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The effect of water on the electrical conductivity
of olivine
Duojun Wang1,2,3, Mainak Mookherjee3, Yousheng Xu3,4 & Shun-ichiro Karato3

It is well known that water (as a source of hydrogen) affects the
physical and chemical properties of minerals—for example, plastic deformation1–3 and melting temperature4—and accordingly
plays an important role in the dynamics and geochemical evolution of the Earth. Estimating the water content of the Earth’s
mantle by direct sampling provides only a limited data set from
shallow regions (,200 km depth)5. Geophysical observations such
as electrical conductivity are considered to be sensitive to water
content6, but there has been no experimental study to determine
the effect of water on the electrical conductivity of olivine, the
most abundant mineral in the Earth’s mantle. Here we report a
laboratory study of the dependence of the electrical conductivity of
olivine aggregates on water content at high temperature and pressure. The electrical conductivity of synthetic polycrystalline olivine was determined from a.c. impedance measurements at a
pressure of 4 GPa for a temperature range of 873–1,273 K for water
contents of 0.01–0.08 wt%. The results show that the electrical
conductivity is strongly dependent on water content but depends
only modestly on temperature. The water content dependence of
conductivity is best explained by a model in which electrical conduction is due to the motion of free protons. A comparison of the
laboratory data with geophysical observations7–10 suggests that the
typical oceanic asthenosphere contains 1022 wt% water, whereas
the water content in the continental upper mantle is less than
1023 wt%.
Karato6 proposed that hydrogen enhances electrical conductivity
in olivine either directly through charge transport by protons or
indirectly through enhancement of ionic conductivity by Mg-Fe diffusion. Although this hypothesis has been used to interpret results of
geophysical measurements of electrical conductivity10–13, there has
been no experimental data to test this hypothesis. In fact, the recent
study of wadsleyite and ringwoodite14 does not entirely support
Karato’s hypothesis: electrical conduction in these minerals (with
hydrogen) occurs through the motion of free protons—but not of
all protons as Karato6 assumed (protons bound in the M-sites do not
contribute to conductivity directly). If this is the case for olivine, then
the results of these previous studies will be invalidated, and the issue
of estimating water content from electrical conductivity would have
to be revisited. Consequently, we have conducted an experimental
study of the influence of hydrogen on electrical conductivity in olivine, and applied the results to infer the water (hydrogen) content of
the upper mantle. In this Letter we report the first results and present
discussions of their implications.
The starting material was San Carlos olivine. Inclusion-free, clear
crystals were selected, and crushed into fine grains. Grains with
different sizes were sorted by the sedimentation method. We added
,2% orthopyroxene to control the silica activity. A powder sample is
packed in a nickel capsule and hot-pressed at ,4 GPa, 1,373–1,473 K

for ,1–3 h using a Kawai-type multianvil press (the presence of NiO
was confirmed after the synthesis). A small amount of water was
added by the decomposition of a talc1brucite mixture. Water contents of samples were measured both before and after each measurement of electrical conductivity by Fourier-transform infrared (FTIR) spectroscopy. The calibration given in ref. 15 was used to calculate the water content of olivine grains from infrared absorption;
corrections were made for the contribution of ‘grain-boundary’
water (see Methods). Grain sizes of hot-pressed samples are ,10–
30 mm. The distribution of crystallographic orientations is nearly random, as determined by electron backscatter diffraction measurements.
Figure 1 shows the sample assembly for electrical conductivity
measurements. A disk-shaped sample (,1.6 mm diameter, ,0.4 mm
thickness) is placed between two Ni electrodes that are surrounded
by alumina rings. All metallic components in the sample assembly
are made of Ni to make sure that the oxygen fugacity during
the measurements is close to that of the Ni–NiO buffer at which
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Figure 1 | The sample assembly for electrical conductivity measurements
at high pressure. A polycrystalline disk-shaped sample (diameter 1.6 mm,
thickness 0.4 mm) is inserted between two alumina rods that contain Ni
electrodes. Note that a thermocouple is in contact with the sample so that the
temperature at which conductivity is measured can be determined with a
small uncertainty. The response of the sample to an a.c. voltage is recorded as
a function of frequency to obtain the complex impedance. The resistance is
calculated from the complex impedance. The sample space is separated from
the furnace by a thin cylinder of Ni that acts as a shield to minimize the noise
and the leak current.
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hot-pressed specimens were equilibrated. A cylindrical Ni foil is
placed between the sample and the furnace to minimize the leakage
currents (for details, see ref. 16). The temperature was measured by a
W5%Re-W26%Re thermocouple that is placed next to the sample
and is also used as one of the electrodes. The temperature reading is
stable better than ,10 K during one measurement. The complex
impedances of samples were determined by a Solartron 1260 impedance/gain phase analyser at 4 GPa and 873–1,273 K within the
frequency range 103–106 Hz with a voltage of 0.1 V. The choice of

a

relatively low voltage and a high frequency range was made to
minimize the hydrogen loss during an experiment. All the data shown
here are from measurements in which water loss (calculated from
water content before and after the experiment) is less than ,20%.
A complete list of the results is provided in a Table in Supplementary
Information 1. The conductivity values were calculated from the
complex impedance of samples. The results are shown in Fig. 2.
The error in the conductivity measurement is largely due to the resistance fit and are 65%, the errors in temperature measurements are
610 K or better, and the major errors are those for water content and
are 620% (see Methods).
Electrical conductivities of a mineral containing both hydrogen
and iron can be written as:
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where sFe is the electrical conductivity due to ferric iron, and sH is the
electrical conductivity due to hydrogen. sH may be written as:
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where we used a relation that the electrical conductivity is proportional to the concentration of charged species and their mobility
(Nernst–Einstein relation), and the concentration of charged species
is proportional to Cwr , where Cw is the water content, A and r are
constants, H* is the activation enthalpy, R is the gas constant and T is
temperature. The results are summarized in Table 1 together with the
results for ‘dry’ olivine. The errors in estimated parameters are for
one standard deviation, and errors in temperature, conductivity and
water content measurements are included in the error estimate of
these parameters. The range of grain sizes is too narrow to constrain
any grain-size sensitivity, but a comparison of the present results with
the results on a coarse-grained dunite17 (,1 mm grain size) suggests
that the grain-size effect, if any, is small.
For hydrogen-free (‘dry’) olivine, electrical conductivity (sdry) is
due mainly to the migration of electron holes that are created by
ferric iron and sdry < sFe (refs 18, 19; note, however, that sFe is in
general dependent on hydrogen (water) content and sdry ~ lim sFe ).
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The values of electrical conductivity in our hydrogen-bearing olivine are significantly higher than those of hydrogen-free (‘dry’) olivine20 (Fig. 2a). Also, the activation enthalpy for ‘dry’ olivine
(,154 kJ mol21) is much higher than that of ‘wet’ olivine
(,87 6 5 kJ mol21), and there are very small pressure effects on electrical conductivity21. Therefore, the conduction mechanism is different between ‘wet’ and ‘dry’ samples. For dry olivine samples, the
conduction mechanism is considered to be the migration of electron
holes18,19. However, for ‘wet’ olivine samples, it should be due to a
different charged species, hydrogen: swet < sH.
Let us examine how hydrogen enhances electrical conductivity.
Karato6 assumed that the electrical conductivity in olivine containing
hydrogen is dominated by the diffusion of hydrogen, and used the
experimental data on hydrogen diffusion and solubility to calculate
the electrical conductivity. The data that Karato6 used were chemical
diffusion of hydrogen, but a later analysis by Kohlstedt and
Mackwell22 showed that the data on chemical diffusion roughly
correspond to self diffusion of protons (corrected by a factor of 2).
Consequently, we use the data by Kohlstedt and Mackwell22 and
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Figure 2 | Electrical conductivity versus inverse temperature and water
content. a, A plot of electrical conductivity (s) versus inverse temperature.
The numbers next to each line indicate the water content (in wt%). Solid
lines with numbers are the results of multilinear regression from all the data.
Each symbol represents the data corresponding to a given water content (in
wt%). The broken lines show the conductivity values calculated from water
diffusion coefficients determined by Kohlstedt and Mackwell22 using the
model by Karato6, and the conductivity for ‘dry’ olivine20. Both the
magnitude and the slope from the present study are different from those of
‘dry’ olivine and the trend calculated using the Karato model, indicating that
the charge carrier corresponding to the present study is different from those
in the previous studies (neutral hydrogen-defect at M-sites for the Karato
model, Fe31 for ‘dry’ olivine). b, A plot of electrical conductivity versus
water content. The fit of the data to a model equation yields r 5 0.62 6 0.15.
The numbers along each line represent the temperature in K. A relatively
large error for r is due to the fact that only a narrow range of water content
can be explored for olivine due to the relatively small hydrogen solubility,
and to a large error in the estimate of water content from FT-IR (see
Methods). Each symbol corresponds to the data for a given temperature
(in K).

Table 1 | Parameter values for electrical conductivity of olivine
Olivine
conditions

Wet
Dry

log10[A (S m21)]

r

H*
(kJ mol21)

3.0 6 0.4
2.4

0.62 6 0.15
0

87 6 5
154

The relation s 5 ACrw exp(2H*/RT) is used. Errors are for one standard deviation, and include
the contribution of errors in individual measurements (error in temperature, water content and
conductivity). The data for ‘dry’ conditions are from ref. 20. The electrical conductivity under
‘dry’ conditions corresponds to conductivity due to ferric iron at zero hydrogen content
(sdry ~ lim sFe ).
Cw ?0
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the Nernst–Einstein equation to calculate electrical conductivity in
olivine. The conductivity of an aggregate is calculated from the single
crystal diffusion data by taking a Hashin–Shtrikman average23. The
results are compared with our experimental data. We note that the
absolute values of electrical conductivity calculated from the Karato6
model are significantly lower than the actually measured values at low
temperatures, whereas the measured values are in good agreement
with the Karato model at high temperatures. Also, the activation
enthalpy of electrical conductivity (87 6 5 kJ mol21) is significantly
smaller than that of diffusion of hydrogen (150 6 30 kJ mol21)22
(Methods). Therefore we conclude that the mechanism of electrical
conductivity in olivine is different from Karato’s model6.
Huang et al.14 reached a similar conclusion, and suggested electrical conduction by free protons produced by an ionization reaction:
0
.
ð2HÞ|
M uH M zH

ð3Þ

H’M

.

where
is a proton trapped at an M-site vacancy and H is a free
proton. This mechanism
r 5 0.75 (for the charge
  predicts

 neutrality
condition of H’M ~ Fe.M ) or 0.50 (for 2 V’’M ~ Fe.M where V’’M is
a vacancy at an M-site) as opposed to r 5 1 for the Karato model6.
The value of r in our study is 0.62 6 0.15 (Fig. 2b), which is significantly lower than the Karato model6, and is consistent with the free
proton model, although the errors in r are admittedly large (due
mainly to the large errors in water content measurements).
An alternative mechanism by which hydrogen may enhance electrical conductivity is through the enhancement of diffusion of Mg
(Fe). However, a recent experimental study24 indicates that the influence of conduction by diffusion of Mg (Fe) is small.
The chemical conditions of our experiments (that is, oxygen fugacity and oxide activity) are nearly identical to those in the Earth’s
upper mantle. The pressure (4 GPa) at which electrical conductivity
was measured corresponds to the typical upper asthenosphere
(,120 km depth). However, the temperature range used in our
experiments (873–1,273 K) is lower than a typical temperature of
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the asthenosphere (,1,600–1,700 K). Therefore we extrapolate our
results in terms of temperature and compare the results with some of
the geophysical observations of electrical conductivity in the upper
mantle (,100–200 km) (Fig. 3). This extrapolation causes only small
uncertainties because the activation enthalpy is well constrained by
the present study (see Table 1 and Methods) and the extrapolation in
1/T space is not large compared to the range of 1/T space in which the
measurements were made. The electrical conductivity of the oceanic
asthenosphere is typically ,1021 S m21 (refs 9–11), which corresponds to a water content of ,0.8 3 1022 wt% (,1,500 p.p.m.
H/Si) (error is ,650%). This value agrees well with the estimated
water content from the composition of mid-ocean ridge basalt (see
ref. 25 for a review). However, geophysical observations7–11 also show
that electrical conductivity has a large regional variation. The electrical conductivity in the continental upper mantle is typically lower,
on the order of ,1022 S m21 (refs 7, 8). These values correspond to a
significantly lower water content, on the order of ,1023 wt% or
lower.
We also note that if hydrogen is indeed responsible for electrical
conductivity in hydrogen-rich olivine, and if electrical conduction
occurs mostly through grains, then one would expect anisotropy in
electrical conductivity if olivine assumes strong lattice-preferred orientation. Some geophysical observations suggest anisotropy in electrical conductivity in the upper mantle26,27, but a quantitative
assessment of anisotropy in electrical conductivity will require an
experimental study on strongly textured olivine aggregates.
We conclude that our experimental study has established a solid
foundation for the use of geophysically inferred electrical conductivity to infer water content (and temperature) in the upper mantle of
the Earth. Using observations of geomagnetic field from networks
including ocean-bottom electro-magnetometers, high-resolution
electrical conductivity profiles in three dimensions are becoming
available. A combination of these results with laboratory studies will
provide important data to constrain the distribution of hydrogen in
the upper mantle of the Earth, which will provide a clue to the
evolution of this region of our planet.
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Determination of water content. The water (hydrogen) content of samples was
measured on polycrystalline samples using FT-IR absorption spectroscopy. An
IR absorption by a polycrystalline sample is caused by OH-related species in
grains as well as these species on grain boundaries. Our IR absorption spectra
contain both a broad peak centred at ,3,400 cm21 and sharp peaks at ,3,500–
3,600 cm21. Previous results suggest that a broad peak observed in polycrystalline samples is due to water on grain boundaries3 or to quenched melt28.
Consequently, we subtracted a broad peak at ,3,400 cm21 from the original
spectrum to estimate the water content in the grains in each sample (see
Supplementary Information 2). The water content in the grains in a polycrystalline sample estimated in this way agrees reasonably well with the solubility of
water reported in ref. 29 (with an error of 620%).
Activation enthalpy. The activation enthalpy determined in our experiments
includes
the
temperature dependence of the concentration of defects


(! exp

Figure 3 | Comparison of the conductivity of hydrogen-bearing olivine with
geophysically inferred electrical conductivity for the asthenosphere.
Symbols show the calculated conductivity at T 5 1,673 K from our results.
The thick line indicates a best-fit line for the data, and the two thinner curves
show the error envelope corresponding to one standard deviation. The
electrical conductivity of the oceanic asthenosphere is typically
,1021 S m21 (refs 10, 11, 30), whereas that in the continental deep upper
mantle (in the same depth range) is ,1022 S m21 (refs 7, 8). Shown also
(horizontal broken line) is the electrical conductivity of hydrogen-free
olivine. The thick horizontal grey bar indicates a range of typical values of
electrical conductivity of the upper mantle (,100–200 km). We conclude
that for the oceanic asthenosphere, the water content is estimated to be
,0.8 3 1022 wt% (,1,500 p.p.m. H/Si), which is in excellent agreement
with geochemical inference25. In contrast, the water content in the
continental upper mantle is significantly lower, and the conductivity values
there are consistent with those of ‘dry’ olivine.
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, where Hf is the enthalpy for defect formation)
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, where Hm is the

enthalpy for defect mobility). Therefore the activation enthalpy is
H  ~Hf zHm . In our experiments, the total water content in a sample in a
series of experiments at various temperatures is kept nearly constant.
However, the fraction of charge carrying species, H . , may change with temperature (in other words, Hf in our case corresponds to the enthalpy change associated with the reaction given in equation (3)). Such is probably the case in the
Earth’s mantle where minerals are under-saturated with water and the system is
nearly closed. Consequently, the application of our data on the activation
enthalpy to the Earth’s interior is probably justified.
Note, however, that the total hydrogen content in diffusion experiments
changes with temperature. The difference in the activation enthalpy between
diffusion experiments (150 6 30 kJ mol21) and electrical conductivity
(87 6 5 kJ mol21) could be due to the temperature
dependence of hydrogen

solubility, which is proportional to exp

H
{ sol
RT


with Hsol
< 50 kJ mol21.
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