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a b s t r a c t

The electrical conductivity of Ca-free aluminous enstatite with various water contents has been

determined at a pressure of 3 GPa in a Kawai-type multi-anvil apparatus. Impedance spectroscopy was

performed for both hydrogen-doped and -undoped samples in a frequency range from 0.1 Hz to 1 MHz

to examine the effect of water on conductivity. Two conduction mechanisms were identified for

relatively lower temperature range of 500–900 K to minimize dehydration of samples. For the

hydrogen-undoped samples, the activation enthalpy is around 1.9 eV at the higher temperatures range

(41300 K) suggesting that the dominant charge transfer mechanism is Fe2þ
�Fe3þ hopping (small

polaron) conduction. For the hydrogen-doped samples measured below 900 K, the activation enthalpy

decreases from 1.11 to 0.70 eV, and the conductivity values systematically increase with increasing

water content, suggesting that proton conduction is the dominant conduction mechanism. Taking

hopping conduction and water content dependence of activation enthalpy for proton conduction into

account, all electrical conductivity data were fitted to the formula s¼s0hexp(�Hh/kT)þ

s0pCwexp[�(Hp
0
�aCw

1/3)/kT], where s0 is pre-exponential factor, Cw is the water content in weight

percent, H is the activation enthalpy, Hp
0 is the activation enthalpy for proton conduction at very low

water concentration, a is the geometrical factor, k is the Boltzmann constant, T is absolution

temperature and subscripts h and p represent hopping and proton conductions, respectively. Using

the present results, a laboratory-based conductivity-depth profile in the Earth’s upper mantle has been

constructed as a function of water content. Comparison of our model with the currently available

geophysical observations beneath the Eastern Pacific Rise indicates that hydrous aluminous enstatite

cannot account for the high conductivity anomaly at the top of the asthenosphere as well as hydrous

olivine.

Crown Copyright & 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Some conductivity models based on magnetotelluric surveys have
indicated high-conductivity anomaly in the asthenosphere
(Lizzarralde et al., 1995; Evans et al., 2005). Two hypotheses have
been proposed to interpret high conductive values. One is olivine
hydration (Karato, 1990; Evans et al., 2005) and another is partial
melting (Shankland and Waff, 1977; Yoshino et al., 2006). To test the
former hypothesis, several groups experimentally studied the effect of
012 Published by Elsevier B.V. All
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water on the electrical conductivity of olivine (Yoshino et al., 2006;
Wang et al., 2006; Poe et al., 2010; Yang, 2012). Yoshino et al. (2006)
showed that, although electrical conductivity of single crystal olivine
increases with increasing water content, both relative contribution
and anisotropy of proton conduction become weak at high tempera-
ture. Thus the high conductivity of the asthenosphere cannot be
explained by hydrous olivine. In contrast, Wang et al. (2006) showed
much higher conductivity and greater temperature dependence. They
concluded that hydrous olivine should be responsible for the high
conductivity of the asthenosphere. However, recent experimental
studies (Yoshino et al., 2009; Poe et al., 2010; Yang, 2012) have
verified the implausibility of proton conduction for explanation of the
high conductivity of the asthenosphere.

Orthopyroxene is the second abundant constituent mineral of
the shallow upper mantle. The partition coefficient of water of
rights reserved.
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aluminous enstatite to olivine is very high, DOpx=Ol
H2O ¼ 11:7 (Grant

et al., 2007), and the maximum water solubility in aluminous
enstatite has the maximum values close to 1 wt% at low pressures
(1.5 GPa) and temperatures (1073 K) (Mierdel et al., 2007). Thus,
aluminous enstatite could be a more important host than olivine
for water in the upper mantle. If the electrical conductivity of
hydrous Al-bearing enstatite is significantly higher than that of
hydrous olivine at constant bulk water content, it is expected that
the high-conductivity anomaly in the asthenosphere (Lizzarralde
et al., 1995; Evans et al., 2005) could be explained by the proton
conduction of enstatite.

The earliest studies reported the electrical conductivity of
orthopyroxene at ambient pressure (Duba et al., 1973; Huebner
et al., 1979; Huebner and Dillenburg, 1995). Xu and Shankland
(1999) reported the electrical conductivity of orthopyroxene at
high pressures by implicitly assuming anhydrous conditions,
attributing their conduction data to hopping conduction. The
conductivity measurement on proton conduction of orthopyrox-
ene was first reported by Dai and Karato (2009). Their results
showed that water can greatly enhance the electrical conductivity
of orthopyroxene. However, Dai and Karato (2009) did not
determine the electrical conductivity of hydrous orthopyroxene
as a function of water content. Recently, a similar study was
conducted by Yang et al. (2012a), who measured the electrical
conductivity of hydrous orthopyroxene with relatively lower
water contents (only up to 375 ppm) at 573–1273 K and 0.6–
1.2 GPa. The results for hopping and proton conductions by Yang
et al. (2012a) largely disagree with the previous studies. There-
fore, the effect of water on conductivity of orthopyroxene is still
controversial.

In this study, we have measured the electrical conductivity of
polycrystalline aluminous enstatite at 3 GPa as a function of water
content by means of complex impedance spectroscopy in a Kawai-
type multi-anvil apparatus. For the hydrogen-doped aluminous
enstatite, conductivity measurements were performed at relatively
low temperature of up to 900 K to minimize water loss from crystals.
To separate the contribution of proton and small polaron conductions,
conductivity of hydrogen-undoped enstatite was measured at up to
1723 K. We have constructed a laboratory-based conductivity model
using our experimental data, and compared it with the geophysically
observed conductivity-depth profiles to assess water content in the
asthenosphere.
Fig. 1. Unpolarized FT-IR spectra of synthetic aluminous enstatite before the

electrical conductivity measurements.
2. Experimental procedures

2.1. Sample preparation

Four different types of starting materials were used to synthesize
the hydrogen-doped and -undoped orthopyroxene, which have the
same Mg numbers [Mg/(MgþFe)¼0.9] and various Al2O3 contents
(Al-free, 3, 6 and 10 wt%). The starting materials were prepared from
a mixture of MgO, Fe2O3, SiO2 and Al2O3 oxides in the following
procedure. The oxide powders were dried at 1273 K for 4 h, then
mixed and ground in an agate mortar for 2 h. The glasses were
synthesized from these mixtures by melting them under ambient
pressure at 1873 K in air and quenching them into water. These
glasses were finely ground and pressed into pellets. The pellets were
heated in a furnace at 1473 K for 1 h with controlled oxygen partial
pressure of log fO2¼�8.47 [log atm], which is close to the QFM
buffer, and then quenched into water.

Aluminous enstatite samples were sintered in an end-loaded
piston-cylinder apparatus at 1 GPa and 1123–1473 K using 3/4 in.
pressure assemblies, for durations up to 184 h. Hydrogen-doped
(wet) aluminous enstatite samples were synthesized using mix-
tures of the aluminous enstatite and brucite powder as a water
source (about 1 wt% H2O). The mixtures were loaded into Mo
capsule, and inserted the Mo capsule into a little larger Pt tube,
then sealed by welding. The Mo capsule was also used to control
fO2 close to the Mo–MoO2 buffer. The water content in the
enstatite was obtained by changing the annealing conditions
(Mierdel and Keppler, 2004; Mierdel et al., 2007) (for detail see
Table S1 in the supplementary material). Finally, the samples
were cooled to room temperature with a cooling rate of about
100 1C/min, which allowed us to obtain sintered enstatite without
cracking due to thermal shock.

We also synthesized a sample without detectable amount of
hydrogen to measure hopping conduction only. The starting material
of Al-free enstatite powder was first dried at 473 K for one day in a
vacuum furnace, one-end welded gold capsule was preheated on a
473 K heating plate, then the enstatite powder was put into gold
capsule which was welded immediately. Finally, the sample was
sintered at 6 GPa (see 5K1910 in Table S1 of the supplementary
material) in a Kawai-type multi-anvil apparatus. Experimental con-
ditions were summarized in Table S1 in the supplementary material.

2.2. Sample characterization

The sintered enstatite aggregate was cut into two pieces, one
of which was doubly polished to thin section of less than 0.1 mm
thickness. The thin section was used to characterize the sample
before conductivity measurement. Phase identification was con-
ducted by micro-focused X-ray diffraction. After the conductivity
measurement, phases in the recovered samples were determined
to be orthoenstatite, although small amounts of low-pressure
(P21/c) clinoenstatite (Ulmer and Stalder, 2001) were observed in
a few hydrogen-doped samples. The major element compositions
were determined by an electron probe microanalyzer (EPMA)
(JEOL JXA-8800) (see Table S2 in the supplementary material).
The Mg numbers [Mg]¼Mg/(MgþFetotal)] in hydrogen-doped
aluminous enstatite sample with brucite are slightly higher than
those of the samples without brucite (see Table S1 in the
supplementary material). The Al concentrations and Mg] in
aluminous enstatite are very close to those in the initial glass
starting materials (Table S1 in the supplementary material). The
sample textures were examined by scanning electron microscopy
and the grain sizes were less than 20 mm.

The FT-IR spectra of the samples before and after conductivity
experiments were obtained using Jasco Janssen MFT-2000 FT-IR



Table 1
Experimental results on the electrical conductivity of hydrous Al-bearing enstatite.

Run no. Sample] Water content (wt%) T (K) logs0 (S/m) H (eV) Comments

COH
a C OH

b

1K1520 En0 o0.001 0.002(2) 1000–1300 1.09(20) 1.11(5) Dry sample

1300–1723 4.07(23) 1.90(7)

5K1486 En1 0.079(15) 0.044(7) 500–900 0.86(18) 0.77(2) Dehydration

5K1470 En4 0.053(5) 0.052(15) 600–800 0.49(10) 0.78(1)

5K1476 En5 0.054(3) 0.053(5) 500–800 0.41(18) 0.76(2)

1K1090 En7 n.d. 0.009(5) 600–900 0.99(41) 0.93(6)

1K1101 En8 0.129(4) 0.053(7) 600–750 0.71(54) 0.72(7) Dehydration

5K1492 En9 0.115(14) 0.057(12) 600–700 0.66(26) 0.73(3) Dehydration

1K1095 En10 0.241(19) 0.235(4) 600–800 1.02(41) 0.70(6)

All experiments were conducted at 3 GPa. Water content (in wt%), COH
a and COH

b are those of before and after conductivity measurements from FTIR spectroscopy. Errors are

one standard deviation in parentheses.
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spectrometer with unpolarized light. The water content in sam-
ples was calculated by the equation given by Paterson (1982). The
spectra were obtained using less than 0.1 mm-thick sample in
crack-free regions of �100�100 mm2. At least five measure-
ments were carried out at different areas for each sample.
Representative FT-IR spectra of the samples with various amounts
of water before the electrical conductivity measurement are
shown in Fig. 1. The infrared spectra of aluminous enstatite
aggregates display a strong absorption band around 3580–
3590 cm�1 and weak absorptions around 3500–3520 cm�1 irre-
spective of the water content. These spectra are essentially the
same as those reported for hydrous orthoenstatite (Bromiley and
Bromiley, 2006; Mierdel et al., 2007; Yang et al., 2012b). Addi-
tionally, it has been claimed that the Paterson calibration for
unpolarized FTIR spectra may underestimate water content in
nominally anhydrous minerals (especially in olivine) by a factor of
3 (Mosenfelder et al., 2006) compared to the calibration of Bell
et al. (2003). In this study, since the FT-IR measurements were
carried out using the polycrystalline sample, the single crystal
calibration methods (Bell et al., 2003) are not applicable to our
samples and error of the water content calculated from the
spectra through randomly oriented crystals would be smaller.
The water contents in samples after conductivity measurement
are shown in Table 1.

2.3. Electrical conductivity measurements

One half of the sintered aggregate was used for the conductivity
measurement. Electrical conductivity measurements were carried out
at 3 GPa in a Kawai-type multi-anvil apparatus. The cell design for the
conductivity measurement is essentially the same as that in our
previous study (Yoshino et al., 2006, 2009, 2010, 2012; Yoshino,
2010). A disc-shape sample was placed between two molybdenum
electrodes. Mo serves also to buffer oxygen activity at the
MoþO2¼MoO2 equilibrium during the measurement. This buffer is
considered to be nearly identical to that of iron-wüstite (Feþ
1/2O2¼FeO) (Xu et al., 1998). Prior to the experiment, the assembly
was further dried overnight at 473 K in a vacuum furnace just before
the conductivity measurement.

After compressing the sample assembly, we purged the adhesive
water in the surrounding materials by pre-heating at 500 K for more
than 2 h. While the sample was kept at this temperature, the sample
resistance was frequently monitored. The resistance at the beginning
of the first heating decreased due to release of absorbed water in the
assembly. After the high insulation resistance (�108 O) was obtained,
conductivity measurements were started. Impedance spectroscopy
was carried out using a Solartron 1260 impedance Gain-Phase
Analyzer combined with a Solartron 1296 interface. Most data were
obtained at frequencies ranging from 1 MHz to 1 or 0.1 Hz with
1.41 V applied voltage. According to previous studies on hydrous
olivine (Yoshino et al., 2006, 2009), sample dehydration occurred at
1000 K during conductivity measurement. We found that hydrous
enstatite starts dehydration at 900 K during heating. Therefore, a
typical measurement was performed for hydrogen-doped enstatite
samples by heating up to a maximum temperature 900 K. This upper
temperature limit was chosen to minimize partial dehydration of
sample at the maximum temperature of the measurement. In order
to check the reproducibility of conductivity measurements, complex
impedance spectra were obtained in several heating–cooling cycles.
For each cycle, the maximum temperature was increased by 100 K
step to identify the dehydration temperature. For hydrogen-undoped
samples, conductivity was measured at temperatures up to 1723 K.
During each cycle, temperature was changed by 50–100 K steps, and
impedance spectra were obtained at each temperature step.

Impedance spectra showed only a symmetrical single arc over the
temperature and frequency ranges investigated. An equivalent circuit
consisting of a sample resistance and capacitance in parallel was used
to fit the experimental data to determine sample resistance. Sample
conductivity was calculated from the sample resistance and dimen-
sions. Experimental errors are estimated to be less than 5%, which
arise mainly from uncertainties in the dimensions of the sample and
distortion of the impedance arcs.
3. Results

Fig. 2 shows the representative complex impedance spectra
acquired for the hydrogen-doped and -undoped enstatite sam-
ples. All the complex impedance spectra of hydrogen-doped
samples exhibit only one impedance arc in the investigated
frequency range and at temperatures ranging from 600 to 800 K
(Fig. 2a). Fig. 2b shows a series of complex impedance spectra for
hydrogen-undoped sample at temperatures ranging from 1000 to
1500 K. The impedance arc at higher frequency range (1 MHz to
100 Hz) corresponds to the grain interior conduction, although a
short tail appears at the end of the first impedance arc at
frequencies lower than 100 Hz. The bulk sample resistance was
determined using the high-frequency portion of the spectrum to
fit the data.

The temperature dependence of conductivity (s) can be
expressed according to the Arrhenian relation:

s¼ s0exp �
H

kT

� �
ð1Þ

where s0 is the pre-exponential factor, H is the activation enthalpy, k

is the Boltzmann constant, and T is absolute temperature. Two typical



Fig. 2. Complex impedance spectra showing the semicircular pattern of the real

(Z0) vs. imaginary (Z00) components of complex impedance at frequencies ranging

from 1 MHz to 1 or 0.1 Hz at the temperatures indicated. (a) Impedance spectra of

hydrogen-doped aluminous enstatite sample (run 5K1470) measured at tempera-

tures ranging from 600 to 800 K. (b) Impedance spectra of hydrogen-undoped

aluminous enstatite sample (run 1K1520) measured at temperatures ranging from

1000 to 1500 K.

Fig. 3. Typical examples of electrical conductivity measurements for hydrous Al-

bearing enstatite as a function of reciprocal temperature. Different symbols

indicate the conductivity values for different heating and cooling cycles.

(a) Electrical conductivity of aluminous enstatite (run 5K1476). Note that the

conductivity values below 800 K are repeatable in 2nd and 3rd cycles.

(b) Electrical conductivity of hydrous aluminous enstatite (run 5K1486). Note

that the trace of the fourth cooling path is clearly higher than the third cooling and

fourth heating paths, suggesting that sample dehydration occurs in the final stage.

Fig. 4. Representative unpolarized FT-IR spectra of hydrous Al-bearing enstatite

before and after the electrical conductivity measurements: (a) 5K1476, no change

in water content; (b) 5K1486, loss of water because of dehydration.
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examples of electrical conductivity measurements for hydrogen-
doped sample are shown in Fig. 3. In run 5K1476 (Fig. 3a), con-
ductivity was measured in three heating-cooling cycles between 500
and 800 K. In general, the conductivity paths become straight and
steep by repeating the cycles. On the other hand, a cooling cycle and
the next heating cycle show excellent agreement. This reproducibility
indicates that conductivities did not suffer from strong oxidation or
reduction in the cell as a result of buffering by Mo–MoO2. The straight
line in the third cycle on the Arrhenius plot suggests that adhesive
water have completely purged in this cycle. The FT-IR spectroscopy
reveals that the water content did not change before and after the
conductivity measurement (Fig. 4a and Table 1), suggesting that the
structural water was held in enstatite crystals during conductivity
measurement.

In run 5K1486 (Fig. 3b), the conductivity values followed the
same path by repeating heating and cooling between 500 and
900 K. However, once the sample was heated to 900 K, the
conductivity did not decrease significantly with decreasing tem-
perature in the fourth cooling path: the conductivity showed
much smaller temperature dependence than before. After con-
ductivity measurement, the FT-IR spectroscopy of recovered
samples indicated that the water content in enstatite crystal
was lower (44% lost) than that before the measurement (see
Fig. 4b). This observation suggests that dehydration of samples
occurred during conductivity measurement. If dehydration
occurred, the released high-pressure aqueous fluid is likely to
interconnect along grain boundaries (Yoshino et al., 2007), which
would mask conductivity of the grain interior, and eventually lead
to the apparently high conductivity even though the amount of



Fig. 5. Proton conduction of aluminous enstatite with various amounts of water

(in wt%).
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free-water is very small (Yoshino et al., 2006, 2009). Conductivity
of hydrogen-doped orthopyroxene cannot be measured at tem-
perature above 900 K, as that of olivine cannot be above 1000 K
(Yoshino et al., 2009).

A variation of the absolute conductivity values for both
hydrogen-doped and -undoped samples in the temperature range
of 500–900 K shows a systematic increase with water content
(Fig. 5 and also see Fig. S1 in the supplementary material). Pre-
exponential factor (s0) and activation enthalpy (H) in Eq. (1) for
each sample are summarized in Table 1. Below 900 K, activation
enthalpy of hydrogen-doped sample is around 0.9 eV. On the
other hand, at higher temperatures than 1300 K, activation
enthalpy for the nominally ‘‘dry’’ samples (1K1520) is 1.9 eV.

As shown in Fig. 5, in the temperature range of 500–900 K,
conductivity increases by about 3.5 orders of magnitude with
increasing water content from 0.002 to 0.241 wt% while the
activation enthalpy for proton conduction decreases from 1.11
to 0.70 eV. These observations suggest that proton conduction is
the dominant conduction mechanism in the hydrogen-doped
enstatite. On the other hand, no clear relationship between the
conductivity data and Al concentration was found for hydrous
enstatite in this study. This observation implies that proton
conduction in enstatite is insensitive to Al2O3 content.
Fig. 6. Calculated electrical conductivity of aluminous enstatite as a function of

reciprocal temperature for various water contents. The solid thick lines in the

graph indicate the fitting results obtained from Eq. (2) for hydrous Al-bearing

enstatite and the numbers represent the water content (in wt%). The symbols

denote raw data for each sample with different water contents.
4. Discussion

4.1. Charge transport mechanisms in aluminous enstatite

The present study demonstrates that the electrical conductiv-
ity of hydrous enstatite largely increases with increasing water
content at low temperatures (below 900 K) (Fig. 5). Combining
data of hydrogen-undoped and -doped samples, two conduction
mechanisms can be identified. The electrical conductivity of
hydrous iron-bearing silicate minerals can be expressed by con-
sidering the sum of contributions from two conduction mechan-
isms: hopping (small polaron) and proton conductions.

In the higher temperature range (41300 K), small polaron
(electron-hole hopping between Fe2þ and Fe3þ ions) can be
considered as a dominant charge carrier. The activation enthalpy
(1.9 eV) determined by Eq. (1) falls in a range of small polaron
conduction observed in orthoenstatite (Duba et al., 1973; Xu and
Shankland, 1999; Dai and Karato, 2009), olivine (Xu et al., 1998,
2000; Yoshino et al., 2006, 2009) and its high-pressure poly-
morphs (Yoshino et al., 2008a).
The increase of absolute conductivity and decrease of activa-
tion enthalpy with increasing water content found in the lower
temperature range (Fig. 5 and Table 1) are similar to previous
observations for the case of olivine, wadsleyite and ringwoodite
(Yoshino et al., 2008a, 2009; Poe et al., 2010). As hydrogen
content increases systematically, a decrease of distance to the
nearest proton would be a cause of decreasing the activation
enthalpy. In this case the activation enthalpy of proton conduc-
tion can be described by Eq. (2) in Yoshino et al. (2008a). The
results (shown in Fig. S2 in the supplementary material) indicate
a fit to this model. The data points obtained from samples with
different Al contents were consistently fitted to the same curve,
suggesting that the Al content does not have any influence on the
proton conduction.

Taking both small polaron and proton conductions into
account, the electrical conductivity of hydrous enstatite can be
expressed as:

s¼ s0hexp �
Hh

kT

� �
þs0PCW exp �

H0
P�aC1=3

W

kT

 !
ð2Þ

where s0 and H are the pre-exponential factor and activation
enthalpy, subscripts h and p represent hopping (small polaron)
and proton conduction mechanisms, respectively; CW is water
content in weight percent, a is a geometrical factor, and H0

P is the
activation enthalpy observed at very low water content. The
samples with different Al contents were simultaneously fitted
by Eq. (2) and the fitting parameters yielding: logs0h¼3.99(23)
(S/m), Hh¼1.88(7) (eV), logs0P¼2.58(14) (S/m), HP

0
¼0.84(3) (eV)

and a¼0.08(3). The fitting results of electrical conductivities of
enstatite as a function of water content are shown in Fig. 6.

Mierdel et al. (2007) proposed that both Al3þ and Hþ ions can
simultaneously enter into the aluminous enstatite crystal struc-
ture by the coupled substitution of Al3þ

þHþ for Si4þ and by the
substitution of Al3þ

þHþ for 2Mg2þ . However, migration of
interstitial proton is not accompanied by that of Al3þ , and is
much faster than that of Al3þ ion because of the very small ionic
radius of proton. Therefore, the electrical conductivity of hydrous
aluminous enstatite strongly depends on hydrogen concentration
alone, and is likely to be independent of Al content (Figs. 5 and 6).
The trends predicted from Eq. (2) without considering the effect
of Al are consistent with those experimentally observed correla-
tions between electrical conductivity and water content (Fig. 6).
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For hydrogen-doped samples, the electrical conductivity measure
ments were performed across the phase boundary between
orthoenstatite and P21/c clinoenstatite. After the conductivity
measurement, X-ray diffraction analysis showed that a part
of some sample was transformed to P21/c clinoenstatite. The
maximum temperature for our conductivity measurement of
hydrogen-doped samples was located in the stability field of
orthoenstatite, whereas the minimum temperature (500 K) was
located in that of P21/c clinoenstatite. However, in the Arrhenius
plot, we did not find any discontinuity across the phase boundary.
This implies that the effect of water on the electrical conductivity
is almost identical between orthoenstatite and P21/c clinoensta-
tite or small amount of P21/c clinoenstatite does not contribute to
the bulk conductivity.
4.2. Comparison with previous studies

Fig. 7 shows a comparison of present results on the small
polaron conduction of enstatite with some previous studies. Duba
et al. (1973) reported that the electrical conductivity of orthopyr-
oxene has a large hysteresis under ambient pressure because of
the influence of non-equilibrium processes such as phase trans-
formation from orthoenstatite to protoenstatite. Huebner et al.
(1979) investigated the effect of trivalent cations (Al3þ or Cr3þ)
on the electrical conductivity of orthoenstatite at atmospheric
pressure. Their results showed that the absolute conductivity
increases with Al2O3 content. Conductivities of nominally ‘‘dry’’
sample are equivalent to their data, but the temperature depen-
dence (activation energies) in the present study is distinctly larger
than these two previous studies: this study, 1.9 eV; Duba et al.
(1973); 1.54–1.79 eV, Huebner et al. (1979); 0.92–1.13 eV. The
lower activation enthalpies of Huebner et al. (1979) could be
attributed to their high Fe/(MgþFe) ratio [Mg]¼83], because
iron-bearing minerals with higher iron content showed lower
activation enthalpy (e.g., garnet: Romano et al., 2006; ringwoo-
dite: Yoshino and Katsura, 2009a; ferropericalse: Yoshino et al.,
2011). Otherwise, slightly higher activation enthalpy obtained
from this study may imply that ionic conduction due to migration
of metal vacancy partially contribute to the bulk conductivity in
this temperature range.
Fig. 7. Comparison of results for the electrical conductivity of orthoenstatite

under dry (solid lines) and wet (dashed lines) conditions. All hydrous samples are

assumed to have the same water content (0.05 wt%). DBR73—Duba et al. (1973)

measured at ambient pressure; HDW79—Huebner et al. (1979) measured at

ambient pressure; XS99—Xu and Shankland (1999) measured at 5 GPa; DK09—Dai

and Karato (2009) measured mean value for three axes at 8 GPa; YKMN11—Yang

et al. (2012a) measured at 1.2 GPa.
Xu and Shankland (1999) reported the electrical conductivity
of orthoenstatite with 2.89 wt% Al2O3 at 5 GPa and at high
temperatures ranging from 1273 to 1673 K. Their obtained
activation enthalpy of 1.8 eV for hopping conduction is compar-
able to ours (1.9 eV). Dai and Karato (2009) measured the
electrical conductivity of single crystal orthoenstatite with
0.4–0.8 wt% Al2O3 at 8 GPa and temperature up to 1473 K. They
gave similar conductivity values but lower activation energy of
1.52 eV. As discussed above, this discrepancy in activation energy
is mainly due to higher iron content in their samples (Mg]¼82)
compared to ours (Mg]¼90). Although the activation enthalpy for
proton conduction determined from sample with 0.054 wt% water
in this study is consistent with that reported by Dai and Karato
(2009), however, proton conduction obtained by Dai and Karato
(2009) for single crystal sample with 0.042 wt% water is one order
higher than ours (Fig. 7). One possible reason for their high values
is that their conductivity measurements were conducted in a
stability field of high-pressure (C2/c) clinoenstatite (Ulmer and
Stalder, 2001; Akashi et al., 2009). Another possible explanation
for this discrepancy is the difference of temperature range: the
maximum temperature for hydrous samples in this study is
900 K, whereas that in Dai and Karato’s (2009) study is 1273 K.
Judging from our observation of dehydration at 900 K (Fig. 3b),
the enstatite samples of Dai and Karato (2009) were probably
dehydrated at a certain temperature above 900 K. Before dehy-
dration, the impedance spectra are characterized by a semicircu-
lar shape, suggesting that the equivalent circuit is a single R–C
parallel circuit (Fig. 2a). Once the dehydration occurred, the
released ionic fluid can be interconnected on the grain boundaries
at high temperatures, which caused a distorted and asymmetrical
arc or presence of the second arc. Such apparent features imply
that the equivalent circuit was not a single R–C parallel circuit
and other contributions/mechanisms to the circuit must have
existed (Yoshino et al., 2006, 2009; Guo et al., 2011; Yoshino and
Katsura, 2012). In fact, a comparison of obtained impedance
spectra between ours (Fig. 2a) and figure 2 of Dai and Karato
(2009) showed such evidence of dehydration because a significant
second arc always appeared in their experiment.

Recently, Yang et al. (2012a) reported the electrical conduc-
tivity of enstatite at 0.6–1.2 GPa and up to 1273 K using piston
cylinder apparatus. The activation enthalpy for hopping conduc-
tion (1.09 eV) is considerably lower than ours and the conductiv-
ity values were one to two orders of magnitude higher than the
present results. Their results are also significantly higher than the
other previous studies (Duba et al., 1973; Huebner et al., 1979; Xu
and Shankland, 1999; Dai and Karato, 2009) (Fig. 7). In addition,
our dataset indicated that the activation enthalpy of hydrous
enstatite decreased with increasing water content, in contrast to
the independence of activation enthalpy with water content
reported by Yang et al. (2012a). For hopping conduction, these
discrepancies could be attributed to a large difference of total Fe
content between their (FetotalO¼�20.6 wt%, Mg]¼67) and our
(FetotalO¼6�7 wt%, Mg]¼90) studies because the electrical con-
ductivity of the iron-bearing minerals increased with total iron
content along the oxygen buffer (Romano et al., 2006; Yoshino
and Katsura, 2009a; Yoshino et al., 2011). The other significant
difference is oxygen buffer: oxygen fugacity under Mo–MoO2

buffer (� IW buffer) used in the present study was lower several
orders than that under Ni–NiO buffer (�QFM buffer) (Yang et al.,
2012a). The electrical conductivity increases with increasing
oxygen fugacity which yields a dependence of s vs. (fO2)1/6 or 2/

11 (Schock et al., 1989; Du Frane et al., 2005). At the same water
content (285 ppmw), the difference for proton conduction is
nearly two orders of magnitude (Fig. 7). Furthermore, recent
studies (Guo et al., 2011; Dai et al., 2012) have shown that at
the same conditions (i.e., T, P, COH) the electrical conductivity
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under Ni–NiO buffer is slightly higher than that under Mo–MoO2

one, but this effect is very limited (only 0.2 log units difference).
Thus, it is difficult to explain this inconsistency by means of the
oxygen fugacity.

This difference can be also due to the technical problems. Yang
et al. (2012a) used a BN capsule in a platinum capsule whose one
end is closed and the other is open. BN capsule can keep a fluid
phase to some degree even at high temperatures (Fuji-ta et al.,
2011). Moreover, the use of Pt capsule should have prevented
escape of fluid phase in the sample. These circumstances lead to
the idea that their ‘‘high conductivity’’ is caused by the presence
of fluid phase. In order to clarify their technical problems, we
performed a series of experiments in which a BNþPt composite
capsule was embedded in our standard assembly (see Appendix A
in the supplementary material). Although we were not able to
reproduce their results, we have at least found that the combina-
tion of BNþPt composite capsule gives anomalously high con-
ductivity values after heating at 750 K. We also note that the
experimental results below 750 K were consistent with those
obtained using our standard cell design. Note that the assemblies
adopted by the present study are quite permeable, and we purged
water at 500 K before conductivity measurement. We have
already examined that the presence of adhesive water in the cell
assembly could cause high conductivity (Yoshino et al., 2006,
2009; Yoshino and Katsura, 2009b, 2012; Fuji-ta et al., 2011).
4.3. Comparison of conductivity of orthoenstatite and olivine

Fig. 8 shows comparison of electrical conductivities of olivine
and enstatite with various water contents. Although there are
many studies on conductivity of olivine, our results can be
directly compared with those of olivine aggregates of Yoshino
et al. (2009) because of use of the same methodology. At lower
temperatures (o900 K), hydration greatly enhances the conduc-
tivity of aluminous enstatite as well as that of olivine. Proton
conduction in aluminous enstatite increases by 1.1 order of
magnitude with increasing water content by one order of magni-
tude. On the other hand, the absolute values of proton conduction
in enstatite are by 1.3 order of magnitude larger than those of
olivine at the same water content and temperature. The activation
enthalpy for proton conduction in enstatite is slightly smaller
than that of olivine. For example, the activation enthalpies for
Fig. 8. Comparison of electrical conductivity of Al-bearing enstatite (the red lines

from this study) with those of olivine (the blue lines from Yoshino et al., 2009).

The numbers denote the water content (in wt%). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version

of this article.)
enstatite and olivine are 0.84 and 0.92 eV, respectively, at
0.01 wt% H2O. The activation enthalpy for dry enstatite (1.9 eV)
is slightly higher than that for olivine (1.47–1.77 eV). Absolute
conductivity values for dry Al-free enstatite are very close to that
of olivine at temperatures corresponding to asthenosphere. Thus
the prominent difference of conductivity between enstatite and
olivine is the absolute magnitude of proton conduction at the
same water content.

Electrical conductivity is governed by concentration, mobility
and type of point defects in the crystals. Hydrogen in nominally
anhydrous minerals can have various speciations (i.e., H�i , H0Me and
ð2HÞXMe), where different species could have different mobility
(Karato, 2006). Amongst these defect species, free proton H�i is
much more important one especially for electrical conductivity
because of its high mobility. If the mobility of free proton is much
faster than that of a more abundant defect ðð2HÞXMeÞ, then the
electrical conductivity would be controlled by only interstitial
proton migration. Consequently, proton conduction should
strongly depend on the concentration and mobility of free proton.
Recently, deuterium–hydrogen (D–H) exchange experiments in
enstatite (Stalder and Behrens, 2006) indicated that hydrogen
mobility in orthoenstatite at temperature corresponding to the
upper mantle is higher than those in olivine and Ca-rich clin-
opyroxene. Du Frane and Tyburczy (2012) studied on D–H
interdiffusion in hydrous olivine single crystal, their data sug-
gested that all or most of proton contributes to the electrical
conductivity for nominally anhydrous minerals. Based on these
experimental investigations, the difference in observed conduc-
tivities (see Fig. 8) might be caused by the different mobility of
hydrogen between orthoenstatite and olivine. However, further
studies either experimental measurements or theoretical consid-
erations are required.

4.4. Implications for the conductivity–depth profiles in the upper

mantle

In order to assess the presence and distribution of water in the
upper mantle, we construct a laboratory-based conductivity–
depth profile by extrapolating the present experimental data to
the upper mantle in terms of temperature and water content, and
compare it with the geophysically observed models. To evaluate
the upper bound of contribution of aluminous enstatite to the
upper mantle conductivity, the upper mantle is simplified to
comprise 40 vol% of aluminous enstatite and 60 vol% of olivine
(for details see Appendix B in supplementary information). The
effective medium model (Landauer, 1952) was used to calculate
the conductivities of two coexisting phases. This model should
give the most appropriate average for the electrical conductivity,
because the effective medium model yields the average of
Hashin–Shtrikman bounds for macroscopically homogeneous
and isotropic multiphase materials (Hashin and Shtrikman,
1962; Xu et al., 2000). The geotherm in the deep regions was
considered to be adiabatic, which was taken from Katsura et al.
(2010). The oxygen fugacity of the upper mantle is assumed to be
that of Mo–MoO2 buffer, which is close to the iron-wüstite (IW)
buffer (Xu et al., 1998). Effects of pressure, grain size and
additional phases on the bulk rock conductivity are ignored to
simplify the model.

Fig. 9 illustrates conductivity–depth profiles for oceanic upper
mantle based on the present laboratory data and the above
simplifications. As the water content in aluminous enstatite
increases from 0.01 to 1.0 wt%, the conductivity values increase
by 0.35 log unit. Similar to the case of olivine (Yoshino et al.,
2009), if the water content in aluminous enstatite is less than
0.01 wt%, the contribution of proton conduction to the bulk
conductivity becomes negligibly small. In the shallow part of



Fig. 9. Laboratory-based conductivity-depth profiles as a function of water

contents compared with the previously geophysical models in the upper mantle

beneath the Pacific. The thick black line indicates the upper bound of the electrical

conductivity of the hydrous Al-bearing enstatite. This study (red lines) denotes the

laboratory-based conductivity-depth profiles with and without water, calculated

from the present data for Al-bearing enstatite and Yoshino et al. (2009) for olivine

using the effective medium model (Landauer, 1952). YMSK09 (Yoshino et al.,

2009), the blue lines represent the laboratory-based conductivity–depth profiles

derived from the conductivity data of olivine aggregates without considering the

contribution of Al-bearing enstatite. The numbers denote the water content (in

wt%). Geophysically observed models: LCHS95 (Lizzarralde et al., 1995), EHBCM05

(Evans et al., 2005). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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the upper mantle, the conductivity is strongly controlled by the
thermal structure of the mantle. Considering a change from
conductive to adiabatic at depths around 60 km for oceanic
mantle, the increasing rates of conductivity values with depth
considerably decrease at that depth. In addition, the upper limit
(black line in Fig. 9, details given in Appendix B) of the electrical
conductivity for hydrogen-doped aluminous enstatite down to a
depth of 410 km was calculated based on pressure dependence of
the maximum water solubility in orthoenstatite (Mierdel et al.,
2007). Consequently, a sharp increase with depth and the con-
ductivity peak (3.8�10�2 S/m) appears around 60 km, but then it
distinctly decreases due to the significant drop of the solubility,
because the maximum water solubility depends on Al content.
Al content in enstatite decreases in this pressure range due to
stabilization of garnet. At pressure corresponding to a depth of
100 km, the upper bound of electrical conductivity slightly
increases again with depth, because the water solubility in
aluminous enstatite increases again as pressure increases
(Mierdel et al., 2007). On the other hand, comparing our
conductivity–depth profile to olivine one (Yoshino et al., 2009),
it is found that the variation is similar to each other, but
conductivity values of pure olivine model (Yoshino et al., 2009)
yield by 0.4 order of magnitude lower than that of the present
olivineþopx model. This is because the electrical conductivity of
hydrous aluminous enstatite is 1.3 orders of magnitude higher
than that of hydrous olivine assuming that olivine and enstatite
contain the same water content.

A comparison of the laboratory-based conductivity–depth
profiles estimated in this study with two geophysical models
based on magnetotelluric observations beneath the Pacific
(Lizzarralde et al., 1995; Evans et al., 2005) is shown in Fig. 9.
These models reveal higher conductivity values (order �10�1 S/m)
at the top of the asthenosphere (depth �60 km, Evans et al.,
2005) and at the depth of 200–250 km (Lizzarralde et al., 1995).
As illustrated in Fig. 9, although the upper limit of the electrical
conductivity of the hydrous aluminous enstatite shows a sharp
peak at the depth of 60 km, the conductivity values of our model
are at least by 0.6 log unit lower than the high conductivity values
(10�1 S/m) observed at the Eastern Pacific Rise (Evans et al.,
2005).

As shown in Fig. 9, it is found that hydrous aluminous enstatite
cannot explain the high-conductivity anomaly observed at the top of
the asthenosphere because of the following reasons. First, the water
solubility in aluminous enstatite significantly decreases at pressures
more than 3 GPa (Mierdel et al., 2007), and therefore the electrical
conductivity should once decrease at the depth of 100 km (Fig. 9). To
interpret the conductivity of 0.1 S/m (Lizzarralde et al., 1995; Evans
et al., 2005), the water content of 6.0 wt% exceeding the maximum
solubility of water in aluminous enstatite is required (Mierdel et al.,
2007). Second, the proportions of aluminous enstatite in the upper
mantle may be low. In order to evaluate the upper bound of
contribution of aluminous enstatite to the upper mantle conductiv-
ity, we assumed that volume proportion of aluminous enstatite is
40 vol%. Some mantle xenoliths derived from Archean cratons
contain numerous orthopyroxene-rich rocks, such as harzburgite,
which are expected to exist in the upper mantle (Jordan, 1979).
However, the high-pressure phase-equilibrium studies (Takahashi
and Ito, 1987; Irifune and Ringwood, 1993; Ulmer and Stalder, 2001)
have shown that the amount of orthoenstatite should be small (less
than 25 vol%), and decreases with increasing depth in a primitive
mantle composition. Such a small volume fraction of enstatite is
unlikely to be well-interconnected in the olivine-rich matrix
(Yoshino et al., 2008b). Thus, the contribution of hydrous enstatite
to the electrical structure in the upper mantle would be limited. The
partition coefficient of water of Ca-rich clinopyroxene to olivine is
higher than that of Ca-free orthopyroxene to olivine (Grant et al.,
2007), and therefore proton conduction of Ca-rich clinopyroxene
might influence on the upper mantle conductivity more than that of
orthoenstatite. Although Yang et al. (2011) reported the electrical
conductivity of hydrous clinopyroxene, their data on hopping and
proton conductions (for clinopyroxene as well as orthopyroxene) are
always several orders of magnitude higher than other reports
because of the methodological problems (see Supplementary
information). Therefore, the effect of water on conductivity of Ca-
rich clinopyroxene is still in debate. However, further studies, which
could help to clarify this controversy and to account for the
contribution of hydrous Ca-rich clinopyroxene to the bulk conduc-
tivity in the upper mantle, are required in future.
5. Conclusion

The effect of water on the electrical conductivity of aluminous
enstatite was investigated at 3 GPa and various temperatures by
complex impedance spectroscopy. We measured small polaron
and proton conductions using hydrogen-undoped and doped
samples, respectively. Relatively higher activation enthalpy
(1.9 eV) for the dry enstatite suggest that the dominant conduc-
tion mechanism at mantle temperatures could be small polarons,
such as that observed for anhydrous olivine because proton
conduction characterized by relatively low activation enthalpy
is masked by small polaron conduction. For hydrogen-doped
enstatite, the conductivity values systematically increase with
increasing water content, but the activation enthalpy decreases
with water content. Such observations imply that proton conduc-
tion is the dominant conduction mechanism for hydrous enstatite
at lower temperature range. On the other hand, the electrical
conductivity of hydrous enstatite is one order of magnitude
higher than that of hydrous olivine with the same amount of
water, while the electrical conductivity of hydrogen-undoped
Al-free enstatite is similar to that of olivine. The contribution
of hydrous Al-bearing enstatite to the bulk conductivity is
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considerably small. The hydration of aluminous enstatite is not
enough to explain the high conductivity anomaly at the top of the
asthenosphere. Alternatively, the presence of minor conductive
phases, such as volatile-bearing partial melt (Yoshino et al., 2006,
2010, 2012; Gaillard et al., 2008), could be invoked to account for
the geophysical observations.
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