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The relationship between isotope diffusion coefficient and electrical conductivity is examined for a mate-
rial where a dominant charge-carrying atomic species (e.g., hydrogen) is present as various forms with
different diffusion coefficients (e.g., two protons trapped at M-site vacancy, one proton trapped at M-site
vacancy etc.). It is shown that the isotopic diffusion occurs keeping the concentration ratio of each species
fixed as determined by the thermo-chemical environment. Consequently, the isotope diffusion coefficient
is the harmonic average of diffusion coefficients of individual species and is dominated by the slowest
diffusing species. In contrast, when electric current is carried by charged species, the concentrations of
individual species do not change. Therefore, electrical conductivity is related to the arithmetic average
of individual diffusion coefficients dominated by the fastest diffusing species. The difference between
these two cases can be large when different species have largely different diffusion coefficients. This
model provides an explanation for the observed differences between experimental observations on iso-
topic diffusion (of H-D) and hydrogen-enhanced electrical conductivity and supports a hybrid model of
hydrogen-enhanced electrical conduction where electrical conductivity is dominated by the fast moving
hydrogen-related species. The species with the largest mobility may change with temperature leading to
a change in anisotropy of conductivity. The degree of enhancement of electrical conductivity by hydrogen
is high enough to explain most of the geophysically observed electrical conductivity of Earth’s upper
mantle.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Following the suggestion by Karato (1990) that hydrogen may
enhance electrical conductivity in olivine, a number of experimen-
tal studies have been performed in the last several years to test this
hypothesis. These studies have largely confirmed the original
hypothesis, but details are still debated including the magnitude
of this effect and the atomic mechanisms by which hydrogen en-
hances electrical conductivity (for review see Karato and Wang
(2013); Yoshino (2010)).

In the first paper where the important role of hydrogen in elec-
trical conductivity was suggested, Karato (1990) used the chemical
diffusion coefficient determined by Mackwell and Kohlstedt (1990)
and calculated electrical conductivity for a range of hydrogen con-
tent. Chemical diffusion of hydrogen involves diffusion of hydro-
gen together with the diffusion of another charge-compensating
species, and hence this method would be valid only when the dif-
fusion of charge-compensating species is faster than the intrinsic
diffusion coefficient of hydrogen (Kohlstedt and Mackwell, 1998).
The charge-compensating diffusing species is either M-site vacan-
ll rights reserved.
cies or electron holes, both of which have high diffusion coeffi-
cients and hence this assumption is likely justified (Kohlstedt
and Mackwell, 1998).

However, already in the early studies such as (Wang et al.,
2006), it was recognized that the electrical conductivity calculated
from the diffusion coefficients of hydrogen gives systematically
smaller values than actually measured conductivity. Also the acti-
vation energy of hydrogen-assisted conductivity (�70–90 kJ/mol)
is much smaller than that of diffusion (�140–150 kJ/mol) (Dai
and Karato, 2009b; Hae et al., 2006; Yoshino, 2010). Such differ-
ences have been confirmed by the recent study of isotope diffusion
of hydrogen and deuterium in olivine (Du Frane and Tyburczy,
2012) (Fig. 1). The discrepancy includes not only the discrepancy
in the magnitude of conductivity and activation enthalpy
(Fig. 1a) but also the nature and magnitude of anisotropy (Fig. 1b).

Any viable model of hydrogen-enhanced electrical conductivity
must explain these major discrepancies. Based on these observations
as well as the observed dependence of conductivity on water content
(water fugacity), (Karato, 2006) concluded that a simple model
assuming a single hydrogen-related species is not appropriate and
proposed a hybrid model where the role of multiple hydrogen-re-
lated species is emphasized. In contrast, from the same observation,
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Fig. 1. A comparison of measured electrical conductivity with the conductivity
calculated from isotope diffusion coefficients. The comparison is made for the water
content of 0.05 wt.% to minimize the influence of extrapolation (most of measure-
ments in the literature were made at or near this water content). Data source, DFT:
(Du Frane and Tyburczy, 2012), PRNS: (Poe et al., 2010), WMXK: (Wang et al., 2006),
YMSK: (Yoshino et al., 2009)). The water content for each measurement corre-
sponds to those determined by SIMS (when FTIR with (Paterson, 1982) calibration is
used, a correction factor of 3 was applied). (a) A comparison of average conduc-
tivity. All conductivity data show much lower activation energy than that of isotope
diffusion. The results by WMXK agree well with those by PRNS. The results by YMSK
show much lower conductivity than these. (b) A comparison of conductivity
including anisotropy. Anisotropy of conductivity reported by Poe et al. (2010)
changes with temperature and is markedly different from anisotropy calculated
from the isotope diffusion data reported by Du Frane and Tyburczy (2012).
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Du Frane and Tyburczy (2012) concluded that the degree to which
hydrogen enhances electrical conductivity is not as large as (Wang
et al., 2006) and (Dai and Karato, 2009a) showed, and they argued
that a hybrid model presented by Karato (2006) is inconsistent with
their observation.

Problems with a simple single-species model have been dis-
cussed in several previous papers where a hybrid model of conduc-
tivity was presented to explain such discrepancies (Karato, 2006;
Karato and Wang, 2013). However, atomistic mechanisms to cause
these differences were not explained very clearly in the previous
studies. Given the new experimental work by Du Frane and
Tyburczy (2012) that clearly demonstrated the discrepancies be-
tween isotope diffusion and conductivity measurements, and given
their discussion against a hybrid model of electrical conductivity, it
seems appropriate to provide a theoretical analysis of isotope dif-
fusion to understand the causes of these discrepancies. In this pa-
per, I will examine the microscopic physics of isotope exchange
between two materials where a given atomic species (e.g., hydro-
gen) occurs in a multiple forms. I will show that direct correlation
between isotope diffusion coefficient and electrical conductivity is
broken down in such a case if a given atomic species in different
forms have largely different diffusion coefficients. Consequently,
the direct comparison of electrical conductivity calculated from
isotope diffusion coefficients and actual electrical conductivity is
not justified in these materials.
2. Theory

When electric current is carried by charged species, electrical
conductivity is related to the diffusion coefficients of relevant spe-
cies. Such a relation is given by the Nernst–Einstein relationship
(e.g., Mott and Gurney, 1940), viz.,

r ¼ 1
RT

X
i
fiq2

i DiCi ð1Þ

where r is electrical conductivity, fi is a non-dimensional factor of
order unity, qi is the electrical charge (relative to the vacuum), Di

is the diffusion coefficient, Ci is the concentration of the i-th species,
and RT has usual meaning. This relation would imply that once one
knows the concentration and (self) diffusion coefficient of all rele-
vant species, one can calculate electrical conductivity.

The relation (1) is valid only when summation over i is made for
all relevant species. When a given atomic species, say hydrogen,
occurs in several different forms (e.g., two protons at M-site, one
proton at M-site, free proton etc.) then summation must be made
for all of these species. As I will show in this paper, in a material
where a given species (e.g., hydrogen) occurs in various forms,
the isotope exchange involves strong interaction of various species
and consequently, isotope diffusion coefficient does not directly
represent the self diffusion coefficient of any atomic species but
rather corresponds to some average of individual diffusion coeffi-
cients. Consequently the relation between individual diffusion
coefficients and isotopic diffusion coefficient needs to be known
in order to understand the relationship between isotopic diffusion
coefficient and electrical conductivity.
3. Theory

Experimental observations summarized by Karato (2006); Kara-
to and Wang (2013); Nishihara et al. (2008) suggest that hydrogen
in these materials ((Mg,Fe)2SiO4) is dissolved in multiple forms
including ð2HÞ�M (two protons at M-site vacancy), H0M (one proton
at M-site vacancy) and H� (‘‘free’’ proton) (for deuterium, ð2DÞ�M ,
D0M , D�). Hydrogen in each of these species has different chemical
bonding with its surroundings, and therefore likely has different
mobility. These species are created by the ionization reaction,

ð2H;2DÞ�M $ ðH;DÞ
0
M þ ðH;DÞ

�
: ð2Þ

The concentrations of these defects may also be affected by the
presence of other charged defects such as the M-site vacancy, V 00M
(Karato, 2008). At equilibrium, the concentration ratio of each spe-
cies is determined by the physico-chemical environment (temper-
ature, pressure, the fugacity of water and of oxygen, and oxide
activity) (Nishihara et al., 2008).

In an isotope exchange experiment, one brings two crystals
with different isotopic compositions (H/D ratios) into contact
(Fig. 2). When multiple species are present, concentration gradient
must be present for each species that varies as a function of posi-
tion. Consequently, each species will diffuse driven by the concen-
tration gradient, and the diffusion flux should be proportional to
the diffusion coefficient of each species.



Fig. 2. Schematic diagrams showing (a) the processes of isotope exchange and (b)
the process of electrical conduction. H indicates hydrogen-bearing species and D
indicates deuterium-bearing species (e.g., H1, H2 denote different hydrogen-
bearing species such as ð2HÞ�M and Hg). There are multiple species for both hydrogen
and deuterium that have different diffusion coefficients. In case of isotope diffusion,
each species moves driven by concentration gradient that changes with position,
and consequently, if each species moves freely without interaction, the concentra-
tion ratio would change. This creates excess free energy because the concentration
ratio should be determined by thermodynamic environment at equilibrium.
Consequently, there will be interaction among diffusing species in isotope diffusion
with multiple-species. In contrast, when electric current flows, driving force is
uniform and the concentration of each species does not change. Therefore there is
no direct interaction among different species.
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The concentration gradient, � @Cj

@x , in this case changes with po-
sition (for the error function distribution of concentration,
@Cj

@x / expð� x2

4Dt
j
Þ) and therefore the flux of each species changes with

position. This causes a change in the concentration of each species

differently (@Cj

@t ¼ � @
@x Jj–0, see Fig. 2). This would violate various

constraints including the charge neutrality and the thermo-chem-
ically determined concentration ratios. Therefore there must be
some interactions among various diffusing species to assure that
these constraints are satisfied.

In addition to the obvious constraint of the charge neutrality, let
us consider the constraint of concentration ratios of various spe-
cies. Chemical reactions such as the one described by Eq. (2) im-
pose that, at equilibrium, the concentration ratios of various
species are determined by the thermo-chemical conditions
through the law of mass action. Let us consider how such a require-
ment may affect diffusion. Because isotope exchange of one atomic
species, e.g., hydrogen and deuterium, occurs without affecting the
concentrations (i.e., chemical potentials) of other species such as
Mg (magnesium) or Si (silicon), I will focus on a single couple of
isotopic species such as hydrogen and deuterium in isolation. In
these cases, the total concentration of hydrogen and deuterium is
fixed,

CH þ CD ¼ Ctotal ð3Þ

where CHðDÞ is hydrogen (deuterium) concentration (Ctotal is the total
concentration of hydrogen and deuterium). For each species (H or
D), there are several forms in which they occur (e.g.,
ð2H;2DÞ�M; ðH;DÞ

0
M; ðH;DÞ

�), so that

Cj;HðDÞ ¼ aj;HðDÞCHðDÞ ð4Þ

where aj;HðDÞ is the fraction of hydrogen (or deuterium) with the j-th
form (such as ð2HÞ�M), and of course

P
jaj;HðDÞ ¼ 1. At equilibrium,
these coefficients do not depend on the isotopic mass to the first
approximation, so that a0

j;H � a0
j;H ¼ a0

j with
P

ja
0
j ¼ 1. Since the con-

centration of hydrogen-bearing species is related to that of deute-
rium-bearing species by the relation (3), I need only to consider
the concentration of hydrogen-bearing species in the following.

The local concentration of the j-th species is controlled by the
spatial variation in diffusional flux, @

@x Jj, as well as the change in
the concentration caused by the deviation of the concentration
from the equilibrium concentration. Therefore the net change in
the concentration of the j-th species is given by

@Cj

@t
¼ � @

@x
Jj �

1
~sj
ðCj � C0

j Þ ð5Þ

where Cj is the concentration of the j-th species (the j-th hydrogen-
containing species), C0

j is its equilibrium value corresponding to the
reaction such as (2), and ~sj is the relaxation time for the change in
the concentration associated with such reactions. The first term in
the right-hand-side represents the change in the concentration
caused by the material flux, and the second term in the right-
hand-side corresponds to the ‘‘creation’’ or ‘‘destruction’’ of the j-
th species by the transition of species through reaction (2). In order
to evaluate the role of these two processes, let us consider a simple
case where the flux of the species is caused solely by the concentra-
tion gradient. In that case, Eq. (5) is reduced to

@Cj

@t
¼ Dj

@2Cj

@x2 �
1
~sj
ðCj � C0

j Þ ð6Þ

where Dj is the diffusion coefficient of the j-th species. Assuming
the solution with a form Cj � C0

j / expð� t
slocal

j
Þ cos px

l one obtains

slocal
j ¼

~sj

1þ p2Dj~sj

l2

ð7Þ

where slocal
j is the characteristic time of change in concentration at a

fixed position x (the local characteristic time of change in concen-
tration of the j-th species). The process of the change in the concen-
tration of atomic species at a given site is similar to the process of
the change in the atomic concentration among different sites asso-
ciated with the Snoek peak of anelasticity. In both cases, the key
process is the motion of an atomic species between two different
sites caused by the difference in free energies at these sites. There-
fore the characteristic time for such a reaction can be calculated
using a theory for the Snoek peak (Nowick and Berry, 1972) and
is given by

~sj �
a2

p2Dj
ð8Þ

where a is the distance between atomic sites (a � 1 nm) and Dj is
the self diffusion coefficient of the j-th species. Consequently,

slocal
j ¼

~sj

1þ p2Dj~sj

l2

¼
~sj

1þ a2

l2

: ð9Þ

In comparison, the time-scale of isotopic diffusion of a distance l
is given by

sisotope
j � l2

p2Dj
ð10Þ

where l is the distance of diffusion (l � 100 lm; (Du Frane and
Tyburczy, 2012)). Therefore

sisotope
j

slocal
j

� 1
a

� �2

� 1 ð11Þ

and hence slocal
j � ~sj.
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This means that the local equilibrium must be well achieved
during an isotope diffusion experiment. Consequently, the isotope
diffusion in these cases occurs under the conditions where the con-
centration ratio is fixed. This is similar to the diffusion creep in a
compound where diffusion of various charged species occurs
where charge neutrality and fixed stoichiometric ratio conditions
are satisfied (Karato, 2008). Diffusion problem under such condi-
tions can be analyzed by invoking the internal electric field (the
Nernst field), /, viz.,

J j ¼ �
DjCj

RT
RT@logCj

@x
þ qj

@/

@x

� �
ð12Þ

where qj is the electric charge of the j-th species.
The charge neutrality condition reads,X
j
qjCj ¼ C

X
j
qjaj ¼ 0 ð13Þ

where C is CHðDÞ (I omitted the suffix H or D for simplicity). Also be-
cause the concentration of each species is determined locally by the
thermo-chemical equilibrium, the flux must satisfy,

J j ¼ ajJ ð14Þ

where J is the flux of a group of molecule. Note that relations (13)
and (14) imply that no net current condition is satisfied
(I ¼

P
jqjJ j ¼ 0).

Combining relations (12) and (14), and using the charge neu-
trality condition (i.e., (13)), and operating

P
ai, one can eliminate

the electrostatic potential and obtains

J ¼ � 1P
j
aj

Dj

@C
@x

: ð15Þ

Because this equation expresses the relation between the total
flux of hydrogen (J) and the gradient of total concentration of
hydrogen (@C

@x) during the isotopic exchange, one can define the
effective diffusion coefficient relevant to isotopic exchange as,

Disotope ¼ 1P
j
aj

Dj

: ð16Þ

It is seen that the isotope diffusion coefficient is given by the
harmonic average of diffusion coefficients of relevant species
weighted by their concentration. Consequently, among various dif-
fusing species (ð2HÞ�M;H

0
M;H

� in case of H/D diffusion in (Mg,Fe)2-

SiO4), it is the species with the largest aj

Dj
, i.e., the slowest

diffusing species with a high concentration, that dominates isotope
diffusion, most likely ð2HÞ�M .

The situation in electrical conductivity is different and simpler.
When electric field is applied, all charged species migrate driven by
the generalized force �qj

@/
@x. Because this force is homogeneous

(independent of x) through a sample, @
@x Jj ¼ 0 in Eq. (5) and the con-

centration of each species does not change with time when electric
current flows. Consequently, there is no interaction among diffus-
ing species as far as the current is homogeneous (this is not the
case when electric charge is built up at an electrode) and diffusion
coefficients in Eq. (1) are simply the diffusion coefficients of indi-
vidual species. Therefore among various species, the one that gives
the largest q2

j Djaj will dominate the conductivity.

4. Discussion

The theoretical consideration presented in this paper shows
that when various species are involved in isotopic diffusion, then
the species that has the large concentration and the smallest diffu-
sion coefficient (i.e. the largest aj

Dj
) controls the rate of isotopic ex-

change. In case of hydrogen in olivine or wadsleyite, this is likely
the dominant defect ð2HÞ�M that is most abundant and likely has
the slow mobility because protons in this defect are strongly
bonded to the matrix crystal (compared to other defects such as
free proton, H�). Therefore the isotope diffusion coefficient essen-
tially corresponds to the diffusion coefficient of ð2HÞ�M . In chemical
diffusion, another charge compensating species (such as M-site va-
cancy, V 00M , or electron hole) must also diffuse and the diffusion
coefficients in Eq. (7) should include the diffusion coefficient of
these species. However, diffusion of these charge-compensating
species is fast (Kohlstedt and Mackwell, 1998) and chemical diffu-
sion and isotopic diffusion coefficient should be similar. In fact,
both the absolute values and the activation energies of these diffu-
sion coefficients agree reasonably well (Du Frane and Tyburczy,
2012; Hae et al., 2006; Kohlstedt and Mackwell, 1998). In contrast,
electrical conductivity is dominated by the species that has the
largest q2

j Djaj, i.e., the species that has the large diffusion coeffi-
cient. In general, the activation energy of faster diffusing species
is smaller than that of the slower diffusing species. And in fact,
the activation energy of electrical conductivity due to hydrogen
in olivine and wadsleyite is �70–90 kJ/mol that is substantially
smaller than that of isotope diffusion (�140–150 kJ/mol).

These predictions from the present model are exactly what have
been observed in these materials where hydrogen is present in var-
ious forms. Therefore the results of isotope diffusion of H/D in oliv-
ine determined by Du Frane and Tyburczy (2012) provide a strong
support for a hybrid model by Karato (2006) where electrical con-
ductivity in olivine and other minerals caused by hydrogen is con-
sidered to be due mainly to the diffusion of minor but faster
diffusing species such as H�. The hybrid model of hydrogen-assisted
electrical conductivity also explains a diverse range of observations
including the systematic difference in normalized conductivity
among the different groups of hydrogen-bearing minerals (Karato
and Wang, 2013) and the dependence of hydrogen-enhanced elec-
trical conductivity on oxygen fugacity (Dai and Karato, 2009b) (in
the simple model where ð2HÞ�M controls the conductivity, conduc-
tivity should be independent of oxygen fugacity). In contrast, if
one assumes that all hydrogen-related species diffuse equally or
that only one hydrogen-related species is present (e.g., Du Frane
and Tyburczy, 2012; Yoshino, 2010), then the difference in activa-
tion energy between isotope diffusion and electrical conductivity
and the dependence of conductivity on oxygen fugacity as ob-
served for wadsleyite (Dai and Karato, 2009b) cannot be explained.

I conclude that electrical conductivity in olivine and wadsleyite
is enhanced by a hydrogen-bearing fast moving species but the
kinetics of isotopic exchange is controlled by the diffusion of the
slowest diffusing species. Consequently, the hydrogen-enhanced
conductivity in olivine must be higher than the hydrogen-en-
hanced conductivity calculated from the H-D isotope diffusion
coefficients. The degree of enhancement is enough to explain a
majority of the geophysical observations (Dai and Karato, 2009a;
Karato, 2011) and there is no need for partial melting to explain
the observed electrical conductivity in most of the mantle.

Given the good agreement of predictions of the theoretical
model with a range of observations summarized above, it is puz-
zling that some of the experimental data on electrical conductivity
agree reasonably well with the simple model in which the role of
multiple species is not considered. These are the data by Yoshino
et al. (2009) (Du Frane and Tyburczy (2012) argued that Poe
et al. (2010)’s data also agree with their results, but a more direct
comparison shows that Poe et al. (2010)’s results are very different
from Du Frane and Tyburczy (2012) and similar to the results by
Wang et al. (2006); see Fig. 1a, b). The reason for this puzzling
observation is not entirely clear. Unlike their earlier work (Yoshino
et al., 2006) where only one frequency was used, Yoshino et al.
(2009) used the impedance spectroscopy and therefore this should
not be the cause for low conductivity in these studies. One possibil-
ity is the pressure effects on conductivity, because Yoshino et al.



Table 1
Parameters for electrical conductivity of polycrystalline olivine. The following form is
assumed: r ¼ r0ð CW

CW0
Þrexpð� H�

RTÞ where CW is water content, H⁄ is activation enthalpy,
r is a non-dimensional constant (CWo is a reference water content and is 0.01 wt.%).
Oxygen fugacity is assumed to be at Ni–NiO buffer. The data are at 2 GPa for
mechanism (2) (i.e., conduction by ð2HÞ�M) and at 4 GPa for mechanism (3)
(conduction by H� or H0M). Ferric iron (‘‘polaron’’) conduction is not sensitive to
pressure (Xu et al., 2000), but pressure effects on hydrogen-conduction is not known
for olivine. These results are applicable to the shallow upper mantle. The data are
from Du Frane and Tyburczy (2012) and Karato and Wang (2013). Numbers in the
parenthesis indicates errors in one standard deviation.

r0 (S/m) r H⁄ (kJ/mol)

Ferric iron (‘‘small polaron’’) 102.5 (0.2) – 154 (5)
Hydrogen (ð2HÞ�M) 103.0 (1.4) 1 (0.1)* 140 (30)

Hydrogen (Hg or H0M) 101.6 (0.4) 0.62 (0.2) 87 (5)

* Assumed value based on the solubility data by Kohlstedt et al. (1996).
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(2009) measured the conductivity at 10 GPa compared to 2 GPa
where the measurements by Du Frane and Tyburczy (2012) was
made. However, the measurements by Poe et al. (2010) were made
at 8 GPa and the results agree well with those of Wang et al. (2006)
that were obtained at 4 GPa. It should be noted, however, that
although the agreement in the magnitude of conductivity between
Yoshino et al. (2009) and Du Frane and Tyburczy (2012)) is ‘‘good’’,
the activation energies determined by Yoshino et al. (2009)
(�90 kJ/mol) differ significantly from that of isotope diffusion
(140–150 kJ/mol) and the agreement is only in the limited temper-
ature range. Therefore the ‘‘agreement’’ could be fortuitous.

An interesting, although somewhat speculative, prediction of
this model is that at high temperatures, the mobility of ð2HÞ�M will
become higher than that of H� (or H0M), so that the activation energy
of conductivity will increase. This implies that the direct extrapo-
lation of low temperature data such as Wang et al. (2006) would
underestimate the conductivity. If one uses the results shown in
Fig. 1a, this critical temperature is estimated to be �1400–
1500 K. Because this temperature is close the temperature in the
asthenosphere (�1500–1600 K), the influence of this mechanism
change will not be very large (a factor of �2 or so). Fig. 3 shows
electrical conductivity of olivine aggregate as a function of temper-
ature and water content including this possible transition in
hydrogen-conduction mechanism. The electrical conductivity by
this mechanism is calculated from the isotope diffusion coeffi-
cients and all the parameters are given in Table 1.

A useful test to evaluate this new model is to determine the
dependence of hydrogen-enhanced conductivity in olivine on oxy-
gen fugacity. For a hybrid model, at the low temperature regime
where minority defects such as H� (or H0M) control the conductivity,
hydrogen-enhanced conductivity should decrease with oxygen
fugacity (e.g., Dai and Karato, 2009b; Nishihara et al., 2008)
whereas if the dominant hydrogen defect, ð2HÞ�M controls the con-
ductivity, then electrical conductivity will be independent of oxy-
gen fugacity. In the model by Du Frane and Tyburczy (2012) and
Yoshino (2010), ð2HÞ�M always controls conductivity and hence
conductivity is always independent of oxygen fugacity. In the hy-
brid model, in contrast, conductivity will decrease with oxygen
H
.

Fig. 3. Electrical conductivity mechanism map of olivine as a function of water
content and temperature. The results are applicable to pressure of 2–4 GPa (shallow
asthenosphere). Oxygen fugacity is assumed to be close to Ni–NiO buffer. Three
mechanisms are considered: (1) ferric iron conduction (‘‘dry’’ olivine), (2) conduc-
tion by diffusion of ð2HÞ�M , (3) conduction by diffusion of H� (or H0M). Random
orientation is assumed. Thin curves are the constant conductivity lines corre-
sponding to the given temperature and water content. Conductivity anisotropy is
substantially large in mechanism (2), i.e., at high temperature and water-rich
environment (i.e., at high conductivity).
fugacity in the low-temperature regime and will become indepen-
dent of oxygen fugacity at high-temperature regime. Activation en-
ergy will also change with temperature in the hybrid model.

Finally, I should note that because controlling atomic species
are different between isotope diffusion and electrical conductivity,
there is no reason to believe that the nature of anisotropy is the
same between these two properties. In fact, anisotropy in isotope
diffusion coefficients reported by Du Frane and Tyburczy (2012)
is markedly larger than the anisotropy of conductivity reported
by Poe et al. (2010) under the conditions of the measurements
and also the anisotropy in the activation energy is different be-
tween isotope diffusion and conductivity (Fig. 1b). However, if con-
duction mechanism under the asthenosphere conditions changes
to the one by ð2HÞ�M , then anisotropy in hydrogen-enhanced elec-
trical conductivity will be similar to the anisotropy in isotope dif-
fusion and will be large.
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