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The influence of pressure on the hydrogen-assisted electrical conductivity in olivine has been studied
under conditions of 4–10 GPa and 873–1273 K. Synthetic polycrystalline olivine samples with the water
content of 160 ppm wt (Paterson calibration) were used and the electrical conductivity was determined
from the results of the impedance spectroscopy. We found that the pressure reduces the hydrogen-
assisted electrical conductivity, but its magnitude is small: between 4 and 10 GPa, the difference is a fac-
tor of �2.5 for the same water content and temperature. The pressure dependence is characterized by a
negative activation volume and the negative dependence of the pre-exponential factor on pressure. Such
anomalous behavior is explained by a model where hydrogen-related defect is considered as a weak
inclusion in a strong matrix.

We use these new data to calculate the electrical conductivity contrast at the 410-km discontinuity. We
found that if the water content of the mantle does not change with depth, there should be a large (a factor
of �10) drop in conductivity from above to below the 410-km discontinuity. In contrast, geophysically
inferred electrical conductivity increases at 410-km suggesting the increase in water content from above
to below the 410-km discontinuity.

The present results are used to compare several previous results obtained at different pressures. It was
shown that our results agree well with most of previous studies but not with (Yoshino et al., 2009). Pos-
sible causes for this discrepancy are discussed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Although the role of hydrogen in electrical conductivity in oliv-
ine has been extensively studied (e.g., (Poe et al., 2010; Wang et al.,
2006; Yang, 2012; Yoshino et al., 2009; Yoshino et al., 2006)), the
influence of pressure on hydrogen-assisted electrical conductivity
has not been investigated. Consequently, it was difficult to com-
pare experimental results on olivine obtained at different pres-
sures. For example, (Karato, 2011) noted that the results by
Yoshino et al. (2009) are systematically different from those by
Wang et al. (2006) and discussed that the difference between the
results by Wang et al. (2006) and Yoshino et al. (2009) might be
caused by the pressure effect (the former study was at 4 GPa shows
higher conductivity than the latter measured was at 10 GPa).
Similarly, in order to compare previous studies on olivine
conductivity (Poe et al., 2010; Wang et al., 2006; Yang, 2012;
Yoshino et al., 2009), one needs to know the pressure effects,
because these studies were performed at a broad range of pressure
(1–10 GPa).

In addition, the estimation of the conductivity-depth profile has
been hampered by the lack of the data on the pressure effect on
hydrogen-assisted electrical conductivity in olivine. For example,
(Karato, 2011) used two different models to estimate the electrical
conductivity profiles for the whole upper mantle, one with no pres-
sure effect, and another with a large pressure effect assuming that
the difference between Wang et al. (2006) and Yoshino et al.
(2009) was due to the pressure effect. The difference between
these two models is large making it difficult to estimate the water
distribution across the 410-km discontinuity.

The aims of the present study are to address these two issues,
i.e., (1) to evaluate the expected conductivity jump at the
‘‘410-km’’ discontinuity for a constant water content model, and
(2) to compare various studies normalized to the same pressure
(of 8.0 GPa) to identify the source of discrepancy noted in the
previous studies.
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2. Experimental procedure

2.1. Sample preparation

The hydrous polycrystalline olivine samples were synthesized
from San Carlos olivine powders with the grain size less than 5
micron by hydrothermal annealing experiments at P = 4 GPa and
T = 1473 K for 3 hrs. About 1.85 wt% of San Carlos orthopyroxene
was added to buffer the oxide activity. Powder samples of olivine
and orthopyroxene mixture were sealed into a nickel capsule. Both
synthesis and conductivity measurements were performed using
the same Ni-NiO solid oxygen buffer. Our previous experiences
indicated that under these environments, the oxidation conditions
of samples are well buffered by the metal and its corresponding
metal oxide reactions (e.g., Nishihara et al., 2006, 2008; Dai and
Karato, 2009b). We obtained dense polycrystalline olivine with
�160 ppm wt water content. The details of hydrothermal experi-
ments are described by Wang et al. (2006). The FT-IR spectroscopy
of hydrothermally treated samples shows homogeneously distrib-
uted hydrogen.

2.2. Sample characterization

In order to determine the water content of the samples, the
infrared spectra of samples were obtained at wavenumbers from
1000 to 4000 cm�1 both before and after each experiment. The
measurements were made using a Fourier transform infrared spec-
troscopy (FT-IR) spectrometer (BIORAD, Varian 600 UMA). Doubly
polished samples with a thickness of less than 120 lm were pre-
pared for the IR analysis. The IR absorption of samples was mea-
sured by unpolarized radiation with a mid-IR light source, a KBr
beam splitter and an MCT detector with a 120 � 120 lm2 aperture,
so a volume sampled by an IR beam contains a few thousand of
grains. 512 scans were accumulated for each sample. The infrared
spectra of the acquired samples are shown in Fig. 1. We used the
Paterson (1982) calibration to determine the water content from
FT-IR absorption using,

COH ¼
Bi

150n

Z
KðvÞ

ð3780� vÞ dv ð1Þ
Fig. 1. The representative FT-IR spectra of olivine aggregate before and after
electrical conductivity measurement (at 7 GPa) for the wavenumber range of 3000–
4000 cm�1.
where COH is the molar concentration of hydroxyl (ppm wt H2O or H/
106 Si), Bi is the density factor (4.39 � 104 cm H/106 Si), n is the orien-
tation factor (1/2), and K(m) is the absorption coefficient in cm�1 at
wavenumber v in cm�1. The integration was made from 3000 to
3750 cm�1 to avoid the influence of a singularity that occurs at
3780 cm�1. If another calibration such as (Bell et al., 2003) is used,
the water content will be larger by a factor of �3. Although there
are some issues with using unpolarized FTIR spectroscopy (e.g.,
Withers, 2013), this issue is not serious in our case because a large
number of nearly randomly oriented grains are sampled.

The water content of the original sample is less than 8 H/106 Si
(0.0001 wt% H2O). After the olivine was annealed under the
hydrous environment, one sample containing different water con-
tents of �160 ppm wt was obtained. The water loss during the
electrical conductivity measurements of hydrous sample was less
than 8%.

2.3. Impedance spectroscopy measurements

The experimental sample assembly is shown in Fig. 2. Pressure
was generated by eight cubic tungsten carbide anvils
(26 � 26 � 26 mm3) with a 14–18 mm truncated edge length
depending on the pressure. Pressure calibrations were conducted
using the phase transitions of coesite to stishovite (Zhang et al.,
1996, 9.5 GPa and 1573 K), as well as forsterite to wadsleyite
(Morishima et al., 1994, 14 GPa and 1573 K). In order to avoid
the influence of adsorbed water on the measurement of electrical
conductivity, all sample assembly parts were heated to 1223 K
for 12 hrs prior to each experiment. In order to control the oxygen
fugacity of the sample chamber and reduce the leakage currents, a
Ni foil shield was placed between a sample and an MgO insulation
tube. A disk-shaped sample (U1.6 � 0.4 mm) was placed between
two parallel Ni electrodes that were surrounded by alumina rings.
The temperature was measured by a W5%Re–W26%Re thermocouple
that is attached to another side of Ni electrode (Ni is in direct con-
tact with a sample). The experimental errors of the pressure and
temperature gradient were estimated to be at no more than
0.5 GPa and 10 K, respectively (absolute error in pressure estimate
can be larger but the relative error is �0.5 GPa or less). The errors
in electrical conductivity measurement through the impedance fit-
ting were estimated to be less than 3%.

The pressure was first raised at the rate of �0.9 GPa/h to a des-
ignated pressure. Under a constant pressure condition, tempera-
ture was raised at the rate of �50 K/min to the preset value and
Fig. 2. The experimental setup for electrical conductivity measurements at high
pressure and temperature.



Fig. 3. A Z0 vs. Z00 plot of complex impedance of hydrous olivine aggregates from
10�2 to 106 Hz (right to left), obtained under conditions of 7.0 GPa, 873–1273 K and
160 ppm wt water content (Paterson calibration). Z0 and Z00 are the real and
imaginary part of complex impedance respectively.

Fig. 4. Influence of pressure on the electrical conductivity of hydrous olivine
aggregates at the temperature of 873–1273 K. Fitting data at 4, 7 and 10 GPa yields
the parameters in Table 2. The bars indicate errors.
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the impedance spectroscopy measurements were performed at
various temperatures. After the temperature reached to an each
value for a constant pressure condition, the ZPlot program of a
Solartron-1260 Impedance/Gain-Phase analyzer was run to deter-
mine the complex impedance for the frequency range of
f = 10�2–106 Hz for a sinusoidal alternating current of signal volt-
age of 1.0 V. The impedance semi-circle arc of high frequency
branch (106–103 Hz) was fitted by virtue of an equivalent circuit
of the ZView program that was made up of a resistor connected
in parallel with a capacitor. From the fitting of the semi-circle to
this model, we determined the conductivity of a sample. In most
of the runs, the conductivity was determined with decreasing tem-
perature after the peak temperature was reached. All experimental
conditions including water content before and after each experi-
ment, pressure and temperature are summarized in Table 1.

3. Results

The representative impedance spectroscopy results at condi-
tions of 7 GPa, 873–1273 K and the water content of �160 ppm wt
is shown in Fig. 3. Results obtained under other conditions are
qualitatively similar to those illustrated here. We observed two cir-
cles at high temperatures, whereas only one circle was observed at
low temperatures. The presence of two circles in the impedance
spectroscopy implies two processes of charge transfer and block-
ing. The first circle originated at the origin (Z0 = Z00 = 0) likely corre-
sponds to a parallel combination of resistor and capacitor, and the
second circle likely represents the conduction process between
sample and electrode (Bagdassarov et al., 2011; Barkmann and
Cemič, 1996). The presence of a capacitor in the impedance
response implies that there are mechanisms to accumulate electric
charge in the sample. They include the charge transfer at the sam-
ple-electrode interface and the blocking of charge transfer at grain-
boundaries.

The electrical conductivities of the samples were calculated
using the following equation,

r ¼ L=S
R
¼ L

SR
ð2Þ

where L is the sample length and S is the cross section area of the
electrode. Both L and S are determined before and after each exper-
iment and only small changes in L and S are observed (less than �5%
including the influence of pressure). The relationship between the
electrical conductivity and temperature were found to satisfy the
Arrhenius relation,

r ¼ AðPÞ � Cw

Cwo

� �r

� exp � E� þ PV�

RT

� �
ð3Þ

where A is the pre-exponential factor that is approximately inde-
pendent of temperature (S/m), Cw is water content, Cwo is the refer-
ence water content (160 ppm wt, Paterson calibration), E⁄ is
activation energy and V⁄ is activation volume, P is pressure, T is
temperature and R is the gas constant. As can be seen in Fig. 4, there
is a marked pressure dependence of the pre-exponential factor (A),
so A is assumed to depend on pressure as A = Ao(1-BP) where B is a
constant with a dimension of 1/GPa.
Table 1
Summary of runs.

Run # P (GPa) T (K) Water content (ppm H/Si)a

Before experiment After experiment

K1318 4 873–1273 2335 2317
K1321 7 873–1273 2326 2296
K1323 10 873–1273 2329 2434

a Paterson (1982) calibration.
The obtained fitted results for electrical conductivity are listed
in Fig. 4 and Table 2. With increasing pressure, the electrical con-
ductivity of hydrous olivine decreases, the pre-exponential factor
slightly decreases, and the activation enthalpy also decreases.

4. Discussion

4.1. Comparison with previous studies

There are some studies on the influence of pressure on electrical
conductivity. The influence of pressure on the polaron conduction
in San Carlos olivine single crystal was studied by Xu et al. (2000)



Table 2
Parameter values for the electrical conductivity of hydrous polycrystalline olivine
(units: A: S/m, E⁄: kJ/mol, V⁄: cm3/mol, P: GPa). The relation

r ¼ A � Cw
Cwo

� �r
� exp � E�þPV�

RT

� �
is employed to globally fit the data (the non-linear fitting

program of Origin™ was used). In view of the strong dependence of experimental
data of A value on pressure, we used a relation A = A0 (1-BP) (where the unit for B is
1/GPa). Errors are one standard deviation, and include the contribution of errors in
individual measurements (errors in water content, temperature and electrical
conductivity).

A E⁄ (kJ/mol) V⁄ (cm3/mol)

Paterson calibration A0 = 189 ± 12 (S/m) 92 ± 4 �0.86 ± 0.05
B = 0.028 ± 0.003 (1/GPa)

Bell calibration A0 = 96 ± 8 (S/m)
B = 0.028 ± 0.003 (1/GPa)

Fig. 5. A comparison of several previous experimental results on hydrogen-assisted
electrical conductivity of olivine. A comparison is made at a common water content
of 160 ppm wt (for the Paterson calibration; some studies used the Bell calibration.
In these cases, a comparison is made at the same water content after a correction
for the calibration). The data from different water content is normalized using the
relation, r / Cr

w with r = 0.62. Data sources: Solid lines = the present study, the pink
dashed line (WMXK): for polycrystalline aggregates from Wang et al. (2006), the
green dashed line (PRNS): averaged along ||a, ||b and ||c single crystals from Poe
et al. (2010), the purple dashed line (YANG): averaged along ||a, ||b and ||c single
crystals from Yang (2012), the blue dashed line (YMSK): for polycrystalline sample
by Yoshino et al. (2009), and red dashed line (YMSK-corrected): for polycrystalline
aggregates from Yoshino et al. (2009) corrected for the water content (see text). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

54 L. Dai, S.-i. Karato / Physics of the Earth and Planetary Interiors 232 (2014) 51–56
under conditions of 4–10 GPa, 1273–1673 K and a Mo-MoO2 oxy-
gen fugacity buffer. In addition, the influence of pressure on both
proton and hopping conduction was studied for pyrope garnet by
Dai and Karato (2009a). In all cases, the influence of pressure is rel-
atively small: a change in pressure by DP = 5 GPa results in the
change in conductivity by less than a factor of �2.5.

Given this new result on the pressure effects on electrical con-
ductivity in hydrous olivine, we can now compare results obtained
at different pressures. We compare five studies where electrical
conductivity of hydrous olivine was studied. The pressure at which
these studied was made ranges from 1 GPa to 10 GPa (see Table 3),
and hence the correction for the pressure effect is potentially
important. In order to minimize the extrapolation, we chose the
water content of 160 ppm wt (480 ppm wt if the Bell calibration
is used) olivine aggregates in the present studies. When we com-
pare results from different water content, the influence of water
content is corrected assuming r / Cr

w with r = 0.62 (Wang et al.,
2006). Somewhat different values of r were reported, but because
this reference water content is close to the water content where
most of the previous measurements were made, the influence of
this correction is not large. Also when different water content cal-
ibrations were used, we made a correction for the different conver-
sion factors. The results are shown in Fig. 5.

Fig. 5 show that the results by Poe et al. (2010), Wang et al.
(2006), Yang (2012) agree well (with a factor of 2–3) whereas
the results by Yoshino et al. (2009) are much lower than these
results (we did not compare with the results by (Yoshino et al.,
2006) where conductivity was estimated only by one low fre-
quency measurement and hence the results have systematic bias
caused by the influence of polarization effect; see (Karato and
Dai, 2009)). Yoshino et al. (2009)’s results show the electrical con-
ductivity that is lower than those calculated from H-D isotope dif-
fusion (at temperatures higher than �1300 K) (Karato, 2013). This
is theoretically not plausible, because the electrical conductivity
calculated from the isotope diffusion coefficients provides the
lower limit (Karato, 2013). Karato (2011) discussed the influence
of pressure might be a cause of this large discrepancy. However,
the possibility of pressure effect can be ruled out from our new
results reported here.
Table 3
Comparisons with previous results on the electrical conductivity of hydrous olivine.

Source Sample P (GPa) T (K

This study Polycrystalline aggregate 4–10 873
Wang et al. (2006) Polycrystalline aggregate 4 873
Poe et al. (2010) ||a, ||b and ||c single crystal 8 773
Yang et al. (2012) ||a, ||b and ||c single crystal 1 623
Yoshino et al. (2009) Polycrystalline aggregate 10 500

a Paterson (1982) calibration.
b Bell et al. (2003) calibration.
We note that in Table 1 of Yoshino et al. (2009), the water con-
tents of all the samples are shown both for wt% and ppm H/Si units.
However, these values do not match each other. The values in wt%
are 10 times larger than they should be if these values were con-
verted from ppm H/Si. Consequently, we show a comparison for
both the raw data from Yoshino et al. (2009) and corrected values
(by a factor of 10). The results for corrected water content agree
reasonably well with other data, but uncorrected values do not.

Another possibility is the difference in the water content calcu-
lation between our lab and Yoshino’s lab. In our lab, we apply the
base-line correction and integrate absorbance from 3000 to
3750 cm�1 to avoid a singularity at 3780 cm�1. This singularity is
unphysical and for a practical purpose, one should avoid integrat-
ing beyond this wave number. It is unclear how Yoshino’s group
calculates the water content from FTIR absorption spectra.
4.2. Implications for conductivity mechanisms

The observed small effects of pressure (at the same hydrogen
content) are similar to that found for hydrogen-assisted electrical
) Frequency (Hz) Shield Water content (ppm wt%)

–1273 10�2–106 Y 160a

–1273 103–106 Y 100–800a

–973 10�1–105 Y 363–2215b

–973 10�1–106 Y 40b

–1000 10�1–106 N 50–1700a



Fig. 6. Electrical conductivity (r) versus depth relationships for the upper mantle
and mantle transition zone calculated from the geotherm of Katsura et al. (2010) for
the pyrolite mantle model with various water contents. Solid (broken) lines
correspond to the Hashin–Shtrikman upper (lower) bounds. For hydrogen conduc-
tion, the upper and the lower bounds are indistinguishable. Data source: conduc-
tivity data at a depth from 100 km to 410 km is obtained from our current hydrous
polycrystalline aggregates, and conductivity data at a depth from 410 km to 500 km
are obtained from Dai and Karato (2009a). The water content is based on the Bell
calibration. The conductivity in the shallow asthenosphere (10�2–10�1 S/m) can be
attributed to �0.01 wt% of water, whereas if the water content of the upper mantle
were the same as that of the transition zone (below 410-km), then a conductivity
drop would be observed.
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conductivity in other minerals such as pyrope garnet. Although a
negative activation energy may be expected for electronic conduc-
tion (because of the enhanced overlap of electron orbits by com-
pression), the negative activation volume (and the reduction of
the pre-exponential factor Ao with pressure) is anomalous in com-
parison to what are observed normally in diffusion of atoms in sol-
ids (e.g., Karato, 1981; Sammis et al., 1981). A possible explanation
is to consider a hydrogen-related defect as a soft region in a (hard)
matrix (such a model is supported by the observations on the elas-
tic constants (e.g., Jacobsen et al., 2008; Karato, 1995)).

If one uses a strain energy model of defect energy (G⁄/CX;
(Keyes, 1963); C: elastic constant of a defect region, X: volume

of a defect), the Nernst–Einstein relation, r ¼ Dcq2

RT (D: diffusion
coefficient, c: number density of the charged particle, q: the electric
charge of the particle), and a model of diffusion where the pre-
exponential factor is proportional to a2m (a: lattice constant, m:
vibrational frequency), then one obtains,

@ log A
@P

¼ 1
2K

@ log C
@ log q

� 1
3

� �
ð4Þ

and

@ log G�

@P
¼ V�

G�
¼ 1

K
@ log C
@ log q

� 1
� �

ð5Þ

where q is density. It is seen that if @ log C
@ log q < 1, then V⁄<0 and @A

@P < 0. In
a normal material, @ log C

@ logq ¼ 2cþ 1
3 ¼ 2:5� 3:5 (e.g., Karato, 2008) and

V⁄>0 for ionic conductivity. However, for a weak defect embedded
in a hard matrix, the elastic constant of defect does not change upon
compression as much as it would be if the defect existed in isolation
because the volume change of a weak defect region surrounded by a
strong matrix is smaller than it would be without the matrix. In

such a case, one can write @ log C
@ logq ¼

@ log C
@ logq

� �
o
n where @ log C

@ log q

� �
o

is @ log C
@ logq

for a normal (homogeneous) material and n is a non-dimensional
parameter that represents the influence of a strong matrix to reduce
the volume change of a weak defect region. This parameter depends
on the elastic constant ratio between the inclusion (defect region)
and the matrix (Eshelby, 1957). If the bulk modulus of a defect
(hydrogen-oxygen complex) is much weaker than that of the
matrix, n �1 leading to a negative activation volume and @A

@P < 0 .

4.3. Estimation of the electrical conductivity jump at the ‘‘410-km’’
discontinuity

Given the new results on the pressure dependence of hydrogen-
assisted conductivity, we can calculate the conductivity-depth pro-
file for the whole upper mantle using plausible geotherm, for a
range of assumed water content. We used the geotherm model
by Katsura et al. (2010). The method of calculation is the same as
the one used by Karato (2011) where the influence of depth varia-
tion of oxygen fugacity, and the influence of hydrogen partitioning
among co-existing phases are included. Because the electrical con-
ductivity assisted by hydrogen is similar among these three miner-
als at the same temperature, pressure and water content (Karato
and Wang, 2013), the influence of hydrogen partitioning is small.
For the transition zone, we used the results by Dai and Karato
(2009a).

The main difference between Karato (2011) and the present
study is that we now use the experimental data on the influence
of pressure on hydrogen-assisted conductivity. Our new results
show only small pressure effects and consequently the results
are similar to Karato (2011) with no pressure effect: there is a sub-
stantial drop in electrical conductivity at 410 km from the upper
mantle and the transition zone if the water content in these
regions are the same (Fig. 6). In contrast, the actually inferred
electrical conductivity of the mantle transition zone is higher than
the electrical conductivity of the upper mantle although large
regional variations are present (e.g., Baba et al., 2010; Kelbert
et al., 2009; Utada et al., 2003). We confirm the earlier notion that
there is a substantial jump in the water content across the 410-km
discontinuity (Karato, 2011).
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