

The mineral content, modal variations, and texture of the eclogite were investigated with a polarizing
microscope before and after the electrical conductivity work, as shown in Figures 1a and 1b. Two represen-
tative back-scattered electron images are shown in Figures 1c and 1d, which endures a feeble slightly retro-
gressive metamorphism and accompanies during the measurement of electrical conductivity process at
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Figure 1. Representative images of the Dabie-Sulu eclogite. (a and b) Photomicrographs (plane-polarized reflected) taken light before and
after electrical conductivity measurements, respectively. (c and d) Back-scattered electron images using a scanning electron microscope.
Abbreviations are Gt garnet and Omp omphacite.

high temperature and high pressure, and however it cannot result in the variation of mineralogical assem-
blage. Samples recovered after the electrical conductivity work did not contain any glass or quenched crys-
tals, and it is therefore assumed that the eclogite remained entirely crystalline during the in situ electrical
conductivity measurements.

To determine the water content in the each constituent minerals of garnet and omphacite for eclogite, a
Fourier transform infrared analysis (FT-IR) with a wavenumber range of 3000-4000 cm™ ' was conducted
both before and after the electrical conductivity measurements in the German Brucker company of Peking
division. The FT-IR absorption spectra for the samples are displayed in Figure 2. Based on the representative
hydrogen-related bands in the range of 3000-3750 cm ™, the water content in the sample was worked out
using the formula proposed by Paterson [1982].

The water contents for garnet before and after conductivity measurements are less than ~5 H/10° Si and
~7 H/10° Si, respectively. The water contents for omphacite before and after conductivity measurements
are less than ~4 H/10° Si and ~9 H/10° Si, respectively. And thus, we call it as really “dry” eclogite. The varia-
tion of water content during the electrical conductivity measurements of dry sample is not more than 15%.

2.2. High-Pressure Cell and Impedance Measurements

The in situ electrical conductivity measurements on the eclogite at high temperatures and pressures were
performed with a Solartron-1260 impedance/gain-phase analyzer (Schlumberger) and YJ-3000t multianvil
apparatus at the Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s Interior,
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Figure 2. The unpolarized FT-IR spectra of the dominant phases in the studied

eclogite: garnet (Gt) and omphacite (Opm) before and after electrical conductivity

measurements.

Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China.
Detailed descriptions of the high-
pressure equipment and the experi-
mental procedures can be found in
Dai et al. [2008] and Hu et al. [2011].

High pressures were generated in the
YJ-3000t multianvil press using six sym-
metric cubic tungsten carbide anvils
with a total surface area of 23.4 mm? A
cross-sectional image of the high-
pressure cell assembly, recovered after
the electrical conductivity work, is given
in Figure 3. To avoid the influence of
absorbed water on the conductivity
measurements, all the equipment,
including the cubic pressure medium of
pyrophyllite, the magnesium oxide
tubes, and the alumina insulation
sleeves, was baked at 1073 K for 5 hrs in
a muffle furnace prior to sample assem-
bly. The cylindrical eclogite samples with
a diameter of 60 mm were placed
between the Al,Os insulation sleeves
and the two symmetrically sandwiched
metal electrodes. A metal Faraday
shielding case made of 0.025 mm metal
foil, and connected to the Earth line by
the NiAl Earth line, was installed
between the MgO tubes and the Al,0;
insulation sleeves, and this efficiently
reduced the temperature gradient
within the sample cell and the signal dis-
turbance of impedance measurements.
The experimental temperatures were
monitored with a NiCr-NiAl thermocou-
ple. The oxygen fugacity was monitored

and adjusted by changing the types of metal (Cu, Ni, and Mo) in the two electrodes and their correspondent
shielding cases; the thicknesses of each electrodes was 0.5 mm. To assess the validity of the oxygen buffer, the
interface between the electrode and sample, recovered after the electrical conductivity measurements, was

NiAl lead and insulation sleeve

MgO insulation sleeve:

Al2O3 insulation sleeve

Cu foil shieldig

Tri-layer stainless heater

NiCr-NiAl thermocouple

Sample

NiAl Earth line

Figure 3. A photomicrograph (plane-polarized reflected) taken light from the sample assembly after conductivity measurement.
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g oxide (e.g., Cu+ CuO, Ni+ NiO, and
N X Mo + Mo0,), and we were successful in
21000 verifying this. Measurement errors from

80000 120000 the pressure (P) and temperature (T) gra-
- 2 ] dients were indicated as less than 0.2
GPa and 10 K, respectively. The uncer-
tainty of electrical conductivity was esti-
mated to be less than 5% and mainly
due to the estimations of geometric fac-
tor of the sample and the equilibrium
circuit of data fitting for the semicircular
arc of impedance spectra.
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During the experiments, pressures were

Figure 4. Nyquist plane impedance of eclogite at frequencies from 10~ to 10° increased slowly at a rate of 1.0 GPa/h
Hz (right to left), obtained under conditions of 3.0 GPa, 873-1173 K, and a to the desired value. Then, under con-
Cu + CuO solid buffer. Z and Z” are the real and imaginary parts of complex

impedance, respectively. The equivalent circuit that is composed of the series stant pressure conditions the tempera-

connection of Rs-CPEs and Rg-CPEg (Rs and CPEs represent the resistance and the ture was increased gradually at a rate of
constant-phase element of the bulk impedance for the sample, respectively; Re 120 K/h to the designated preset value
and CPEg represent the resistance and the constant phase element from the K

polarization effect of the sample-electrode interface, respectively) is selected to by steps of 50 K, and the impedance
model the impedance semicircles. spectroscopy measurements were per-

formed at various temperatures and
oxygen fugacities. After the temperature reached each preset value under conditions of constant pressure
and a specific oxygen fugacity, complex impedance spectra were collected using the ZPlot software of the
Solartron-1260 impedance/gain-phase analyzer within a frequency range of 10~ to 10° Hz and at 1.0 V signal
voltage. To check the conductivity hysteresis effect, the impedance spectra of samples were measured during
both heating and cooling cycles. One representative equivalent circuit, made up of an appropriate series of
parallel constant phase elements (CPE) and a resistor, was selected to fit the impedance semicircular arcs
within the high- and low-frequency ranges. Only high-frequency impedance semicircles were used to calcu-
late the electrical conductivities of samples. For each experiment in the first heating cycle, the sample was
heated up to 1123 K under a given pressure and oxygen fugacity conditions, and electrical conductivity meas-
urements were recorded continuously enough long elapsed time so as to attain the self-buffered for solid
buffer and the constant equilibrium redox state (the redox re-equilibration). Then, we continued to heat sam-
ple till the maximum designated temperature point of 1173 K and reproduced above-mentioned steps. Lastly,
after the first heating cycle, each conductivity data point for other cycles was acquired at the equilibrium
redox states under controlled different P, T and fO, conditions so as to reach the previously mentioned redox
“reequilibration” effect of controlled oxygen fugacity [Huebner and Voigt, 1988; Wanamaker, 1994; Gaillard,
2004; Pommier et al., 2010].

The experimental results indicate that the conductivity data from the first heating cycle deviated in an
obvious way from the other cycles, but that the other three cycles (i.e., the first cooling, second heating,
and second cooling cycles) generally produced reproducible data. The possible reason for the difference in
the electrical conductivity of eclogite in the first heating and other cycles is due to the comprehensive
impacts from the redox reequilibrium effect and the loss of volatiles among the first heating cycle. There-
fore, for each experiment a set of reproducible data that did not include the first heating cycle was chosen
for the subsequent data fitting and analysis.

3. Results

In the experiments, we obtained the results for electrical conductivities of eclogite under pressures of 1.0-
3.0 GPa, temperatures of 873-1173 K, and with Cu + CuO controlled oxygen fugacity, and also at 2.0 GPa
and 873-1173 K with three different solid buffers (Cu + CuQ, Ni + NiO, and Mo + Mo0Q,).

DAIET AL.

ELECTRICAL CONDUCTIVITY OF DRY ECLOGITE 2398



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2016GC006282

20 ———F——7FT——T—T—T T T T Typical complex impedance spectra of
eclogite at 3.0 GPa and 873-1173 K,

000000 Co0o0o0000oood ) o
pEERE e and with Cu + CuO redox conditions,

=21 o0 -
— _DDD | are shown in Figure 4. The results
g 223_ i obtained under other conditions
@ ) resemble these illustrated as follows.

st et B A R e e e e Each result displays one approximately
ﬁ, -

: 23 - # semicircular arc at high frequencies
S 'ﬂ,ﬁﬁ 1 (>200 Hz) and another small tail at low
% 224 F B frequencies (200-0.1 Hz), and these
§ L - respectively represent the bulk electri-
— 25| N cal properties of the sample from
%IJ which we determined the electrical
- 60000 00C0000CO0A000CO0 V0000

Sk OOOOO ] conductivity of the eclogite and the
"0 polarization effect of the sample-
p ] electrode interface. As pointed out by
'2-70 * 2'0 ! 4'0 * 6I0 ! 8I0 ' “'m ! 1;0 ' 1:10 ' 1;0 ' g0 Nover et al. [1992] and 'Roberts and
Tyburczy [1991, 1994], different con-

Elapsed time (Min) duction processes with various charac-

teristic relaxation time constants for
Figure 5. A functional relationship between the electrical conductivity of eclogite th | | b d t
and the elapsed time under conditions of 2.0 GPa, 1123 K and three different solid € complex plane can be use 0
buffers (e.g., Cu + CuO, Ni + NiO, and Mo + MoO,). determine each conduction process.

To make precise fits and acquire the
conductivity results from the impedance spectra data, we chose one nonideal constant phase element
(CPE) instead of an ordinary capacitance to fit the impedance semicircular arc for the eclogite. The equiva-
lent circuit that is composed of the series connection of Rs-CPEs and Rg-CPEg (Rs and CPEs represent the
resistance and constant-phase element of the bulk impedance for the sample, respectively; Re and CPE rep-
resent the resistance and constant phase element from the polarization effect of the sample-electrode inter-
face, respectively) was selected to model the impedance semicircles and obtain the bulk resistance for the
eclogite samples [Roberts, 2002]. The electrical conductivity of the sample is then calculated as

G L

SR RS M

where ¢ is the electrical conductivity (5/m), G is the geometric factor (m™"), R is the resistance (Q), L is the
length of the sample (m), and S is the cross-sectional area of the electrode (m?). The electrical conductivity
of the eclogite and the temperature were found to satisfy the Arrhenius relation,

AU+P><AV) 2

- i AHN _ i
a=aoXfo X exp T =0oXfo X exp | — e

where gy is the preexponential factor (S/m), AH is the activation enthalpy (eV), AU is the activation energy
(eV), AV is the activation volume (cm3/mole), P is the pressure (GPa), T is the absolute temperature (K), fO, is
the oxygen fugacity (bar), k is the Boltzmann constant (eV/K) and i is a constant.

In order to check the redox re-equilibration effect of oxygen buffer, a functional relationship between the
electrical conductivity of eclogite and the elapsed time under conditions of 2.0 GPa, 1123 K and three differ-
ent solid buffers (e.g., Cu + CuO, Ni + NiO, and Mo + Mo0,) is depicted in Figure 5. The electrical conductiv-
ities for different heating/cooling cycles at a pressure of 3.0 GPa and with the Cu + CuO solid buffer are
shown in Figure 6. The influence of pressure on the electrical conductivity of the eclogite in the tempera-
ture range 873-1173 K and with the Cu + CuO solid buffer is illustrated in Figure 7, and the fitted parame-
ters of the Arrhenius relation are listed in Table 2. Figure 8 shows the relationship between electrical
conductivity and oxygen fugacity at 2.0 GPa over a broad temperature range of 873 to 1173 K, and with
three different oxygen buffers (Cu + CuO, Ni + NiO, and Mo + MoO,). On the basis of the dependence of
electrical conductivity on oxygen fugacity (Figure 8), we were able to fit the exponential factor (i) for the
electrical conductivity of eclogite, along with the oxygen fugacity at each corresponding temperature, for a
pressure of 2.0 GPa (Table 3).
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L Electrical Conductivity
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g gen buffer, the electrical conductivity
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= s L | rose, the activation enthalpy (AH)
E | slightly decreased from 0.84 eV to 0.79
= aek 4 eV, and the logarithmic preexponential
S I 8 dstheating )| factor (log o) also decreased from
sl | T Isewsingd| g 183 to 1.43. Although previous
S 4 2nd heating T
- 0 I v 2nd cooling T researchers have examined the electri-
=r ] cal conductivity of the dominant min-
aal erals present in eclogite (garnet and
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 clinopyroxene) [Huebner and Voigt,

10000/T (1/K)

Figure 6. Logarithm of electrical conductivity versus the reciprocal of tempera-
ture for eclogite in different heating/cooling cycles at 3.0 GPa and with a

Cu + CuO solid oxygen buffer. Data for the first heating cycle were excluded dur-
ing the data fitting and analysis.

1988; Romano et al.,, 2006; Dai et al.,
2012], there are no systematic data
available for the effects of pressure on
the electrical conductivity of eclogite.
According to equation (2) and Table 2,

the activation energy at atmospheric

pressure and the activation volume of
the charge carriers can be calculated to be 0.86 = 0.12 eV and —2.51 = 0.29 cm®/mole, respectively, and a
linear relationship between log ¢ and the reciprocal of temperature at room pressure can also be extrapo-
lated from Figure 7. A negative activation volume (AV) can be explained by the elastic constants, a strain
energy model of defect energy (Gx o< CQ, where Cis the elastic constant of a defect region and Q is the vol-
ume of a defect) [Keyes, 1963], the Nernst-Einstein relation, = ,;—TZ f,AD,-c,Aq,‘2 (here, f; is the formation factor
for the i-th species, g is the electrical charge of the polarized species, D is the diffusion coefficient, ¢; is the
concentration of the i-th species, T is the absolute temperature, and R is a gas constant), and a model of dif-
fusion where the preexponential factor is a function of a?v (here, a denotes a lattice constant and v denotes
the vibrational frequency) [Anderson, 1989], and thus we obtain

dlLog ag :L JdLlog C_l 3)
dlog p 3

oP 2K
15 — . , . : : : :
0 GPa, talculated ' ' ' ' ' dlog Gx _ V. _1 8Lo—gC_1 )
oP Gx K\JLog p

where p is the density. It is clear that if
the derivative for the elastic constant
- of a defect region on the density

dlog C) .
(ng) is less than one, then the

derivative for the preexponential fac-

tor on the pressure (%) and
the parameters for the activation vol-
ume (AV) are negative. Our experimen-
tal results, which show the small
negative effects of pressure, are similar
to those obtained for other materials
such as anhydrous single crystals of oli-
vine, orthopyroxene, garnet, and

Log [Conductivity (S/m)]

8.0 8.5 9.0 9.5 10,0 105 11.0 1.5 12.0
10000/T (1/K)

Figure 7. Influence of pressure on the electrical conductivity of eclogite in the
temperature range of 873-1173 K and with a Cu + CuO solid oxygen buffer.

perovskite-magnesiowustite  assemb-
lages [Goddat et al., 1999; Xu et al., 2000;
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Dai et al., 2005; Dai and Karato, 2009a].
Moreover, we note that the reduction in
the electrical conductivity of eclogite
with a rise in pressure is due to the
greater difficulty in the formation and
migration of vacancies at higher
pressures.

4.2, Influence of Oxygen Fugacity

on Electrical Conductivity

During our experiments we chose
three different oxygen buffers in order
to explore the influence of oxygen
fugacity on the electrical conductivity
of Fe-bearing eclogite. For each given
solid buffer, the value of the corre-

Log [Conductivity (S/m)]

-26 -22 -18 -14 -10 -6 sponding oxygen fugacity is a function

Log [Oxygen fugacity (bar)] of temperature and pressure; i.e., Log;,

fo,=— % +b+c@ (here, a, b and ¢

Figure 8. Influence of oxygen fugacity on the electrical conductivity of eclogite are constants directly related to the

under conditions of 2.0 GPa, 873-1173 K, three solid oxygen buffers (Cu + CuO,

Ni + NiO, and Mo + Mo0O,), and using nonlinear global fitting of the data. standard enthalpy, the  standard

entropy, and the molar volume varia-

tion of the solid assemblage before
and after the balancing buffer reaction, respectively; T is absolute temperature (K); and P is pressure (atm))
[Li et al, 1998, 1999; Dai et al., 2009]. For the three selected oxygen buffers of Cu + CuO, Ni + NiO, and
Mo + MoO,, and in that order, the values of oxygen fugacity became smaller under a wide range of temper-
atures from 873 to 1173 K and at a pressure of 2.0 GPa.

Figure 8 depicts the relationships between electrical conductivity and oxygen fugacity at 2.0 GPa, and with
oxygen partial pressures controlled by the three solid oxygen buffers. As the oxygen fugacity rose with the
sequence from Mo + MoO,, Ni + NiO, to Cu + CuO, the electrical conductivity of the eclogite increased, and
the logarithm of the preexponential factor increased from 1.32 to 1.60; at the same time, the activation
enthalpy decreased from 0.86 eV to 0.81 eV. At 2.0 GPa, a quantitative and functional relationship between
the electrical conductivity of eclogite and the variation of oxygen fugacity can be described as

(5)

—3092%x70
Log;,0=(1.10+0.06) +iXLog,ofo, + <7)

T

At each temperature point from 873 K to 1173 K, according to the Arrhenius relation of equation (2), we can
fit the exponential factor (i) for the dependence of electrical conductivity of eclogite on oxygen fugacity,
and they are listed in Table 3. The value of the exponential factor increases with increasing temperature. On
average, the oxygen fugacity exponent (i) is 0.048 =+ 0.002.

The observed values of the exponential factors (average i = 0.048) are similar to those obtained previously
for anhydrous Fe-bearing silicate minerals and rocks in the upper mantle and mantle transition zone. Values
of 0.143-0.182 were obtained by Duba and Constable [1993], Roberts and Tyburczy [1993], and Constable
and Roberts [1997] for anhydrous Iherzolite, dunite, and olivine under conditions of room pressure and tem-
peratures of 1173-1473 K, and with the oxygen fugacity controlled by a continuous variation in the

Table 2. Fitted Parameters of the Arrhenius Relation for the Electrical Conductivity of Eclogite

Run No. P (GPa) T (K) Oxygen Buffers Log A AH (eV) yz AU (eV) AH (cm3/mol)
DL1503 1.0 873-1173 Cu+CuO 1.83 +0.11 0.84 99.38 0.86 = 0.12 —2.51 *0.29
DL1508 20 873-1173 Cu+CuO 1.60 =0.11 0.81 99.78
DL1515 3.0 873-1173 Cu+CuO 1.44 +0.09 0.79 99.54
DL1514 20 873-1173 Ni+NiO 1.43 +0.08 0.82 99.25 - -
DL1506 20 873-1173 Mo-+MoO, 132 +0.08 0.86 99.49 - -
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proportion of CO + CO, in a gas buffer across the
Table 3. Fitted Exponential Parameters (i) for Eclogite Under . . .
Conditions of 2.0 GPa, 973-1173 K, With Oxygen Buffers sample cavity. A value of 0.050 was obtained by Dai
Cu + Cu, Ni + NiO, and Mo + MoO,, and Using Nonlinear and Karato [2009b] for anhydrous wadsleyite under a
Sloballl gl iihelPata pressure of 15 GPa and temperatures of 873-1473 K,

Y ! and with oxygen fugacity controlled by three solid
57 000001 buffers (Mo + MoO,, Ni+ NiO, and Re + ReO,). In
923 0.043 % 0.002 .

973 0.046 + 0.001 addition, values of 0.096, 0.061, and 0.054 were
1023 0.050 * 0.001 obtained by Dai et al. [2010, 2012, 2013] for anhy-
o4 M) = G drous olivine, and pyrope-rich and almandine-rich
1123 0.054 * 0.002

1173 0.055 =+ 0.001 garnet under pressures of 1-4 GPa and temperatures
On average 0.048 + 0.005 of 873-1423 K, and with oxygen fugacity controlled

by five solid buffers (Fes04+ Fe 05, Ni+ NiO,

Fe + Fe30,, Fe + FeO, and Mo + MoO,). By virtue of
the similarities to the theoretical model involving concentrations of the Fe-related point defects under vari-
ous chemically neutral conditions for wadsleyite [Dai and Karato, 2009b], we can reasonably explain the
dependence of electrical conductivity on oxygen fugacity for eclogite at high temperatures and pressures.

4.3. Comparisons With Previous Studies

When considering our new results for the influence of pressure on the electrical conductivity of eclogite, we
compared our data with those from previous studies [e.g., Lastovickova and Parchomenko, 1976; Cermak
and Lastovi¢kova, 1987; Bagdassarov et al., 2011], as shown in Figure 9. It is clear that our results plot in a
higher position than other data, and some discrepancies exist between the earlier data and ours. As noted
by Karato and Dai [2009] and Karato [2015], the discrepancies may be due to the different measurement
methods, and it is possible that systematic errors in the calculations on the electrical conductivity of eclo-
gite for DC and single-frequency AC technique reported by Lastovickova and Parchomenko [1976] have pro-

duced the discrepancies. We note that
-1

= Lastovickova and Parchomenko [1976]
2k ] found their results for the electrical
conductivity of eclogite to be influ-
. 3r - enced significantly by symplectites
E 4 _ I (e.g., intergrowths of amphibole and
2 | | plagioclase or diopside and pla-
£ st 4 gioclase), yet it is not possible to con-
> . .
= r firm this due to the lack of any relative
= ST ] conductivity data. Cermak and
g 4L o Lastovickova [1987] reported electrical
= L conductivities for eclogite at room
En 8- g pressure and high temperatures, and it
% i Ii is therefore inevitable that their con-
ductivity results were affected by
-10 ! L L . porosity and microfractures. The effect

of temperature on the electrical con-
10000/T (1/K) ductivity of the At-Bashi eclogite was

investigated through the impedance
Figure 9. Comparison of the present results at pressures of 1.0-3.0 GPa (black

solid lines) with previous results for the electrical conductivities of eclogite. The
dashed red and blue lines represent the electrical conductivities of eclogite at
pressures of 2.0-2.5 GPa from Lastovi¢kova and Parchomenko [1976] and
Bagdassarov et al. [2011], respectively, and the green broken line represents the
electrical conductivity of eclogite at room pressure, from Cermak and Lastovickova
[19871]. In considerations of differences of iron content in garnet (Fe content and
its average composition for our Dabie-Sulu sample are 31.66% and
~AlIm;o;Grs,98Py7 45ps, 1, respectively; Fe content and its average composition
from Bagdassarov’s At-Bashi sample are 27.14% and ~Almsg 1Grs;4.0PY16.05pP51.9)
and the close Fe content in omphacite (our Dabie-Sulu sample is 4.36%;
Bagdassarov At-Bashi sample is 4.54%), we found that the distinction of Fe con-
tent in garnet for dry eclogite are most possible ingredient causing the feeble
conductivity discrepancy between Bagdassarov’s At-Bashi sample and ours.

spectroscopy by Bagdassarov et al.
[2011] at a pressure of 2.5 GPa and
with a Mo + MoO, solid buffer, and
their activation enthalpy (~0.8 eV) falls
in the range of our results (0.79~0.86
eV). After we corrected for the effects
of pressure and oxygen fugacity on
electrical conductivity, our results are
in good agreement with the electrical
conductivity data for the At-Bashi
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eclogite. As pointed out by Bagdassarov et al. [2011], the mineralogical content and the corresponding H,O
partition coefficient for garnet and omphacite in hydrous eclogite are two best candidate factors that may
result in differences of electrical conductivity. And furthermore, in considerations of differences of iron con-
tent in garnet (Fe content and its average composition for our Dabie-Sulu sample are 31.66% and
~Alm;o7Grs,08Py7 4Sps,.1, respectively; Fe content and its average composition from Bagdassarov's At-
Bashi sample are 27.14% and ~AlmsgGrs,40PY1605P519) and the close Fe content in omphacite (our
Dabie-Sulu sample is 4.36%; Bagdassarov’s At-Bashi sample is 4.54%), we found that the distinction of Fe
content in garnet for dry eclogite are most possible ingredient causing the feeble conductivity discrepancy
between Bagdassarov’s At-Bashi sample and ours. A compositionally complex and heterogeneous rock sam-
ple may produce conductivity discrepancies owing to the comprehensive effects of various water contents,
iron contents, mineralogical composition, and redox environments, all of which may be relevant when con-
ducting conductivity measurements in a variety of environments, and there could possibly be several mag-
nitudes of variation in the measured electrical conductivities of eclogite. Unfortunately, in previous studies
the influences of these various factors on the measurements of electrical conductivity have not generally
been quantified.

4.4. Conduction Mechanisms
A fundamental expression describing the specific conductivity of a silicate mineral and a rock for each
charge carrier (or defect) species is given by

o= Z qiN;iy (6)
j

where g; is the effective charge (g=ze), N; is the concentration of point defects for the j-th species, and y; is
the mobility (1;=v/E, where v is the drift velocity of the particle and E is the applied electric field). In light of
the dependence of the activation enthalpy for each conduction mechanism on charge-carrier mobility,
every conduction mechanism can be distinguished by a different slope (activation enthalpy), as defined in a
specific temperature region of the Arrhenius diagram. In the case of our new data for eclogite, the Arrhenius
plot displays only a linear relationship between the logarithm of electrical conductivity and temperature,
which suggests that only one conduction mechanism can be identified.

The conduction mechanism of the hopping of small polarons between ferrous and ferric iron is character-
ized by low values of activation enthalpy (<2.0 eV) and a negative activation volume (i.e., the electrical con-
ductivity decreased with increasing pressure) due to the greater difficulty in the formation and migration of
vacancies at high pressures [Goddat et al., 1999; Ono and Mibe, 2015]. Our results give values for the activa-
tion enthalpy in the range 0.79-0.86 eV, and the activation volume is negative (—2.51 cm*/mole), and there-
fore the hopping of small polarons can make a significant contribution to the electrical conductivity of
eclogite at high temperatures and pressures, and with varying oxygen fugacities. A small polaron is formed
according to the following point defect reaction [Schock et al., 1989; Hirsch et al., 1993; Dai and Karato,
2014a],

Feygth' =Fey, @)

where Fey,; and Fey,, are respectively the ferrous and ferric ions on the site of the magnesium ion in the lat-
tice. The dominant charge carrier is the small polaron, Fe,'\,lg (Fe** at Mg site). These small polarons contrib-
ute conduction via the hopping of holes (h’) between Fe,\X,,g and Fe'Mg. In addition, the observed exponential
factors (average g = 0.048) for the dependence of the electrical conductivity of eclogite on oxygen fugacity
are similar to those of anhydrous Fe-bearing silicate minerals and rocks where the migration of iron-related
defects (small polarons) occurs. Because the electrical conductivity of eclogite shows a positive correlation
with the concentration of point defects, a higher concentration of small polarons will be produced as a
result of the point defect reactions, and thus the electrical conductivity increases with increasing in oxygen
fugacity.

On the other hand, other conduction mechanisms such as hydrogen-related defects and ion conduction
are unlikely to play an important role in the electrical conductivity of eclogite at high pressures. Proton con-
duction is considered an important mechanism if the nominally anhydrous minerals and rocks contain a
certain amount of structural water [Yoshino et al., 2006, 2008; Yoshino and Katsura, 2013; Dai and Karato,
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2014a, 2014b, 2014c, 2014d, 2015; Dai et al., 2015a]. Although the experimentally obtained values of less
than 1.0 eV for the activation enthalpy of hydrous orthopyroxene [Dai and Karato, 2009c], garnet [Dai and
Karato, 2009a; Dai et al., 2012], and olivine and its high-pressure polymorphs [Huang et al., 2005; Dai and
Karato, 2014c] are very close to our results for eclogite, the negative dependence of electrical conductivity
on oxygen fugacity has been confirmed for hydrous olivine, wadsleyite, garnet, and gabbro by Dai and Kar-
ato [2009b,d] and Dai et al. [2012, 2015b]. In addition, another three potential substituent hydrogen-related
defect species ((2H),;, (two protons in Me-site vacancies), (4H);; (four protons at Si site vacancies) and H;
(interstitial protons)) were recognized by the study of the inferring electrical conductivity results from diffu-
sion calculation and directly measuring the anisotropic electrical conductivity along three different crystallo-
graphic axis of hydrous single crystal olivine [Demouchy and Mackwell, 2006; Kohlstedt, 2006; Ingrin et al.,
2013]. However, as pointed out by Gardés et al. [2014, 2015], they are more inclined to be rather electronic
than the conduction mechanism of hydrogen-related defects. With regard to ion conduction, it has been
proposed as one of the main conduction mechanisms in many anhydrous silicate and carbonate minerals,
such as Mg-perovskite, aragonite, and anorthite [Xu and McCammon, 2002; Dobson, 2003; Ono and Mibe,
2013; Hu et al., 2015]. All of these obtained results has confirmed that the ion conduction mechanism is
characterized by an activation enthalpy that is higher than 2.0 eV and a positive activation volume. We con-
clude, therefore, that our data for Fe-bearing eclogites, including the negative activation volume
(—2.51 cm®/mole), the lower activation enthalpy (0.79-0.86 V), and the positive relationship of the depend-
ency of electrical conductivity on oxygen fugacity (0.050), rule out any significant contributions from the
proton and ion conduction mechanisms. Small polarons are the best candidates for charge carriers in eclo-
gite, and they hop between the ferrous and ferric ions on the site of the magnesium ion in the lattice.

5. Geophysical Implications

Eclogites that are formed during a regional metamorphism under conditions of high or ultrahigh pressures
and temperatures, usually coexist with granulite-facies rocks. Together with the granulite, the eclogite can be
used to explain the high-conductivity anomalies in the deep crust of the Earth, especially in the ultra-high
pressure metamorphic (UHPM) belts such as those of Dabie-Sulu terrane and the southern Tibet. Therefore,
on the basis of the average heat flow values from three models of geothermal gradients in stable continental
crust (60 mW/m?) and the Dabie-Sulu terrane (the heat flows results of 24 mW/m? and 75 mW/m? corre-
sponds to the lower and upper boundary in the Sulu-Dabie UHPM belts, respectively) [Taylor and McLennan,
1995; He et al., 2009], two sets of correspondent laboratory-based conductivity-depth profiles can be con-
structed by converting the conductivity-temperature data into conductivity-depth results, in combination
with all the parameters we determined with the Arrhenius relation 2 under a pressure of 2.0 GPa, and with
three different controls on oxygen fugacities (Cu + CuO, Ni + NiO, and Mo + MoO,). The influence of pres-
sure on the electrical conductivity of eclogite is minor, and we can therefore ignore it. A similar transforma-
tion from the result on electrical conductivity of granulite by Fuji-ta et al. [2004] at a pressure of 1.0 GPa and
with an oxygen fugacity controlled by the Mo + MoO, buffer has been conducted. Meantime, we also made
comparisons for granulite and eclogite with the magnetotelluric conductivity results for the anomalous high-
conductivity zone (HCZ; conductivity values of 10 2to 10~ ' $/m) that exists under stable midlower continen-
tal crust at depths of 20-30 km [Glover and Vine, 1994; Lemonnier et al., 1999; Dai et al., 2014], and with the
high electrical conductivity zone (conductivities > 107" S/m) in the Dabie-Sulu ultra-high pressure metamor-
phic belts at depths of 12-21 km [Hu et al., 2000; Xiao et al., 2007; He et al., 2009], as shown in Figure 10.

The profiles make it clear that the electrical conductivities of eclogite in various redox environments are
lower (by at least a ~1.5 logarithmic magnitude) than those of the anomalous high conductivity zones
beneath the stable continental crust and Dabie-Sulu UHPM belts. In accordance with the sequence of oxy-
gen buffers from Cu + CuO to Ni + NiO to Mo + MoO,, the range of oxygen partial pressures during our
conductivity measurements gradually moved from an oxidized to a reduced state under the same condi-
tions of temperature and pressure. Although we have fully considered the effects of oxygen fugacity on
the electrical conductivity of eclogite, our results cannot account for the high conductivity anomalies,
inferred from magnetotelluric data, in the globally stable midlower continental crust, and the middle crust
of the Dabie-Sulu UHPM belts. We reached a consistent conclusion obtained by Fuji-ta et al. [2004] for
granulite at 1.0 GPa that the electrical conductivity of granulite cannot explain the available high conduc-
tivity anomalies extrapolated from MT data in the globally stable lower continental crust. However, some
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Figure 10. Two sets of laboratory-based conductivity-depth profiles as a function
of different oxygen partial pressures (using Cu + CuO, Ni + NiO, and Mo + MoO,
buffers), compared with the magnetotelluric field results for granulite and the
anomalous high conductivity zones (HCZ) under the stable midlower continental
crust and Dabie-Sulu UHPM belts, respectively. The solid blue and red lines indi-
cate the laboratory-based conductivity-depth profiles for eclogite based on heat
flow values of 24 and 75 mW/m? for the lower and upper boundary of Dabie-Sulu
UHPM belts, respectively. The broken blue and red lines indicate the laboratory-
based conductivity-depth profiles for granulite based on same heat flow values of
24 and 75 mW/m?, respectively [Fuji-ta et al., 2004]. The dark orange and green
regions denote the high-conductivity anomalies beneath Dabie-Sulu ultrahigh-
pressure metamorphic belts at depths of 12-21 km [Hu et al., 2000; Xiao et al.,
2007; He et al., 2009] and the HCZ in stable mid- to lower-continental crust at
depths of 20-30 km [Glover and Vine, 1994], respectively.

substituent causes including hydrous
fluids, brine-bearing fluids, the inter-
connected secondary high conductiv-
ity phases (e.g., graphite, ilmenite,
magnetite and pyrite etc. along the
grain boundaries of minerals), dehy-
dration of minerals and partial melting
are possible to result in the high con-
ductivity anomalies in the deep crust
[Nover et al., 1998; Nover, 2005, Yoshino,
2010; Hashim et al, 2013; Selway,
2014; Shimojuku et al., 2014]. Besides,
the horizontal variations in conductiv-
ity of other constituent rocks with low
electrical conductivities may be another
one substituent cause of a relatively low
magnetotelluric result for the globally
stable midlower continental crust areas
[Xie et al. 2004; Mareschal and Jaupart,
2013; Aguilar et al., 2015]. Consequently,
the conductivity-depth profiles we have
constructed for eclogites under various
redox conditions may provide important
constraints on the interpretation of field
magnetotelluric conductivity results for
a wide range of oxidation-reduction
boundaries at various depths in the inte-
rior of the Earth.
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