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The oceanic asthenosphere is one of the
most enigmatic regions in the Earth’s
interior. The presence of seismic low-
velocity zones implies high softness at
the top of the asthenosphere, which may
cause smooth plate motion. Although
the high temperature and relatively
low pressure of the asthenosphere may
cause this softness, it is unclear whether
smooth plate motion originates from the
temperature and pressure dependence
alone. The significant high softness
was previously interpreted as creep en-
hancement by partial melting. However,
this interpretation was later dismissed,
because the melts are gravitationally
unstable in the asthenosphere and
will migrate rapidly due to the high
melt permeability in mantle rocks [1].
Asthenosphere softening has recently
been interpreted by the incorporation of
H2O in mantle minerals. Olivine is the
dominant mineral in the asthenosphere,
and is well known to incorporate up to
several thousand wt. ppm H2O in the
crystal structure [2]. High-resolution
deformation experiments suggest that
H2O incorporation largely enhances
olivine creep rates [3]. Because the H2O
incorporated in olivine is immobile, the
interpretation based on H2O incorpora-
tion may be more reasonable than the
partial melting hypothesis.

Anotherproblemwith the topmost as-
thenosphere is thehigh electrical conduc-
tivity layer (HCL) near the East Pacific

Rise [4], which disappears away from
the ridge as the geotherm is lowered. A
special effect is therefore believed to en-
hance conductivity near the ridge. Be-
cause H2O incorporation can cause pro-
ton conduction by the migration of free
protons (H·

i), free-proton conductivity is
hypothesized as a means to interpret the
HCL [4].

The above hypotheses based on H2O
incorporation in olivine are, however,
deficient for the following reasons. For
creep, the H2O-enhancement rate was
determined only nominally in previous
deformation experiments [5]. This is be-
cause the samples in those deformation
experiments were saturated with free-
H2O, and the H2O-fugacity ( fH2O) was
controlled by the confining pressure. In
this way, the effect of H2O on creep
rates can be arbitrarily obtained by as-
suming a pressure dependence, which is
poorly constrained. Although the creep
rates were previously concluded to be
proportional to f 1.2H2O [3], this value was
deduced by assuming an activation vol-
ume of 38 cm3/mol [5], which is unre-
alistic, because it is close to the molar
volume of olivine. Moreover, strain rates
in the deformation apparatus are approx-
imately 10 orders of magnitude higher
than those in the asthenosphere, which
may cause different creep mechanisms.
For conductivity, firstly, themagnitudeof
proton conduction is too small to inter-
pret theHCL[4]. Secondly, the geophys-

ical observation indicates a large temper-
ature dependence of the HCL, whereas
proton conduction is relatively insensi-
tive to temperature [4].

To overcome the problems with the
deformation experiments, we adopted a
different strategy. Climb-controlled dis-
location creep, which dominates in the
asthenosphere, is controlled by diffusion
of the slowest species: Si (slowest) and
O (second slowest). We therefore mea-
sured the Si and O self-diffusivity of
olivine as a function of CH2O, pressure,
and temperature, andestimated theCH2O
dependences of the creep rate based
on diffusivity [6–10]. Pipe diffusion has
been suggested to also play an essential
role in dislocation creep [11]. We there-
fore measured both Si lattice and grain-
boundary diffusivity, because theH2Oef-
fect on pipe diffusivity should be between
these diffusivity types. The diffusion ex-
periments were conducted under quasi-
hydrostatic conditions, which are much
closer to the asthenospheric conditions
than those in the deformation experi-
ments. Because the CH2O and pressure
ranges can be largely and independently
controlled in diffusion experiments, the
CH2O and pressure dependences can be
determined independently.

We also measured Mg self-diffusivity
as a function of CH2O, pressure and tem-
perature [12]. The conduction mecha-
nism appearing at the highest temper-
atures in olivine is ionic conduction
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driven by the migration of V2−
Mg, which

shouldbe controlledbyMgself-diffusion.
The high-temperature occurrence of the
HCL suggests an essential role of V2−

Mg
ionic conductivity rather than the H·

i
proton conduction. It is very difficult
to measure ionic conductivity as a
function of CH2O because H2O easily
escapes from olivine under the required
high-temperature conditions. On the
other hand, the high-temperature ionic
conductivity can be evaluated by Mg
self-diffusivity measured at relatively low
temperatures.

The experimental results are shown in
Table 1 and Fig. 1a–c. The CH2O expo-
nents of Si andO lattice self-diffusivity are
0.32±0.07 and0.05±0.06, respectively.
These values are much smaller than sug-
gested by the deformation experiments
(1.2). Because the CH2O exponent of Si
grain boundary self-diffusivity is identi-
cal to that of Si lattice diffusivity within
error (0.26 ± 0.07), that of pipe diffu-
sivity should be identical to these val-
ues. If the creep rate is proportional to

Table 1. Parameters of Si, O and Mg self-diffusivity and ionic conductivity of olivine.

Si lattice Si grain boundary O lattice Mg lattice Ionic conductivity

CH2O exponent 0.32± 0.07 [7] 0.26± 0.07 [10] 0.05± 0.06 [8] 1.2± 0.2 [12] 1.3± 0.2 [13]
Activation energy (kJ/mol) 410± 30 [6] 220± 30 [10] 400± 30 [8] 250± 30 [12] 250–405 [13]
Activation volume (cm3/mol) 1.7± 0.4 [6] 4.0± 0.4 [10] −3.9± 1.2 [9] 4.3± 0.3 [12] 4.3± 1.0 [13]
H2O range (wt. ppm except for Si grain boundary diffusion) <1–800 <1–53.3μmwt. ppm <1–800 <1–350 20–580
Temperature range (K) 1600, 1800 1200–1600 1600, 1800 1100–1300 1450–2180
Pressure range (GPa) 1–13 1–13 1–13 1–13 2–10

these CH2O dependences, the effects of
H2O on asthenospheric dynamics will
be negligibly small [7], contrary to the
conclusion from the deformation ex-
periments [3]. The deformation experi-
ments demonstrated a clear difference in
creep rate between H2O-free and H2O-
saturated olivine [3]. These observa-
tions indicate that trace amounts of H2O
(<10 wt. ppm) may drastically decrease
the creep strength. Larger amounts of
H2O,however,will not increase the creep
rate according to our results, and the
H2O variation in the upper mantle will
not change the asthenospheric dynamics.

In contrast to Si and O, Mg self-
diffusivity has a large CH2O dependence,
i.e. the CH2O exponent is 1.2 ± 0.2 [12].
This suggests a significant H2O enhance-
ment of the ionic conductivity. Very re-
cently, we succeeded in a direct measure-
ment of ionic conductivity in olivine as a
function ofCH2O, pressure, and tempera-
ture, proving a strongH2O enhancement
of the ionic conductivity [13]. The iden-
tical CH2O, pressure, and temperature

Figure 1. (a) Lattice self-diffusivity of Si (red) [7], O (blue) [8] and Mg (violet) [11] of olivine as a function of H2O content after pressure and temperature
corrections to 3 GPa and 1600 K, respectively, corresponding to topmost asthenosphere conditions. (b) Comparison of creep rates in olivine obtained
by deformation experiments (orange) [3] and estimated from Si self-diffusivity (red) [7]. (c) Electrical conductivity of olivine with various mechanisms.
The pink rectangle shows conditions of the HCL [4]. Cyan, small polaron [4]; brown, ionic conductivity under dry conditions [4]; blue, ionic conductivity
with 60 wt. ppm H2O [9]; gray, free proton conduction with 60 wt. ppm H2O [4]; red, sum of small polaron and ionic conductivity with 60 wt. ppm H2O
[13], which is used to interpret the HCL [4].

dependences between Mg self-diffusivity
and ionic conductivity (Table 1) suggest
the essential role of Mg diffusion in ionic
conductivity.As shown inFig. 1c, the sum
of the small polaron and ionic conduc-
tivity with 60 wt. ppm of H2O can re-
produce the conductivity of the HCL. In
contrast, the magnitude of proton con-
duction is too small to account for the
HCL with realistic H2O contents in the
depletedMORBmantle [4].

The above arguments indicate that
H2O enrichment is not required to
interpret the asthenosphere dynamics.
The effects of H2O on mineral proper-
ties are sometimes overestimated and
overlooked by direct measurements.
The overestimation may have occurred
because the CH2O dependence was
determined with various CH2O samples
by varying the pressure without correct
knowledge of the pressure dependence.
This was the case with creep experi-
ments under water-saturated conditions.
The oversight occurred with the high-
temperature phenomena, because the
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H2O effects are difficult to observe at
high temperatures due to H2O loss
from the samples, as was the case with
high-temperature electrical conductivity.
A vital mineral property obtained by
one method must be examined in an
independent way to obtain a correct
understanding of mantle dynamics. The
measurement of self-diffusivity is a useful
method to examine H2O effects on
physical properties originating in atomic
diffusion such as rheology and electrical
conductivity.
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