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Hydrogen diffusivity and electrical anisotropy of a peridotite mantle
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SUMMARY

Long-period magnetotelluric (MT) data have indicated that electrical conductivity in the upper
mantle is highly anisotropic. Rates and anisotropies for self-diffusion of hydrogen in single
crystals of mantle minerals are related to electrical resistivity by the Nernst—Einstein rela-
tionship. Assuming that the dominant mechanism for electrical conduction in the mantle is
hydrogen diffusion, the electrical anisotropy of a peridotite should be controlled by its min-
eral composition and by the lattice-preferred orientation (LPO) of its constitutive minerals.
Macroscopic electrical anisotropies arising from diffusion of hydrogen in upper mantle rocks
displaying strain-induced LPO of olivine, enstatite and diopside are calculated using resistor
networks in which each resistor has a statistical probability of representing a mineral grain
with a particular misorientation relative to the olivine [100] maximum density direction. The
orientations of the grains are defined by angular distribution functions describing LPO (1) gen-
erated by viscoplastic self-consistent modelling at a range of shear strains and (2) measured
in a naturally deformed peridotite. The naturally deformed peridotite displays a strong LPO,
but the predicted mean electrical anisotropy factor is less than 3. Geophysical data indicate
higher electrical anisotropies for the mantle. This suggests that grain boundary processes that
are controlled by shape-preferred orientation of crystals and/or macroscopic heterogeneities
further enhance the electrical anisotropy of the mantle. Ambiguities in the conduction mech-
anism highlight the need for direct laboratory measurements of ionic conductivities in mantle
assemblages that can be compared with those calculated from the Nernst—Einstein equation.

Key words: deformation, electrical conductivity, hydrogen diffusivity, lattice-preferred
orientation, mantle anisotropy, olivine.
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& Mackwell 1998), whereas pure enstatite is isotropic with respect
to hydrogen diffusivity (Stalder & Skogby 2003) and has diffusion
rates approximately 500 times slower than olivine. Hydrogen diffu-

1 INTRODUCTION

Although mantle minerals are nominally anhydrous, they are able to

incorporate dissociated Ht and OH™ ions (Mackwell & Kohlstedt
1990; Bell & Rossman 1992). Measured concentrations of hydrogen
content in natural samples indicate that pyroxene minerals are the
most important reservoirs for hydrogen in the upper mantle, followed
by garnet and olivine (Bell & Rossman 1992).

Hydrogen diffusion in the mantle could enhance the electrical
conductivity of the mantle according to the Nernst—Einstein equa-
tion (Karato 1990):

o = fDcq*/kT ey

where o is the electrical conductivity, /" is a numerical (correlation)
factor approximately equal to unity, D is the diffusivity, c is the con-
centration of diffusing ions, ¢ is the electrical charge of the charged
species, k is the Boltzmann constant and T is the temperature. Hy-
drogen diffusivities vary depending on mineral phase, and they may
be strongly anisotropic. For example, hydrogen diffuses along the
[100] axis of olivine approximately 20 times faster than along the
[010] axis and 40 times faster than along the [001] axis (Kohlstedt
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sion rates in upper mantle minerals relative to diffusivities in olivine
along the [100] direction are shown in Table 1.

If minerals are preferentially oriented in the mantle, then
anisotropic rates of hydrogen diffusion should enhance the elec-
trical conductivity of the mantle in one direction more than in other
directions (Lizzaralde et al. 1995), i.e. the mantle can be expected
to be electrically anisotropic. Evidence for strain-induced, lattice-
preferred orientation (LPO) of minerals in the mantle, in particular
of olivine, which is the dominant phase in the upper mantle, de-
rives from analysis of naturally deformed peridotites (e.g. Nicolas
& Christensen 1987), from laboratory experiments on olivine ag-
gregates (Nicolas e al. 1973; Zhang & Karato 1995; Bystricky et al.
2000) and polycrystal plasticity models (Wenk ez al. 1991; Tommasi
et al. 2000; Kaminski & Ribe 2001). Moreover, seismic anisotropy
data indicate that olivine LPO is coherent over large distances (from
tens to hundreds of kilometres) in the upper mantle (Montagner &
Tanimoto 1991). However, because alignment of minerals in the
mantle is imperfect, the degree of electrical anisotropy that results
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Table 1. Relative hydrogen diffusion rates along the main crystallographic
axes of olivine (Kohlstedt & Mackwell 1998), pure enstatite (Stalder &
Skogby 2003), Mg-rich orthopyroxene (Stalder & Skogby 2003) and diopside
(Woods et al. 2000) at 700-900 °C.

Olivine Enstatite Orthopyroxene Diopside
[100] 500 1 6 750
[010] 25 1 1.9 50
[001] 12.5 1 15 —

from anisotropic rates of hydrogen diffusion can be expected to be
reduced compared with the anisotropic hydrogen diffusion rates for
the single crystals shown in Table 1.

The aim of this paper is to quantify the degree of electrical
anisotropy that can be expected to arise in a peridotite mantle as a
consequence of hydrogen diffusivity in nominally anhydrous man-
tle minerals (NAMS) combined with the strain-dependent LPO of
these minerals that is induced by plastic flow in the mantle. The
results are compared with geophysical data from different tectonic
environments that indicate electrical anisotropies of the mantle in
the range ~2.5 to >100 (Simpson 2001; Bahr & Simpson 2002;
Leibecker et al. 2002).

2 HYDROGEN DIFFUSIVITY,
MEASUREMENT ERRORS AND
ELECTRICAL ANISOTROPY
OF OLIVINE

If a crystal has H* diffusivities that are anisotropic, then the con-
tribution of the ionic conductivity within this crystal to its overall
electrical conductivity will also be anisotropic and the contribu-
tion of this crystal to the electrical conductivity of the rock (crys-
tal aggregate) measured in a particular direction will depend on
the orientation of the crystal within the aggregate. The orientations
of individual crystals within an aggregate may be described by an
orientation distribution function (ODF) (Bunge 1982) which de-
scribes the LPO of the aggregate. Minerals contained in naturally de-
formed peridotites exhibit LPOs that agree well with LPOs modelled
for a simple shear deformation using a viscoplastic self-consistent
(VPSC) approach (Tommasi et al. 2000). In this paper, LPOs cal-
culated for olivine—pyroxene aggregates deformed at a range of
shear strains and HT diffusivity data are used to generate electri-
cal anisotropy distribution functions. These electrical anisotropy
distribution functions are subsequently used to simulate electrical
anisotropy of olivine—pyroxene aggregates using resistor networks
(Simpson 2002). A similar approach is employed to calculate the
mean electrical anisotropy factor for a naturally deformed peridotite
displaying a well-developed LPO.

Magnetotelluric (MT) data provide two mutually-independent
values of conductivity in the horizontal plane (e.g. parallel and per-
pendicular to strike) from which conductivities in all other directions
in the plane can be calculated. Vertical electrical anisotropy (i.e.
horizontal layering) cannot be resolved using MT measurements.
Therefore it is sufficient to calculate the electrical conductivities
arising from hydrogen diffusivity in the horizontal plane in order
to quantify the contribution of a strain-induced LPO to the electri-
cal anisotropy detected in MT data. The 2-D modelling procedure
employed in this paper is summarized in Fig. 1, and involves the
following sequence of steps:

(1) Step 1 involves defining the orientation of the individ-
ual grains composing the aggregate. The LPO are obtained ei-
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ther by VPSC modelling at a range of shear strains (Tommasi
1998; Tommasi et al. 2000) or from electron-backscattered diffrac-
tion (EBSD) measurements in a naturally deformed peridotite, and
are tabulated as Bunge—Euler angles (Bunge 1982).

(2) Step 2 involves projecting the LPO from step 1, for a partic-
ular shear strain or deformed sample, onto pole figures. This allows
the maximum density direction (MDD) for olivine [100] axes to
be defined. If hydrogen diffusivity is the conduction mechanism
responsible for electrical anisotropy of the mantle, then the direc-
tion of maximum conductivity should correspond to the MDD of
olivine [100] axes (MDD, ), since hydrogen diffusivities in olivine
are more anisotropic than in other minerals and olivine is the pre-
dominant mantle mineral (>60 per cent). Directions parallel and
perpendicular to MDDy, are used to define a reference coordinate
frame in subsequent steps.

(3) In step 3, the contributions of each crystal to hydrogen dif-
fusivities parallel and perpendicular to MDDy o (obtained from
step 2) are calculated using simple trigonometric relations that con-
sider hydrogen diffusivities as vector quantities with magnitudes
defined by D[100]:D[010]:D[001] ratios and the crystal orientation
relative to MDD“OO].

(4) Instep 4athe relative resistivity of each crystal in the horizon-
tal (x—y coordinate) plane, parallel and perpendicular to MDDy, gy, is
computed from its hydrogen diffusivities parallel and perpendicular
to MDDy,q; (from step 3). The ratio of the relative resistivity paral-
lel to MDDy;q; to the relative resistivity perpendicular to MDDy
for a particular crystal defines the electrical anisotropy factor of the
crystal in the x—y coordinate plane. Electrical anisotropy factors are
calculated for each crystal and the number of occurrences of each
particular anisotropy factor (step 4b) leads to a distribution func-
tion of single-crystal electrical anisotropy factors in the MDDy,
coordinate frame (step 4c). The example shown in step 4c assumes
hydrogen diffusivities in the ratios D[100] = 20 x D[010] = 40 x
D[001], which we shall refer to as the ‘preferred’ hydrogen diffu-
sivities for olivine (Kohlstedt & Mackwell 1998). The sample from
which these single-crystal anisotropies were calculated has the well-
defined LPO shown in step 2. In this case, olivine [100] and [001]
axes lie closest to the horizontal plane, and maximum single-crystal
electrical anisotropies of 40 are obtained. The mean single-crystal
anisotropy is ~8, and approximately 29 per cent of the 1000 crystals
in the sample have electrical resistivities perpendicular to MDDy
that are about 10 or more times higher than their electrical resistiv-
ities parallel to MDDy¢q;.

(5) In step 5, the relative resistivities computed in step 4 are
used to compute a probability distribution function that defines the
probability that any (x, y) resistor pair in the resistor network model
has a particular set of (p,, p,) values (i.e. the probability that a
particular single-crystal anisotropy contributes to the aggregate).
For an aggregate containing more than one mineral type, the volume
fractions of the different minerals present in the aggregate is taken
into account when calculating these probabilities.

(6) In step 6, each (x, y) resistor pair in a resistor network (with
n x n resistors in the x-direction and (n — 1) x (n — 1) resistors in
the y-direction) is randomly assigned a pair of p,, p, values with
the probabilities computed in step 5. The experiment is repeated for
100 networks. Each network represents a statistical approximation
of the LPO of the aggregate.

(7) In step 7, possible effects of different hydrogen concentra-
tions in different NAMS can be investigated by decreasing or in-
creasing the (py, p,) at sites in the network depending on the mineral
phase flagged and the relative hydrogen concentration recorded for
this mineral type.
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Figure 1. Flowchart illustrating the steps involved in calculating macroscopic electrical anisotropy factors from a network of resistors representing a mantle
rock with an LPO of its constitutive minerals in which hydrogen diffusivities anisotropically enhance electrical conductivity, as given by the Nernst—Einstein

equation.

(8) In step 8, voltages are applied across the resistor networks
generated in step 6 (or step 7) in the x- and y-directions, respectively,
and electrical currents /, and /, are computed for the two orthogonal
directions (Bahr 2000).

(9) Finally (step 9), the electrical anisotropy of a random network
is calculated as I,/ 1,.

Measurements of hydrogen diffusivities in olivine indicate best-
fit values with ratios of D[100] = 20 x D[010] = 40 x D[001]

(Kohlstedt & Mackwell 1998). However, consideration of exper-
imental errors suggests bounds ranging from D[100] = 100 x
D[010] =100 x D[001]to D[100] =10 x D[010] =10 x D[001].
Bounds on the mean macroscopic electrical anisotropy factors as a
function of shear strain for geodynamically modelled olivine LPO
(Tommasi 1998) are shown in Fig. 2. The anisotropy is controlled
primarily by hydrogen diffusion along the [100] and [001] axes, as
for an asthenospheric flow associated with a velocity gradient be-
tween a tectonic plate and the deep mantle (Tommasi 1998); these
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Figure 2. Bounds on the macroscopic electrical anisotropy factors (ra-
tios of maximum to minimum conductivities) as a function of shear strain
for aggregates composed of 100 per cent olivine (closed symbols) and
100 per cent enstatite (open symbols) assuming various single-crystal hy-
drogen diffusivities. For olivine, the preferred hydrogen diffusivity ratios
D[100] = 20 x D[010] = 40 x D[001] (Kohlstedt & Mackwell 1998) are
assumed to be bounded by D[100] = 100 x D[010] = 100 x D[001] and
D[100] = 10 x D[010] = 10 x D[001] respectively, whereas the error bars
for the enstatite model represent +0.3 log unit uncertainties in hydrogen
diffusivities (Stalder & Skogby 2003). Olivine and enstatite LPO were cal-
culated for a 70 per cent olivine—30 per cent enstatite aggregate deformed by
simple shear using a VPSC model. Grey circles indicate the shear strains at
which the electrical anisotropy factors for 100 per cent olivine (closed) and
orthopyroxene (open) aggregates displaying the LPO measured in a natu-
rally deformed peridotite shown in Fig. 7 intersect the shear strain—electrical
anisotropy bounds calculated from the synthetic aggregates. All results rep-
resent averages for 100 resistor networks with n = 20.

axes lie closest to the horizontal plane. The modelled electrical
anisotropy for a 100 per cent olivine aggregate increases mono-
tonically with increasing strain, reaching a factor of 8 at a shear
strain of 3.5. The reduction in the electrical anisotropy from the
single-crystal to aggregate scale is attributable to the dispersion of
the olivine LPO. Although there is a factor of 10 difference between
the upper and lower bound diffusivities along the [001] axes of an
olivine crystal, the anisotropy of the aggregate calculated using dif-
ferent single-crystal anisotropies varies by a factor of only ~1.5 at
a shear strain of 1 and ~1.8 at a shear strain of 2. Thus uncertain-
ties in the measured hydrogen diffusivities are mapped into both
x- and y-resistivity components. This implies that uncertainties as-
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Figure 3. Macroscopic electrical anisotropy factor as a function of shear
strain for a rock composed of 65 per cent olivine with LPO intensities devel-
oped by simple shear, and 35 per cent isotropic component. A single crystal
of olivine is assumed to have o[1009) = 20 X o [o10] = 40 X 07[001], Where
o1100]» 0 [010] and o [go1] are the relative conductivities of the [100], [010]
and [001] axes, respectively. The isotropic phase has a conductivity 300, 30
or 3 times less than the conductivity along the olivine [100] axis.

sociated with measuring hydrogen diffusivities are unlikely to affect
macroscopic electrical anisotropy factors significantly.

3 THE EFFECT OF ENSTATITE ON
ELECTRICAL ANISOTROPY

If a second mineral phase with isotropic hydrogen diffusivities is
mixed with olivine, the reduction in the macroscopic electrical
anisotropy factor will depend on the hydrogen diffusivities of this
mineral phase. This is demonstrated in Fig. 3, assuming that the
hydrogen concentration is the same in both mineral phases.

The presence of enstatite as a second mineral phase does not mod-
ify olivine LPO patterns (Wenk et al. 1991). Hence, the effect of
incorporating enstatite into the model aggregate will depend on the
volume fraction of enstatite and on the conduction mechanism that
is dominant in enstatite. Measurements of the electrical conductiv-
ity of dry orthopyroxene by Duba et al. (1973) and Xu & Shankland
(1999) suggest electrical conductivities in the same range as those
for dry olivine (Duba ez al. 1974; Hirsch et al. 1993; Xu et al. 1998),
i.e. significantly lower than those associated with H* conduction in
olivine. Hydrogen diffusivities in pure enstatite are isotropic and ap-
proximately 500 times slower than those along olivine [100] (Stalder
& Skogby 2003). The effects of incorporating 35 per cent and
22 per cent pure enstatite into the olivine model assuming hydrogen
diffusion to be the controlling conduction mechanism are shown in
Fig. 4. In this case, the low hydrogen diffusivities in enstatite rela-
tive to olivine and the volume fraction of enstatite in the aggregate
control the degree to which the electrical anisotropy of an olivine—
enstatite aggregate is altered compared with the electrical anisotropy
obtained for the 100 per cent olivine model. The composition of the
aggregate has a much more significant effect on the macroscopic
electrical anisotropy than do uncertainties in the hydrogen diffusion
rates in olivine.

On the other hand, more recent electrical conductivity data for
dry orthopyroxene (Xu et al. 2000) are approximately 1.3 log
units higher than those measured by Duba ef al. (1973) and Xu &
Shankland (1999). The measurements were performed at similar
oxygen fugacities, and Xu et al. (2000) attribute the higher electri-
cal conductivity of their sample to a higher ferric iron content. In this
case, the conductivity of dry enstatite approaches the electrical con-
ductivity controlled by hydrogen diffusivity in olivine with 1000 H/
10° Si. Considering the low rates of hydrogen diffusion in enstatite,
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Figure 4. Average macroscopic electrical anisotropy factors as a function
of shear strain for different olivine (Ol):enstatite (En) ratios and different
conduction mechanisms in enstatite. For the ‘wet’ case, hydrogen diffusion
in enstatite is approximately 500 times slower than along the olivine [100]
axis; for the dry case, enstatite is assumed to have the same conductiv-
ity as the olivine [100] axis. The anisotropic case refers to the hydrogen
diffusivities in orthopyroxene shown in Table 1. Hydrogen diffusivities in
olivine are those given in Table 1 for all three cases. Error bars are based
on upper and lower bounds for hydrogen diffusion in olivine defined by
D[100] = 100 x D[010] = 100 x D[001] and D[100] = 10 x D[010]
= 10 x D[001] respectively, combined with +0.3 log unit uncertainties
in hydrogen diffusivities for enstatite. The hydrogen concentration is as-
sumed to be the same in olivine and enstatite phases. ‘Sample’ refers to a
model displaying the LPO of the naturally deformed sample shown in Fig. 7
with an Ol:En ratio of 78 per cent:22 per cent. Circles indicate the shear
strains at which the electrical anisotropy factors calculated for the naturally
deformed sample intersect the shear strain—electrical anisotropy bounds cal-
culated from the aggregates synthesized by VPSC modelling. The enstatite
component reduces the macroscopic anisotropy of the olivine—enstatite ag-
gregates compared with olivine aggregates by reducing the connectivity of
olivine [100] axes in the direction of maximum conductivity. The effect is
least pronounced for the case that dry conduction in enstatite dominates. All
results represent averages for 100 resistor networks with n = 20.

dry conduction may be the dominant conduction mechanism in en-
statite. The effects of incorporating 35 per cent and 22 per cent en-
statite into the model assuming that electrical conduction in enstatite
is dominated by the dry conduction mechanism are also shown in
Fig. 4. In this case the mean electrical anisotropy factor is raised
compared with the case for slow hydrogen diffusivities in enstatite.
This is because the conductive enstatite provides missing bridges for
nearly through-going conductive pathways in the direction of olivine
[100] alignment, whereas in the perpendicular direction, which con-
tains more resistive elements, the fraction of conductive enstatite is
insufficient to facilitate a significant increase in contiguity of con-
ductive pathways (Fig. 5).

Hydrogen diffusivities in natural orthopyroxene (EngoFs;() are
anisotropic: the [001] axis is the fastest direction, followed by [100]
and [010]; the [001] axis is about eight times faster than the [010]
axis (Stalder & Skogby 2003), and hydrogen diffusivities in natural
orthopyroxene are one to two orders of magnitude slower than in
olivine at 700 °C (Table 1). Mean macroscopic anisotropies for an
orthopyroxene aggregate displaying a simple shear LPO averaged
over 100 networks are shown in Fig. 2. The enstatite fast axis orients

approximately parallel to olivine [100], but has hydrogen diffusivi-
ties approximately equal to the slowest, [001], axis of olivine.

In contrast to crustal studies (Bahr 1997), in which resistivities
may vary over 10 orders of magnitude, no significant systematic
scale-dependence of electrical anisotropy arising from hydrogen
diffusivity in the mantle is expected. This can be demonstrated by
comparing the electrical anisotropies resulting from different sized
networks (Fig. 6). The variation in mean electrical anisotropy for
networks with values of n ranging from 1040 does not exceed
20 per cent.

4 ELECTRICAL ANISOTROPY AS A
CONSEQUENCE OF HYDROGEN
DIFFUSIVITY IN A NATURALLY
DEFORMED PERIDOTITE

Fig. 7 shows LPO distributions for a naturally deformed peri-
dotite xenolith from a basanite flow in the Fataua Valley, Tahiti.
This spinel-lherzolite (73 per cent olivine, 21 per cent enstatite,
5 per cent diopside and 1 per cent spinel) exhibits a coarse-
grained porphyroclastic microstructure indicative of deformation
under high-temperature, low-stress conditions, consistent with as-
thenospheric deformation. Relative hydrogen diffusivities along the
main crystallographic axes of its constituent minerals are sum-
marized in Table 1. Hydrogen diffusion rates in diopside at 700—
800 °C are anisotropic with fastest transport along the [100] axis
and slowest transport along the [010] axis, and are similar in magni-
tude to diffusion rates in olivine (Woods et al. 2000). Single-crystal
anisotropy factors in the direction of olivine [ 100] maximum density
are shown in Fig. 8. When only the olivine component is considered,
with D[100] = 20 x D[010] = 40 x D[001], the mean macro-
scopic anisotropy factor for the network is ~4. This corresponds to
the mean macroscopic anisotropies computed from modelled LPO
intensities at a shear strain of 1.5-3 (Fig. 2). Taking into account the
enstatite contribution (Fig. 7) reduces the mean macroscopic elec-
trical anisotropy to <3 (Fig. 4). The reduction is least for the case of
dry conduction in enstatite and greatest if conduction in enstatite is
assumed to be controlled by low, isotropic, hydrogen diffusivities.
The diopside component has an insignificant effect on the electrical
anisotropy of the naturally deformed sample (Table 2). The mean
electrical anisotropy factor averaged over 100 networks generated
by hydrogen diffusivity in the deformed peridotite is <3 (Table 2).
Comparison with Fig. 4 suggests that these results are compatible
with deformation at a shear strain of 1.5-2.

Measurements of the hydrogen content of natural minerals indi-
cate that orthopyroxenes have hydrogen concentrations on average
5.5 times higher than olivine, whilst diopside stores on average 12
times more hydrogen than olivine (Bell & Rossman 1992). Accord-
ing to the Nernst—Einstein equation (eq. 1), heterogeneous hydrogen
concentrations should result in modified resistivities. However, the
mean electrical anisotropy of the networks is not significantly af-
fected (Table 2).

The naturally deformed peridotite contains no garnet. Hydrogen
diffusivities in garnet are between one and three times those along
the olivine [001] axis (Wang et al. 1996), but observations from
naturally deformed rocks and VPSC simulations show that garnet
LPO is always very weak (Mainprice et al. 2004). Thus a pyrolite
mantle composed of approximately 60 per cent olivine, 10 per cent
orthopyroxene, 15 per cent clinopyroxene and 15 per cent garnet (Ita
& Stixrude 1992), which displays olivine LPOs similar to those of
the naturally deformed peridotite shown in Fig. 7, and the hydrogen
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Figure 5. (a) Simplified resistor network composed of 78 per cent olivine and 22 per cent enstatite representing a realization of the LPO generated by VPSC
modelling at a shear strain of 1.8. (b) The network for an exaggerated case (for visualization purposes only) in which the resistivity of enstatite is so high that
it acts as a break in the circuit. (c) The network for the case that enstatite has the same resistivity as olivine along the [100] axis. The contiguity of conductive

pathways differs for the two models.

diffusivities given in Table 1, will show a mean electrical conduc-
tivity anisotropy of <3. Olivine LPO intensity does not increase
linearly with strain, it increases fast at low strains up to 1 or 2, and
it tends to remain stable for shear strains higher than 2—3 (Bystricky
et al. 1999; Tommasi et al. 2000). So higher shear strains will not
induce higher average electrical anisotropies.

However, electrical anisotropy factors for individual networks are
spread over one to two orders of magnitude for the case in which
hydrogen diffusivity controls conductivity of enstatite and about
0.5 orders of magnitude for the case in which the conductivity of
enstatite is dominated by dry conduction (Fig. 9a). Based on the
preferred hydrogen diffusivities in Table 1, the largest anisotropy
factor generated by an individual resistor network representing a
statistical realization of sample OED (Table 2) is ~14; 2 per cent of
networks generate electrical anisotropy factors >10; 9 per cent of
networks generate electrical anisotropy factors >5. For the case in
which conduction in enstatite is dominated by the dry conduction
mechanism, the electrical anisotropy factor does not exceed 4 for
any of the 100 networks. When upper and lower bounds for hydro-
gen diffusivities are taken into account (Fig. 9b), 95 per cent of the
networks representing statistical realizations of the LPO of the nat-
urally deformed sample have values in the range 0.8—8. The mean
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electrical anisotropy factors calculated by averaging the results for
1000 networks do not differ significantly from those calculated by
averaging the results from 100 networks (Table 2). Physically, elec-
trical anisotropy factors less than 1 (Fig. 9) signify that the direction
of maximum conductivity is perpendicular to the direction in which
olivine [100] axes are statistically aligned. Electrical anisotropy fac-
tors less than 1 do not occur for the case that conduction in enstatite
is dominated by the dry conduction mechanism.

5 COMPARISON OF EXPECTED
ELECTRICAL ANISOTROPY FACTORS
GENERATED BY HYDROGEN
DIFFUSIVITY IN A PERIDOTITE
MANTLE AND ELECTROMAGNETIC
FIELD STUDIES

Long-period MT data indicate electrical anisotropies near the
base of the lithospheric mantle below central Australia, northern
Germany and Fennoscandia of >2, >9 and > 100, respectively (Bahr
& Simpson 2002). The Australian Plate has been moving at 6—
7 cm yr~! in its present direction for ~40 Myr, which is compatible
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Figure 6. Macroscopic electrical anisotropy factors for different sized net-
works composed of n x n resistors in the x-direction and (n — 1) x (n — 1)
resistors in the y-direction. The resistors represent an aggregate composed
of 78 per cent olivine and 22 per cent enstatite with LPO for a shear strain of
1.8-2.0. “Wet’, ‘dry” and anisotropic ‘wet’ conduction refer to the dominant
conduction mechanism in enstatite. The dominant conduction mechanism
in olivine is assumed to be hydrogen diffusivity in all cases. Each data point
represents an average value calculated from 100 resistor networks. No sys-
tematic scale dependence of electrical anisotropy is apparent.

z [100]

[010]

with a shear strain of 1-2. Therefore the olivine LPO intensity under
central Australia could be reasonably assumed to be similar to that
displayed by the naturally deformed peridotite shown in Fig. 7. In
this case, a conduction mechanism that is dominated by anisotropic
hydrogen diffusion rates in olivine can generate macroscopic elec-
trical anisotropies of the same order of magnitude as those inferred
from 1-D analysis of MT data containing anisotropy. The electri-
cal anisotropies of the mantle below Fennoscandia are significantly
higher than those expected to be generated by anisotropic rates of
hydrogen diffusion. Bahr & Simpson (2002) note that some lateral
variation of the conductance is evident in the data from Fennoscan-
dia, and lateral conductivity heterogeneities may elevate the electri-
cal anisotropy factors that are estimated from these data above their
true values.

6 OTHER MECHANISMS FOR
INCREASING THE ELECTRICAL
ANISOTROPY OF THE MANTLE

Studies of melt migration in the Oman ophiolite complex demon-
strate that focused migration of basaltic melt through harzburgite
(olivine and enstatite) results in the formation of dunite (olivine
only) conduits with widths ranging from the centimetre scale to
up to 100 m (Braun & Kelemen 2002). Bands of dunite 30—100 cm
wide with spacings of 10—100 m within a predominantly harzburgite

[001]

olivine

enstatite

diopside

n=18

Figure 7. Olivine, enstatite and diopside LPO in a naturally deformed lherzolite: lower hemisphere equal-area projection, » grains. Olivine LPO was contoured
at one multiple of a uniform distribution of intervals. Enstatite and diopside LPO were not contoured because fewer than 100 measurements were obtained in
thin section. The full line marks the orientation of the foliation (XY plane); lineation (X direction) is horizontal.
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from the anisotropic hydrogen diffusivities shown in Table 1, based on the LPO distributions shown in Fig. 7.

Table 2. Average electrical anisotropy factors calculated from 100 and 1000 (in brackets) resistor networks
representing a naturally deformed peridotite with the LPO and single-crystal electrical anisotropy factors shown in
Figs 7 and 8 respectively. ‘Pure enstatite’ refers to the isotropic hydrogen diffusivities for enstatite given in Table
1, whereas ‘orthopyroxene’ refers to the anisotropic diffusion rates for Mg-rich orthopyroxene given in Table 1.
The aggregate containing 74 per cent olivine, 21 per cent orthopyroxene and 5 per cent diopside is referred to
in the text as sample ‘OED’. Hydrogen concentrations are assumed to be the same in all mineral phases, apart
from in the last row where the hydrogen concentrations (Cyy) are in the ratios given. Errors represent £0.3 log
unit uncertainties for measured hydrogen diffusion rates in enstatite (Stalder & Skogby 2003) and upper and lower
bounds on hydrogen diffusion rates in olivine of D[100] = 100 x D[010] = 100 x D[001] and D[100] = 10 x

D[010] = 10 x D[001], respectively.

Composition

100 per cent olivine

74 per cent olivine, 21 per cent dry enstatite, 5 per cent diopside
74 per cent olivine, 21 per cent pure enstatite, 5 per cent diopside

74 per cent olivine, 21 per cent orthopyroxene, 5 per cent diopside (OED)

OED:; CH(Olivine):C H(Enstatite):C H(Diopside) = 1:5.5:12

Anisotropy factor
41250 (410
2940} (2820
25401 (2329
25401 2.445)
2,692 (2.5£5)

matrix (75 per cent olivine, 25 per cent enstatite) have also been
documented in peridotite massifs in the Canadian cordillera, where
they produce a compositional banding at the massif scale that is
aligned parallel to the deformation fabric of the massif (Ross 1977;
Tommasi et al., in preparation). MT transfer functions are unable to
resolve conductivity variations that have horizontal dimensions less
than (or even up to several times) the depth at which they are im-
aged, i.e. macroscopic and microscopic electrical anisotropy cannot
be distinguished. Hence, for the purposes of evaluating electrical
anisotropies at mantle depths a model consisting of an alternating
sequence of more and less resistive dykes is equivalent to a model
containing intrinsic electrical anisotropy. Alternating bands com-
posed of pure olivine and 50 per cent enstatite—50 per cent olivine
can produce anisotropies of the order of 100 (Fig. 10) assuming
that the conduction mechanism is controlled by hydrogen diffusion.
In this case, the enstatite grains act as a high-resistivity phase that
blocks current flow perpendicular to the direction in which olivine
[100] axes are statistically aligned. For the case that conduction in
enstatite is controlled by a high ferric iron content (‘dry conduction’;
Xu et al. 2000) the effect of such structural lineaments is mitigated
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(Fig. 10). A pre-requisite for the development of such a structural
anisotropy is partial melting, implying that it should be restricted
to active tectonic regions such as oceanic ridges, the mantle wedge
above a subduction zone, or be associated with mantle plumes.

A second mechanism that could give rise to olivine—
enstatite banding is mechanical segregation in high-strain regions.
Centimetre-scale banding characterized by alternating pyroxene-
poor, predominantly dunitic layers with pyroxene-rich bands is
indeed a characteristic feature of the high-temperature deforma-
tion domains of both ophiolites and orogenic peridotite massifs
(Nicolas et al. 1971, 1980). This small-scale compositional banding,
resulting from mechanical segregation of weak (olivine) and strong
(pyroxene) phases during plastic deformation, is restricted to high-
strain regions. Therefore, it may not be a generalized feature but
rather may affect only small volumes of the mantle. Moreover, the
electrical anisotropy associated with this compositional banding can
only be detected by MT measurements if the layering is vertical or
steeply dipping, i.e. if the flow planes are vertical or steeply dipping.
Horizontal shearing of the asthenosphere due to mechanical drag of
a moving tectonic plate is expected to produce horizontal layering.
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Figure 9. Distribution functions showing electrical anisotropy factors gen-
erated from 100 individual resistor networks with n = 20 and preferred
hydrogen diffusivities shown in Table 1 for (a) a 78 per cent olivine plus
22 per cent enstatite composite with LPO predicted by VPSC modelling at a
shear strain of 1.8 with either dry conduction or ‘wet’, isotropic conduction
dominating in enstatite, and for sample OED (Table 2), and (b) preferred,
upper and lower bound hydrogen diffusivities for sample OED.

Compositional banding arising from horizontal shearing should not
contribute to the electrical anisotropy inferred from long-period MT
data. However, compositional banding may be a factor enhancing
the electrical anisotropy in the mantle beneath major transcurrent
faults or transform plate boundaries, such as the Alpine Fault in
New Zealand.

Shear strains associated with plate motion may favour shape-
preferred orientation (SPO) as well as LPO of mantle minerals.
Thus, in addition to hydrogen diffusion within olivine and other
minerals displaying strong LPO, electrical anisotropy of the man-
tle may be enhanced by alignment of grain boundary phases (e.g.
graphite, iron or partial melt). Graphite and iron are several orders of
magnitude more conductive than olivine. Therefore grain-boundary
graphite or iron could affect conductivity significantly. Shear stress
has been shown (Ross & Bustin 1990) to lower the activation energy
for graphitization under crustal conditions, and similar promotion
of graphitization might happen during mantle shearing. Ando et al.

---¢-- Dry conduction, Ens random

1000 1 —— Wet conduction in 100%01/50%0H50%Ens Bands

—&— Dry conduction in 100%0V50%0H50%Ens Bands

100

10 A

Electrical anisotropy factor

0 1 2 3 4
Shear strain

Figure 10. Average macroscopic electrical anisotropy factors for networks
composed of resistors representing 75 per cent olivine (Ol) and 25 per cent
enstatite (En) arranged to form alternating bands containing 100 per cent
olivine versus 50 per cent olivine plus 50 per cent enstatite (Fig. 11) that create
macroscopic anisotropy. Conduction in enstatite is assumed to be controlled
by either slow, isotropic hydrogen diffusion rates (‘wet’ conduction) or by
the dry conduction mechanism. For dry conduction in enstatite, the average
electrical anisotropy is similar to the electrical anisotropy generated by a
random distribution of enstatite. Results represent averages for 100 networks
with n = 20.

(2001) have reported striped zoning of iron along subgrain bound-
aries of olivine in plastically deformed mantle peridotites.

Dry basaltic and andesitic melts are insufficiently electrically con-
ductive (e.g. Tyburczy & Waff 1983; Roberts & Tyburczy 1999) to
explain high mantle conductivities without inferring implausibly
high melt fractions. However, faster hydrogen diffusion may take
place in the melt phase. Hydrogen diffusion in the melt phase can
be expected to be isotropic, but ionic conductivity can be expected to
be anisotropic if the charge-carrying ions are anisotropically chan-
nelled. SPO of grain boundary melt in which hydrogen diffusion
occurs could focus hydrogen diffusion along melt channels. Diffu-
sion of other ions in the crystal and melt phases could also play a
role. In diopside, the mobility of electron holes, rather than the mo-
bility of hydrogen, is considered to be the phenomenon that controls
the rate of hydrogen diffusion, and the mobility of electron holes
has been found to be dependent on the Fe content of the sample
(Hercule & Ingrin 1999).

Whereas electrical conductivity is a macroscopic quantity, self-
diffusivity occurs in the mm? s~! range and may be modified by
grain boundary effects. Equilibrium concentrations of hydrogen in
mantle minerals depends on hydrogen fugacity and on the concen-
tration of intrinsic point defects (Kohlstedt & Mackwell 1998); OH
absorption spectra polarized along olivine [100], [010] and [001] in-
dicate that OH defects are strongly oriented (Kitamura et al. 1987).
If anisotropic diffusion rates for hydrogen in olivine arise from an
anisotropic concentration of defects, then processes such as crystal-
lographic alignment of defects and grain boundary diffusion in the
mantle may lead to increased hydrogen-related electrical anisotropy
in the mantle compared with that observed on the laboratory scale,
and a modification of the Nernst-Einstein equation may also be
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Figure 11. (a) Simplified example of a resistor network composed of 75 per cent olivine and 25 per cent enstatite contained in alternating bands of
100 per cent olivine and 50 per cent olivine plus 50 per cent enstatite with LPO intensities predicted by VPSC modelling at a shear strain of 1.8. (b)
The network for an exaggerated case in which the resistivity of enstatite is so high that it acts as a break in the circuit. (¢) The network for the case that enstatite
has the same resistivity as the olivine [100] axis. Notice how the contiguity of conductive pathways differs for the models (b) and (c), and that (c) is similar to

the model shown in Fig. 5(c).

required, as is the case for electrolyte gels (Fleischer et al. 1998).
Grain boundary diffusion is likely to be quicker than lattice
diffusion.

7 CONCLUSION

We have developed a model that allows the electrical anisotropy
resulting from the coupled effects of anisotropic hydrogen diffu-
sivity and LPO of mantle minerals to be quantified. The electri-
cal anisotropy factors calculated using LPO simulated for olivine—
enstatite aggregates deformed by simple shear are significantly
less than the hydrogen-diffusion-related electrical anisotropy ex-
pected at the single-crystal scale. The mean electrical anisotropy
factor (averaged over 100 or 1000 networks) generated by hydro-
gen diffusivity in a peridotite sample with well-developed LPO is
<3. Hence electrical anisotropy of the upper mantle below central
Australia represents an upper limit on the mean degree of elec-
trical anisotropy that can be generated by anisotropic hydrogen
diffusion in a textured upper mantle. However, a spread of val-
ues to a maximum factor of 14 is obtained from 100 individual
networks each representing a deformed sample in which hydrogen
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diffusion is the dominant mechanism controlling conductivity. On
the other hand, electrical anisotropy factors of less than 1 arising
in a few networks suggest a statistical mechanism whereby maxi-
mum electrical conductivities may be produced oblique to the di-
rection in which olivine [100] axes are expected to be statistically
aligned.

To date, few MT array studies with sounding periods sufficiently
long to resolve mantle anisotropy have been performed. Further
MT array studies are required in order to quantify possible re-
gional differences in mantle anisotropies, and to preclude multi-
dimensional distortion of the electrical anisotropy factors obtained
from field data. Ambiguities in the conduction mechanism high-
light the need for laboratory measurements of electrical conduc-
tivity in NAMS under mantle conditions that can be compared
with the electrical conductivities predicted by the Nernst—Einstein
equation.
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