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Abstract The in situ electrical conductivity of hydrous

garnet samples (Py20Alm76Grs4–Py73Alm14Grs13) was

determined at pressures of 1.0–4.0 GPa and temperatures of

873–1273 K in the YJ-3000t apparatus using a Solartron-

1260 impedance/gain-phase analyzer for various chemical

compositions and oxygen fugacities. The oxygen fugacity

was controlled by five solid-state oxygen buffers

(Fe2O3 ? Fe3O4, Ni ? NiO, Fe ? Fe3O4, Fe ? FeO, and

Mo ? MoO2). Experimental results indicate that within a

frequency range from 10-2 to 106 Hz, electrical conduc-

tivity is strongly dependent on signal frequency. Electrical

conductivity shows an Arrhenius increase with tempera-

ture. At 2.0 GPa, the electrical conductivity of anhydrous

garnet single crystals with various chemical compositions

(Py20Alm76Grs4, Py30Alm67Grs3, Py56Alm43Grs1, and

Py73Alm14Grs13) decreases with increasing pyrope com-

ponent (Py). With increasing oxygen fugacity, the electri-

cal conductivity of dry Py73Alm14Grs13 garnet single

crystal shows an increase, whereas that of a hydrous

sample with 465 ppm water shows a decrease, both

following a power law (exponents of 0.061 and -0.071,

respectively). With increasing pressure, the electrical

conductivity of this hydrous garnet increases, along with

the pre-exponential factors, and the activation energy and

activation volume of hydrous samples are 0.7731 ±

0.0041 eV and -1.4 ± 0.15 cm3/mol, respectively. The

results show that small hopping polarons Fe�Mg

� �
and

protons (H�) are the dominant conduction mechanisms for

dry and wet garnet single crystals, respectively. Based on

these results and the effective medium theory, we estab-

lished the electrical conductivity of an eclogite model with

different mineral contents at high temperatures and high

pressures, thereby providing constraints on the inversion of

field magnetotelluric sounding results in future studies.

Keywords Oxygen fugacity � Chemical composition �
Electrical conductivity � Garnet � High temperature and

high pressure

Introduction

The electrical conductivity of minerals and rocks at rele-

vant temperatures and pressures provides information on

the physical and chemical conditions of the Earth’s inte-

rior, as well as that of other planets. Precise data of elec-

trical conductivity are essential for interpreting the field

results obtained by geomagnetic depth sounding and

magnetotellurics. Electrical conductivity data obtained in

the laboratory provide constraints on the mineralogy,

chemical composition, thermal structure, thermodynamic

state, water distribution, and partial melting of the Earth’s

interior (Laštovičková 1991; Roberts and Duba 1995; Xu

et al. 1998; Zhang et al. 2006, 2010; Poe et al. 2010;
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Pommier et al. 2010; Wu et al. 2010; Ni et al. 2011a, b;

Yang et al. 2011a, b).

Garnet is a major rock-forming mineral that is stable

over a wide range of pressures and temperatures, from the

Earth’s crust to the lower mantle. Garnet occurs not only in

mantle peridotites but also in eclogite—the high-pressure

equivalent of basalt in subducted oceanic crust. Garnet

typically contains 80% pyrope-rich garnet in the utramafic

rocks of peridotite xenoliths, while it is rich in the

almandine and grossular components with several percent

of the uvarovite component (MacGregor and Carter 1970;

Lu and Keppler 1997; Jin et al. 2001). Garnets from

eclogite xenoliths are usually also pyrope-rich, but more

variable in their chemical composition (Boyd and Meyer

1979; Lu and Keppler 1997). Deep in the Earth’s interior

(depths of 300–500 km), pyroxenes are progressively

broken down to produce majoritic garnet (Irifune and

Ringwood 1993). Previous studies have examined the

electrical conductivity of minerals such as olivine, ortho-

pyroxene, clinopyroxene, wadsleyite, and ringwoodite,

which only occur within a limited depth range from the

upper mantle to the mantle transition zone of the Earth’s

interior (Xu et al. 1998; Wang et al. 2006; Huang et al.

2005; Dai and Karato 2009a, b; Yang et al. 2011a, b). In

contrast, garnet is stable across a broad depth range; con-

sequently, the electrical properties of garnet are important

in interpreting geophysical data.

The electrical properties of minerals and rocks are

influenced mainly by temperature, pressure, oxygen

fugacity, water content, grain boundary state, point-defect

chemistry, chemical composition, the distribution of partial

melting, and electronic spin-state transitions (Roberts and

Tyburczy 1993; Lin et al. 2007; Dai et al. 2008a, b, 2010;

Gaillard et al. 2008; Ohta et al. 2008; Farla et al. 2010;

Watson et al. 2010). Oxygen fugacity not only drives redox

reactions, element partitioning, and structural phase

transitions, but also controls certain transport electrical

properties and rheological properties, especially in miner-

als such as silicates and oxides in which oxygen vacancies

play a major role in these processes. Previous measure-

ments of the electrical conductivity of garnet only con-

sidered the effect of chemical composition or water content

(Romano et al. 2006; Dai and Karato 2009c). Recently, a

novel technique has been established to control oxygen

fugacity during high-pressure conductivity measurements

using the Kawai-1000t multi-anvil apparatus at Yale Uni-

versity (USA) and using the YJ-3000t equipment at the

Institute of Geochemistry, Chinese Academy of Sciences,

Guiyang, China (Dai et al. 2009; Dai and Karato 2009a).

In this study, we determined the electrical conductivity

of garnet under various conditions of temperature, pressure,

oxygen fugacity, and chemical composition within the

frequency range from 10-2 to 106 Hz. Five typical oxygen

buffers (Fe2O3 ? Fe3O4, Ni ? NiO, Fe ? Fe3O4,

Fe ? FeO, and Mo ? MoO2) were employed to control

oxygen fugacity. We modeled the dependences of electri-

cal conductivity and discussed the conduction mechanism

and the geophysical implications of the experimental

results.

Experimental procedures

Sample preparation

Dry gem-grade garnet single crystals with various chemical

compositions were collected from alkaline-rich basalt

xenoliths in the Altai region of Xinjiang, China, and from

Arizona, USA. Electron microprobe and transmission

electron microscope observations indicated that the sam-

ples (grain sizes of 10–30 mm) are unaltered and free of

oxidation. Their chemical compositions are listed in

Table 1 Chemical composition

of sample (wt%)
Oxides H1104 H1109 H1115 H1118

MgO 5.09 7.28 15.92 20.82

NiO 0.07 0.15 0.13 0.01

Al2O3 20.9 21.75 21.23 21.51

SiO2 37.71 39.27 38.56 41.81

CaO 1.32 0.96 0.47 5.13

TiO2 0.01 0.06 0.03 0.07

Cr2O3 0.02 0.31 0.05 3.98

K2O 0.01 0.12 0.06 0.02

Na2O 0.16 0.15 0.21 0.03

MnO 0.73 0.59 1.13 0.34

FeO 34.25 29.23 22.15 7.42

Total 100.27 99.87 99.94 101.14

Chemical composition Py20Alm76Grs4 Py30Alm67Grs3 Py56Alm43Grs1 Py73Alm14Grs13
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Table 1. Given garnet’s rhombic trioctahedron structure

(isometric crystal system), anisotropy in electrical con-

ductivity was ignored. Four garnet single-crystal samples

with different chemical compositions (Py20Alm76Grs4,

Py30Alm67Grs3, Py56Alm43Grs1, and Py73Alm14Grs13)

were carefully selected by means of electron microprobe

analyses at Yale University and at the Institute of Geo-

chemistry, Chinese Academy of Sciences. The results of

Fourier transform infrared spectroscopy (FTIR) indicate

that the original dry samples contain less than 1 ppm water.

At 8.0 GPa and 1573 K, the garnet sample with the com-

position Py73Alm14Grs13 was hot-pressed and sintered to

obtain a hydrous product with 465 ppm water. For a

detailed description of the synthesis of hydrous garnet,

see Mookherjee and Karato (2010). Figure 1 shows the

FTIR absorption spectra of both dry and hydrous

Py73Alm14Grs13 garnet.

Buffer preparation

Control of oxygen fugacity was achieved by employing

high-purity powders of common metals and metal oxides;

i.e., solid buffer pairs containing Ni, Fe, and Mo, as well as

NiO, FeO, Fe2O3, Fe3O4, and MoO2 [Fe2O3 ? Fe3O4

(MH), Ni ? NiO (NNO), Fe ? Fe3O4 (IM), Fe ? FeO

(IW), and Mo ? MoO2 (MMO)]. Each pair was mechan-

ically mixed at a 1:1 ratio with respect to the metal

component.

Under conditions of pressure (P) = 133 MPa and

absolute temperature (T) = 1573 K, and employing argon

gas as a pressure medium, solid oxygen buffers were

tightly pressed and sintered at the China Iron & Steel

Research Institute, Peking, China, and the recovered

products were cut and polished by electric spark discharge

and erosion to obtain electrode slices and buffer loops. For

each solid buffer, oxygen fugacity values are a function of

temperature and pressure, as follows (Chou and Eugster

1976; Chou 1978):

Log fO2
¼ � a

T
þ bþ c

ðP� 1Þ
T

ð1Þ

where a, b, and c are constants related to the enthalpy,

entropy and volume change of the buffer reaction; T is the

absolute temperature; and P is the pressure (atm). Figure 2

shows the oxygen fugacities at a pressure of 2.0 GPa. The

oxygen fugacity was varied by changing the metal type in

the ring, by using a Faraday shielding cage, and by using

buffer electrodes at a given temperature and pressure

(Fig. 3). The validity of this approach was assessed by

X-ray diffraction analysis after conductivity measurements.

Experimental methods and principles

In situ measurements of high-pressure electrical conduc-

tivity were performed using the YJ-3000t multi-anvil press

and a Solartron-1260 impedance/gain-phase analyzer at the

Laboratory for Study of the Earth’s Interior and Geofluids,

Institute of Geochemistry, Chinese Academy of Sciences,

Guiyang, China. For a detailed description of the apparatus,

see Li et al. (1998, 1999) and Xie et al. (2002).

Figure 3 shows the experimental assemblage for mea-

surements of electrical conductivity. High pressures were

generated by six tungsten carbide anvils with a total sur-

face area of 23.4 mm2. Pressure calibration of the sample

cell was performed using the melting curves of Cu, Al, Zn,

and Pb metals in conjunction with 3D polynomial

Fig. 1 Fourier transform infrared spectroscopy spectra of hydrous

and dry garnet, Py73Alm14Grs13. Using the Paterson equation

(Paterson 1982), the water content of the hydrous sample was found

to be 465 ppm, and that of the anhydrous sample was 0.13 ppm

Fig. 2 Dependence of oxygen fugacity, fO2
, on temperature at 2.0

GPa
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numerical fitting under conditions of 1.0–5.0 GPa and

662–1518 K (Shan et al. 2007). Temperature calibration

was based on experimental measurements of the elastic

wave velocity of plagioclase under conditions of 2.0 GPa

and 773–1073 K (Liu et al. 2003). To avoid the influ-

ence of absorbed water on the electrical conductivity

measurements, the pressure medium of pyrophyllite

(32.5 9 32.5 9 32.5 mm3) was heated at 923 K for 2 h

prior to the experiments. A Faraday shielding case of 0.05-

mm metal foil, grounded to Earth, was installed between

the pressure medium and the boron nitride (BN) insulation

tube to reduce the temperature gradient inside the sample

cell, to minimize current leakage across the pressure

medium, and to prevent chemical migration between the

sample and the pressure medium. A cylindrical sample

was placed on the BN insulation tube between the two

metal buffer electrodes. Boron nitride provides better

insulation than Al2O3 (Fuji-ta et al. 2004). Temperature

was monitored by a Pt–Pt90Rh10 thermocouple. Errors in

the temperature and pressure gradients were measured to

be less than 10 K and 0.1 GPa, respectively. The uncer-

tainty of impedance was estimated to be less than 5%, and

those from was determined to be dimensional variations in

the sample, were less than 8%.

Pressure was first raised at a rate of *1.0 GPa/h to the

designated value. Then, under constant pressure, tempera-

ture was raised at a rate of *50 K/min to the designated

value. The frequency range and signal voltage were 10-2–

106 Hz and 1.0 V, respectively. Impedance spectra were

acquired at a temperature interval of 50 K. In the case of

temperature fluctuations of less than 1 K within 5 min, heat

transfer was considered to have reached equilibrium.

Attaining equilibrium with the buffer required another

15–20 min. Impedance spectra were fitted from the first

high-frequency impedance semicircle using a representa-

tive equivalent circuit that comprises a parallel combina-

tion of resistor and capacitor. In most cases, the electrical

conductivity was determined during the period of

decreasing temperature after the maximum temperature

had been attained. However, in a few runs, the conductivity

was measured during the periods of increasing and

decreasing temperature, to assess the hysteresis.

Figure 4 shows the resistance measurements for a single

temperature cycle, showing that the results are consistent

between the heating and cooling stages. We found no

obvious hysteresis, suggesting that the measured conduc-

tivity represents a near-equilibrium value under the phys-

ical and chemical conditions of each measurement. This

result is consistent with the fact that we found no evidence

of water loss during the experiments. Water content was

determined before and after measurements of the electrical

conductivity of the hydrous sample, indicating water loss

of less than 10%. To confirm that our results are unaffected

by leakage current through the sample and the insulator by

BN, we replaced the sample with BN as the background

resistivity. The resistivity of a BN disk is *102.5 times

higher than that of anhydrous samples and more than *105

times higher than that of hydrous samples. We conclude

that the influence of leakage current was negligible under

our experimental conditions.

Experimental results

We measured the electrical conductivity of (1) hydrous

garnet single crystals (Py73Alm14Grs13) at pressures of

1.0–4.0 GPa and temperatures of 873–1273 K, using an

Fe ? Fe3O4 (IM) oxygen buffer; (2) anhydrous garnets

of various compositions (including Py20Alm76Grs4,

Fig. 3 Experimental setup for electrical conductivity measurements

at high pressures and temperatures. 1: Pyrophyllite; 2: metal shielding

cases; 3: boron nitride; 4: electrode; 5: solid buffer tube; 7: tri-layer

stainless steel heater; 8: Pt–Pt90Rh10 thermocouple; 9: earth line

Fig. 4 Electrical conductivity of garnet over a typical heating and

cooling cycle at 2.0 GPa. Also shown is the conductivity of boron

nitride under the same conditions
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Py30Alm67Grs3, Py56Alm43Grs1, and Py73Alm14Grs13)

using an Fe ? Fe3O4 (IM) oxygen buffer; and (3) hydrous

and anhydrous Py73Alm14Grs13, using oxygen buffers of

Fe2O3 ? Fe3O4, Ni ? NiO, Fe ? Fe3O4, Fe ? FeO, and

Mo ? MoO2.

Figures 5 and 6 show representative spectra of a dry

garnet single crystal (Py30Alm67Grs3). The spectra in

Fig. 5 are in the form of a Nyquist diagram that plots the

imaginary part (Z00) against the real part of impedance (Z0)
at different frequencies (f). Figure 6 is a Bode diagram that

depicts the dependence of modulus (|Z|) and phase angle (h)

on frequency (f). According to the theory of impedance

spectroscopy (Huebner and Dillenburg 1995; Barkmann

and Cemič 1996; Bagdassarov 2011), the observed semi-

circular arcs of complex impedance in the Nyquist diagram

are indicative of two different conduction mechanisms. The

semicircle in the high-frequency region (*103–106 Hz)

corresponds to the grain interior conduction mechanism,

whereas that in the low-frequency portion (*10-2–103 Hz)

corresponds to polarization between the sample and the

electrodes. With increasing temperature, the inner semi-

circle shows a decrease in diameter, indicating enhanced

electrical conductivity.

Sample resistance (R) is equivalent to the diameter of

the high-frequency arc, which converts to electrical con-

ductivity as follows:

r ¼ L=S

R
¼ L

RS
ð2Þ

where r is electrical conductivity, L is length of sample,

and S is the electrode cross-sectional area. The electrical

conductivity of garnet single crystal and temperature was

found to satisfy the Arrhenius relation:

r ¼ r0 expð�DH=KTÞ ð3Þ

where r0 is the pre-exponential factor, DH is the activation

enthalpy, and R is the Boltzmann constant. The activation

enthalpy (DH) is dependent on pressure:

DH ¼ DU þ P� DV ð4Þ

where DU is the activation energy and DV is the activation

volume.

Figure 7 shows the electrical conductivity of a garnet

single crystal (Py73Alm14Grs13) with 465 ppm water under

conditions of 1.0–4.0 GPa and using an Fe ? Fe3O4 solid

buffer. Figure 8 shows electrical conductivity as a function

of the chemical composition of garnet (Py20Alm76Grs4,

Py30Alm67Grs3, Py56Alm43Grs1, and Py73Alm14Grs13) at

2.0 GPa and using an IM solid buffer. The effect of oxygen

fugacity on electrical conductivity is shown in Fig. 9, and

the fitted parameters of the Arrhenius relation are listed in

Table 2.

Discussion

Influence of pressure and chemical composition

With increasing pressure, the electrical conductivity of

hydrous garnet increases, the pre-exponential factor

slightly increases, and the activation enthalpy decreases

Fig. 5 Nyquist curves of the complex impedance, showing a switch

for dry Py30Alm67Grs3 garnet from 10-2 to 106 Hz (from right to left),
obtained for 2.0 GPa and 873–1273 K with an IM solid buffer. Z0and

Z0 0 denote the real and imaginary components of the complex

impedance, respectively

Fig. 6 Dependence of the modulus, |Z|, and phase, h, of the complex

impedance of dry Py30Alm67Grs3 garnet on frequency under condi-

tions of 2.0 GPa, 873–1273 K, and with an IM oxygen buffer
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(Fig. 7). Although previous studies have examined the

electrical conductivity of the (dry) dominant minerals in

the upper mantle (e.g., olivine, pyroxene, and garnet) and

assessed their pressure dependences (Xu et al. 2000a; Dai

et al. 2005, 2009a, c), no study has assessed the influence

of pressure on the electrical conductivity of hydrous min-

erals. According to Eq. 4 and Table 2, we can further

obtain the activation energy and activation volume of

charge carriers in hydrous garnet under conditions of 1.0–

4.0 GPa, 873–1273 K, and an IM buffer, yielding values of

0.7731 ± 0.0041 eV and -1.4 ± 0.15 cm3/mol, respec-

tively. The present experimental results are in general

agreement with the results reported by Katsura et al. (2007)

in terms of positive pressure dependence.

At a pressure of 2.0 GPa and with an IM oxygen buffer

(Fig. 8), the electrical conductivity of anhydrous garnet

single crystals with various chemical compositions

(Py20Alm76Grs4, Py30Alm67Grs3, Py56Alm43Grs1, and

Py73Alm14Grs13) shows a decrease with increasing pyrope

content (Py), the pre-exponential factors also decrease, and

the activation enthalpies increase. When the Py content

(Py/(Py ? Alm ? Grs)) in samples increases from 20 to

73%, the electrical conductivity is reduced by *30%. This

observation is in agreement with a recent report by Karato

(2011) that theoretically predicted a 50% conductivity

increase with increasing Py content from 2 to 90%. The

present results also showed that the activation enthalpies

(DH) of dry samples (1.32–1.37 eV) are significantly

higher than those of wet Py73Alm14Grs13 garnet (0.71–

0.76 eV).

Romano et al. (2006) investigated the electrical con-

ductivity of synthetic pyrope (Mg3Al2Si3O12)–almandine

(Fe3Al2Si3O12) samples and found that electrical conduc-

tivity decreases by five orders of magnitude from Py100 to

Alm100. In addition, they obtained activation enthalpies of

0.56–0.68 eV in the low-temperature zone (573–1273 K)

and 1.26–2.56 eV in the high-temperature zone (973–

1973 K). Although the authors stated that Mössbauer

spectroscopy was used to precisely determine the oxidation

state of iron, our results indicate that variation by five

orders of magnitude is too large. Our explanation of this

discrepancy is that the garnets investigated by Romano

et al. (2006) contained a large amount of water, which

would have produced anomalously high electrical con-

ductivity, especially in the low-temperature region.

Romano et al. (2006) measured pyrope–almandine con-

ductivity from Py100 to Py0 and found a much stronger

dependence of activation enthalpy on composition in the

high-temperature data (pyrope-rich samples), for which we

can be more confident that the samples were anhydrous.

The conclusion made by Romano et al. (2006) is strongly

based on this observation and is consistent with the results

of previous studies regarding the effect of Fe/(Fe ? Mg)

on the activation enthalpy of conduction in both olivine and

pyroxene (Cemič et al. 1980; Seifert et al. 1982). It has

been demonstrated that the presence of dissolved water can

enhance the electrical conductivity of minerals by several

orders of magnitude (Huang et al. 2005; Wang et al. 2006;

Dai and Karato 2009a, b, c; Yang et al. 2011a, b).

Influence of oxygen fugacity on electrical conductivity

Figure 9 shows the relation between the electrical con-

ductivity of anhydrous and hydrous Py73Alm14Grs13 gar-

net, and oxygen fugacity at 2.0 GPa. As the environment

Fig. 7 Logarithm of electrical conductivity versus reciprocal tem-

perature for hydrous Py73Alm14Grs13 garnet under conditions of

1.0–4.0 GPa, and with an IM oxygen buffer

Fig. 8 Electrical conductivity of Py20Alm76Grs4, Py30Alm67Grs3,

Py56Alm43Grs1, and Py73Alm14Grs13 garnet at 2.0 GPa with an IM

oxygen buffer. The legend indicates the garnet compositions (mol%

pyrope)
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becomes more oxidized, the electrical conductivity of dry

Py73Alm14Grs13 garnet increases, whereas the electrical

conductivity of the wet sample (465 ppm water) decreases.

At 2.0 GPa, the relation between the electrical conductivity

of anhydrous and hydrous samples, and oxygen fugacity

can be described respectively as:

log10 r ¼ ð2:23� 0:063Þ þ ð0:061� 0:002Þ � log10 fO2

þ ð�6092� 94Þ
T

ð5Þ

log10 r ¼ ð2:27� 0:032Þ þ ð�0:071� 0:001Þ � log10 fO2

þ ð�6475� 48Þ
T

ð6Þ

The exponential factors of the dependence of the

electrical conductivities of the anhydrous and hydrous

samples on oxygen fugacity (q) are 0.061 and -0.071,

respectively. These values are lower than the results of

theoretical calculations performed by Karato (2008a), who

developed models for the concentration of point defects in

(Mg,Fe)2SiO4 or (Mg,Fe)SiO3, depending on the chemical

environment under chemically neutral conditions for either

Fe�M
� �

¼ H0M
� �

(assuming the sample is anhydrous: p = 1/4,

q = 1/8, r = -1/2; assuming the sample is hydrous: p = 3/4,

q = -1/8, r = -1/2) or Fe�M
� �

¼ V 00M
� �

(assuming the sample

is anhydrous: p = 0, q = 1/6, r = -1/3; assuming the

sample is hydrous: p = 1/2, q = -1/12, r = -1/3). The

absolute values of q (0.061–0.071) for pyrope-rich garnet are

less than predicted, suggesting the involvement of other

charge neutrality conditions, such as Fe�M
� �

¼ ð4HÞ�Si

� �
and

Fe�M
� �

¼ ðOH)0l
� �

, or that chemical equilibrium was only partly

obtained.

The observed values of q are very close to the exponents

(0.05 and -0.058) obtained by Dai and Karato (2009a) for

dry and wet wadsleyite, respectively, under conditions of

15 GPa, 873–1273 K, and with three solid-state oxygen

buffers (Mo ? MoO2, Ni ? NiO, and Re ? ReO2). In

addition, the exponent for dry garnet (0.061) is similar to

the exponent of 0.096 determined by Dai et al. (2010) for

polycrystalline olivine under conditions of 1.0–4.0 GPa,

1073–1423 K, and with five solid-state oxygen buffers

(Fe2O3 ? Fe3O4, Ni ? NiO, Fe ? Fe3O4, Fe ? FeO, and

Mo ? MoO2).

Fig. 9 Electrical conductivity of dry and wet Py73Alm14Grs13 garnet for five oxygen buffers (Fe2O3 ? Fe3O4, Ni ? NiO, Fe ? Fe3O4,

Fe ? FeO, and Mo ? MoO2) at 2.0 GPa and 873–1273 K. The water contents of the dry and wet samples are 0.13 and 465 ppm, respectively

Table 2 Fitted parameters of

Arrhenius relation for garnet

under conditions of 873–

1,273 K and IM solid buffer

P (GPa) Chemical composition Water content (ppm) Log r0 DH (eV) r0 (S m-1) R2

1.0 Py73Alm14Grs13 465 1.7350 0.76 54.33 0.9923

2.0 Py73Alm14Grs13 465 1.7422 0.74 55.23 0.9917

3.0 Py73Alm14Grs13 465 1.7595 0.73 57.48 0.9952

4.0 Py73Alm14Grs13 465 1.7688 0.71 58.72 0.9899

2.0 Py73Alm14Grs13 0.18 2.6918 1.37 491.81 0.9956

2.0 Py56Alm43Grs1 0.13 2.7740 1.35 594.29 0.9934

2.0 Py30Alm67Grs3 0.22 2.8876 1.34 771.97 0.9941

2.0 Py20Alm76Grs4 0.16 2.9930 1.32 984.01 0.9915
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According to previous studies on the conduction

mechanisms of olivine, orthopyroxene, clinopyroxene,

pyrope-rich garnet, wadsleyite, and ringwoodite (Schock

and Duba 1985; Xu et al. 1999, 2000a; Huang et al. 2005;

Romano et al. 2006; Wang et al. 2006; Dai and Karato

2009a, b, c), lattice point-defect reactions in anhydrous and

hydrous garnet samples can be described as follows:

FeX
Mg + h� � Fe�Mg ð7Þ

2 Hð ÞXM � H0M + H� ð8Þ

where FeX
Mg is a ferrous ion occupying the magnesium ion

site in the lattice structure of the mineral, h� is a hole, Fe�Mg

is a trivalent ferric ion at the magnesium ion site in the

lattice (i.e., a small polaron), HX
M is a hydrogen ion occu-

pying the magnesium or iron ion site, H0M is a hydrogen

vacancy at a magnesium or iron ion site, and H� is a

hydrogen hole (i.e., a proton).

An increase in oxygen fugacity is accompanied by an

increase in the concentrations of point defects according to

reaction (7). Because the electrical conductivity of dry

garnet shows a positive relation with the concentration of

point defects, the electrical conductivity increases with

higher oxygen fugacity and a higher concentration of small

polarons arising from a point-defect reaction. Oxygen

fugacity has the opposite influence on proton conduction,

which explains the negative effect of oxygen fugacity on

the electrical conductivity of hydrous garnet, as noted by

Dai and Karato (2009a).

Geophysical implications

In general, the relation between electrical conductivity and

depth in the Earth’s interior is established based on the

electrical properties of the relevant minerals over a certain

depth range. An electrical conductivity-depth profile to

depths of 660 km, based on laboratory data of electrical

properties and phase transitions in the olivine–wadsleyite–

ringwoodite system, shows a conductivity increase of

almost two orders of magnitude across the 410-km dis-

continuity, thereby supporting a double-layer model for the

upper mantle (Xu et al. 1998). Recent studies on the

electrical conductivity of hydrous wadsleyite (Huang et al.

2005; Dai and Karato 2009a) not only confirmed the

hypothesis of hydrogen-enhanced conductivity, but also

showed that the earlier results by Xu et al. (1998) were

affected by the unrecognized role of hydrogen. The influ-

ence of hydrogen is pronounced, and water content in the

Pacific transition zone is estimated to be *0.1–0.2 wt%,

which is sufficient to promote partial melting (Huang et al.

2005; Karato 2008b; Karato and Dai 2009; Dai and Karato

2009a).

Despite the fact that garnet is the second abundant

mineral in the deep upper mantle and in the transition

zone is surpassed in abundance only by olivine–wads-

leyite–ringwoodite, few studies have examined its elec-

trical conductivity. Kavner et al. (1995) measured the

electrical conductivity of a natural meteoritic majoritic

garnet at room pressure and temperatures of 290–370 K,

although various assumptions and approximations are

required to extrapolate the results to realistic mantle

conditions. Xu and Shankland (1999) examined the

electrical conductivity of alumina-bearing (2.89 wt%) San

Carlos orthopyroxene under conditions of 5–21 GPa and

1273–1673 K. However, the recovered sample was a

mixture of garnet and ilmenite. Romano et al. (2006)

attempted to construct a conductivity-depth profile

according to experimentally derived electrical properties

of synthetic garnet with different chemical compositions.

However, in the absence of precise analyses of water

content by Fourier transform infrared spectroscopy

(FTIR) or secondary ion mass spectrometry (SIMS), it is

difficult to evaluate the reliability of their data, as noted

above.

In this section, our goal is to establish an electrical

conductivity model for eclogite based on the laboratory-

based conductivity measurements of the present work and

previous studies. To simplify the model, we make the

following necessary assumptions and extrapolations: (1)

the temperatures and pressures are within the ranges

673–1273 K and 0–4.0 GPa, respectively, the upper

bounds of which are approximately equivalent to the

P–T conditions of the base of the lithosphere; (2) oxygen

fugacity is employed by a solid buffer Ni ? NiO to a

value that is very close to that in the upper mantle (Xu

et al. 2000b); (3) because the sample is anhydrous, the

partitioning coefficient of water among different mineral

phases is not considered; (4) the chemical composition

of eclogite is constrained to the specific stoichiometry of

pyrope-rich garnet with the chemical composition of

Py73Alm14Grs13; (5) grain boundaries have a negligible

influence on the bulk electrical conductivity of the rock;

(6) mineral phases are randomly and evenly distributed

throughout the eclogite; (7) according to the geochemical

classification of eclogite (Mottana et al. 1971), it contains

40–80% pyrope-rich garnet and 20–60% clinopyroxene;

secondary minerals are ignored, assuming they have a

negligible effect on the bulk electrical conductivity of

eclogite; (8) a representative effective medium model is

applied to determine the electrical conductivity of

eclogite.

Given the above assumptions, the representative bulk

electrical conductivity of the eclogite (rEM) is expressed as

follows:
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rEM ¼
1

4

�
ð3fGt� 1ÞrGt þ ð3fCPx � 1ÞrCPx

þ ð3fGt� 1ÞrGtþ ð3fCPx � 1ÞrCPxh i2þ8rGtrCPx

h i1
2

�

ð9Þ

where rGt and rCPx are the electrical conductivities of

garnet and clinopyroxene, respectively; and fGt and fCPx are

the volume fractions of garnet and clinopyroxene, respec-

tively. Equation 9 shows that if the electrical conductivities

of the constituent phases (garnet and clinopyroxene) are

known at a given temperature and pressure, and if the rock

has been assigned values of fGt and fCPx, then the bulk

electrical conductivity of the rock is easily determined.

In the present work, we have already obtained experi-

mental results for the electrical conductivity of dry

Py73Alm14Grs13 garnet under conditions of 2.0 GPa,

873–1273 K, and with a Ni–NiO solid buffer. Under these

conditions, there is no phase transition for dry pyrope-rich

garnet; therefore, we assume that the Arrhenius behavior at

temperatures of 873–1273 K, as described above, may be

extended to 873–1473 K on the basis of well-constrained

parameters in the Arrhenius equation, such as the pre-

exponential factor r0 and the activation enthalpy DH. To

establish the model, we must determine the electrical

conductivity of clinopyroxene described by Eq. 9 at high

temperatures and pressures. In fact, many previous studies

have examined the electrical conductivity of clinopyroxene

(Huebner and Voigt 1988; Alekseev and Galanov 1990;

Wang et al. 1999; Xu and Shankland 1999; Yang et al.

2011a). Here, we use the electrical conductivity data on

clinopyroxene reported by Yang et al. (2011a), mainly

because their experimental temperatures and pressures are

similar to those of the current work, and because they

adopted a measurement technique of alternating current

impedance spectroscopy, which is consistent with our

measurements of the electrical conductivity of garnet.

Anisotropy may influence measurements of the electrical

conductivity of clinopyroxene; however, the results

obtained for diopside by Dai et al. (2005) indicate that this

effect is feeble and can be ignored.

Using Eq. 9, the bulk electrical conductivity of eclogite

was calculated under various temperatures and volume

ratios of garnet to clinopyroxene (Figs. 10, 11, 12). For

comparison, also plotted in Fig. 10 is the electrical con-

ductivity data of natural eclogite, as measured by Lašto-

vičková (1975).

The electrical conductivity of eclogite decreases with

increasing garnet content (Fig. 10), although this trend

becomes weaker with increasing temperature. Our con-

ductivity results on eclogite are in the good agreement with

those of Laštovičková (1975), although a small discrepancy

in the lower-temperature region may reflect the different

mineralogical constituents of the two studies. The natural

eclogite sample used by Laštovičková (1975) consisted of

garnet (40%), clinopyroxene (45%), quartz (10%), amphi-

bole (2%), rutile (2%), and minor symplectite minerals that

include amphibole–plagioclase, diopside–plagioclase, and

diopside–magnetite (1%). In the present study, in contrast,

the samples consisted of varying volume ratios of garnet

and clinopyroxene.

Figure 11 shows the relation between the electrical

conductivity of eclogite and volume percentage of garnet

Fig. 10 Logarithm of the calculated electrical conductivity versus

reciprocal temperature for eclogite with different volume ratios of

garnet to clinopyroxene under conditions of 2.0 GPa, and with a Ni–

NiO oxygen buffer. The clinopyroxene data are from Yang et al.

(2011a). The dashed line shows the electrical conductivity of eclogite

during cooling at room pressure, as reported by Laštovičková (1975)

Fig. 11 Effect of garnet fraction on electrical conductivity of eclogite

at conditions of 2.0 GPa, 873–1473 K and the Ni–NiO oxygen buffer
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under conditions of 2.0 GPa, 873–1473 K, and with a

Ni–NiO solid buffer. The bulk electrical conductivity of

eclogite shows a linear decrease with increasing volume

percentage of garnet, and this relation is strengthened at

higher temperatures. Considering the result for clinopy-

roxene reported by Yang et al. (2011a), we found that the

electrical conductivity of garnet is lower than that of

clinopyroxene at a given temperature, pressure, and oxygen

fugacity. In conclusion, the electrical conductivity of

eclogite is affected mainly by garnet content.

Figure 12 shows the logarithm of the electrical con-

ductivity of eclogite with varying mineralogical constitu-

ents at temperatures of 873–1473 K, and with a Ni–NiO

solid buffer, at depths of 40–150 km. To establish the

depth profile of the electrical conductivity of eclogite, we

adopt a relatively gentle geothermal gradient of *6.67�C/

km in the pyrolite model (Basu et al. 1986). Figure 12

shows that (1) the logarithmic electrical conductivity of

eclogite with various volume ratios of garnet to clinopy-

roxene shows a smooth increase with increasing depth; (2)

the rate of change of electrical conductivity with depth

becomes smaller with increasing depth; and (3) the elec-

trical conductivity of eclogite increases with increasing

volume percentage of clinopyroxene at constant tempera-

ture and pressure. Therefore, a depth profile of the labo-

ratory-based conductivity of eclogite is successfully

obtained on the basis of the electrical conductivity of

garnet at depths of 40–150 km.

In summary, based on our experimental results for

garnet and a model constructed using effective medium

theory, we calculated the bulk electrical conductivity of

eclogite with various mineralogical compositions under

controlled oxygen fugacity and water (hydrogen) content

for a broad range of temperatures, pressures, and depths.

The results are expected to provide constraints on the

inversion of field magnetotelluric (MT) sounding results in

future studies.
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