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The high conductivity anomalies observed in the oceanic asthenosphere have shown anisotropic signature
parallel to the plate motion. Anisotropic alignment of partial melt has been considered to one of probable
explanations for the observed anisotropic conductivity structure, but the effect of temperature on the
distribution of melt, the composition of melt, and the magnitude of electrical anisotropy for partial
molten peridotite is unknown under shear deformation. In this study, the electrical conductivity of
partially molten peridotite (KLB-1) under shear deformation was measured at 1 GPa in a DIA type

Keywords: apparatus with a uniaxial deformation facility to provide new constraints on the anisotropic signature
electrical conductivity anisotropy in the oceanic asthenosphere. The conductivity measurements were performed simultaneously in two
partial melt directions of three principal axes: parallel and normal to the shear direction on the shear plane,
peridotite and perpendicular to the shear plane, by using impedance spectroscopy at temperature ranges of

shear deformation
high conductivity anomalies
oceanic asthenosphere

1483-1548 K. Our results indicate that the total melt fraction, the absolute conductivity values, and the
magnitude of electrical anisotropy of partially molten peridotite increase with increasing temperature.
Although the Na;O content varies widely at constant temperature in the recovered melt, very small
changes of shear-parallel conductivities (o) before and after shear deformation suggest that the electrical
conductivity of partially molten peridotite is mainly controlled by temperature, rather than alkali content
in partial melt. Microstructural observations of the recovered samples reveal that the development of
conductivity anisotropy was caused by the realignment of melt pockets parallel to the shear direction,
which forms two melt-rich regions. Furthermore, we estimate how much melt fraction is partitioned
into melt-rich regions by calculating the area ratio of two melt-rich regions to the whole area. Our
calculations show that once melt segregation occurs, more than 50% of the total melt fraction will
partition into the melt-rich regions, and this proportion will continue to increase with the increase of
temperature. This finding suggests that development of electrical anisotropy in partially molten peridotite
under shear deformation will increase with increasing temperature, which may provide new constraints
on interpretation of high conductivity anomalies observed in the oceanic asthenosphere.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Anisotropic feature of electrical conductivity observed from
magnetotelluric data in the asthenosphere just below the litho-
sphere-asthenosphere boundary (LAB) (Evans et al., 2005; Baba et
al., 2006; Naif et al., 2013) has been attributed to the presence
of hydrous olivine (Karato, 1990; Wang et al.,, 2006) and/or of
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partial melting of peridotite (Gaillard et al., 2008; Yoshino et al,,
2006, 2010; Yoshino and Katsura, 2013; Sifré et al., 2014). Remark-
ably, Dai and Karato (2014) reported new electrical conductivity
measurements on oriented single crystals of hydrous olivine show-
ing a higher increase in conductivity and conductivity anisotropy
at high temperature than previously investigated. Subsequently, af-
ter reanalyzing Dai and Karato’s data, Gardés et al. (2015) raised
a number of criticisms of Dai and Karato (2014) and concluded
that this new study does not extend but restricts the magni-
tude of olivine conductivity enhancement by water. Thus, a small
anisotropic conductivity of single crystal hydrous olivine (Yoshino
et al., 2006; Poe et al., 2010; Yang, 2012) verifies the implausi-
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bility of proton conduction in olivine for explanation of the high
conductivity anisotropy observed in the asthenosphere near the
Eastern Pacific Rise. Experimental investigations have shown that
the presence of partial melt can trigger high conductivity (Gaillard
et al., 2008; Yoshino et al., 2010; Ni et al., 2011; Sifré et al,, 2014;
Laumonier et al., 2017). Under quasi-hydrostatic condition, the
equilibrium melt distribution predicted from the interfacial energy
minimization is isotropic. To explain the geophysically observed
anisotropic feature, many workers have proposed that the conduc-
tivity anomaly features are caused by the anisotropic redistribu-
tion of melt in partially molten rocks under shear deformation
(Holtzman et al., 2003; Holtzman and Kohlstedt, 2007; Kohlstedt
and Holtzman, 2009; Caricchi et al., 2011; Zhang et al.,, 2014;
Pommier et al., 2015).

The generation of channel-like melt-enriched structures with
high degree of melt connectivity in the spreading direction coupled
with low connectivity in the ridge parallel direction has been pro-
posed to account for the electrical anisotropy and seismic wave ve-
locity reduction at the LAB underneath oceanic plates (Holtzman et
al.,, 2003; Weeraratne et al., 2007; Kohlstedt and Holtzman, 2009;
Caricchi et al.,, 2011). This unique melt distribution is usually at-
tributed to mantle deformation that can attribute to the motion
of rigid lithospheric plates relative to the underlying convection
mantle (Kawakatsu et al., 2009). The quantitative interpretation of
such an anisotropic structure revealed by magnetotelluric profiles
requires robust laboratory characterization under controlled con-
ditions. The magnitudes of the seismic velocity and conductivity
variations are directly linked to the melt fraction, therefore com-
parison of geophysical data with laboratory models has long been
considered as the most plausible way to quantify the melt con-
tents in partially molten regions of the Earth (Shankland and Waff,
1977). So far, only two studies have addressed the electrical con-
ductivity of partially molten peridotite under shear deformation
(Caricchi et al,, 2011; Zhang et al., 2014). Caricchi et al. (2011)
firstly reported reduction of electrical conductivity normal to shear
direction during deformation of melt-bearing olivine aggregates in
torsion and implied that the conductivity anisotropy observed in
the asthenosphere can be explained by the flow-aligned tube-like
structure of melt. However, this study did not simultaneously mea-
sure conductivity in the directions parallel and normal to shear
direction, and contains both large shear strain and stress gradients
along the conductivity measurement direction. Zhang et al. (2014)
simultaneously measured the electrical conductivity of olivine +
chromite/enstatite aggregates with basaltic melts in two directions
of three principal axes: parallel and normal to the shear direction
on the shear plane, and perpendicular to the shear plane. They
concluded that the sheared peridotite analog with 2 vol.% of par-
tial melt can well explain the geophysical observations.

Pommier et al. (2015) reported new results of laboratory mea-
surements on the electrical conductivity of pre-deformed partially
molten samples with large strain (1.2 < ¥ <9) and claimed that
the electrical anisotropy of the asthenosphere could be reproduced
by an electrical layered model either sheared Fogg + 5 vol.% MORB
or Fogg + 2 vol.% carbonated melt. However, Pommier et al. (2015)
performed the electrical conductivity measurements at high tem-
peratures under quasi-hydrostatic condition but not under shear
deformation. Their experimental set-up and condition are unlikely
to evaluate the effect of shear deformation on the whole process
of conductivity anisotropy evaluation in partially molten systems.

Although all of these previous experimental findings provided
some constraints on the observed conductivity anisotropy, there
have been still several problems which are needed to be clari-
fied further: (1) To simplify the experimental complexity in pre-
vious studies, the starting materials were olivine + melt (basalt
or carbonatite). However, a widely accepted composition model
of the MORB source’s mantle (Ringwood, 1975; Takahashi, 1986)

is fertile peridotitic composition. At the fixed bulk composition,
melt composition and wetting behavior can vary with increasing
temperature and pressure (Yoshino et al., 2009). To better under-
stand the high conductivity anomalies revealed by MT surveys in
the upper mantle, we need to determine the three-dimensional
(3D) electrical conductivity of partially molten peridotite under
shear deformation. (2) In-situ conductivity measurement on par-
tially molten system is an effective way to constrain possible melt
distribution at the top of the oceanic asthenosphere. Under quasi-
hydrostatic conditions, many studies (e.g., Gaillard et al., 2008;
Yoshino et al., 2010; Ni et al., 2011; Sifré et al., 2014; Laumonier
et al,, 2017) have investigated the effect of melt fraction on the
electrical conductivity of partial molten peridotite. For example,
Laumonier et al. (2017) interpreted the upper asthenosphere elec-
trical anomaly to result from the presence of 0.5-1.0 vol.% melt,
and argued that anisotropic distribution of the melt is not nec-
essarily required in order to explain high conductivities observed
in the upper mantle settings. In contrast, recent shear deformation
experiments (Caricchi et al., 2011; Zhang et al., 2014) revealed that
development of electrical anisotropy is caused by anisotropic dis-
tribution of the melt. One of important features of these studies is
that once melt distribution is highly anisotropic, the melt fraction
may no longer be an important influencing factor on the elec-
trical anisotropy. Knowledge of melt distribution to produce the
anisotropic conductivity in the oceanic asthenosphere rather than
discussion on melt fraction is necessary to constrain the conductiv-
ity and seismic features under shear deformation of partial molten
peridotite. Melt distribution also would vary with melt fraction as
a function of temperature under shear deformation. Thus knowl-
edge of electrical conductivity of peridotite with more realistic
composition should be required to figure out the above issues.

In this study, we conducted in situ electrical conductivity mea-
surements acquired on partially molten peridotite with KLB-1 com-
position at various temperatures and strain rates. We investigate
the effects of melt distribution, temperature, melt fraction, an-
nealing time, strain and strain rate on the electrical conductivity
anisotropy. The present experiments will provide new constraints
on the potential melt fraction in the oceanic upper mantle.

2. Experimental and analytical techniques
2.1. Sample preparation

We used fertile peridotite with KLB-1 composition as the start-
ing material for this study. KLB-1 represents a typical fertile mantle
peridotite, its composition is proposed to represent the undepleted
and primitive composition of the Earth’s mantle as documented
by Takahashi (1986). The starting material with the KLB-1 peri-
dotite composition was prepared from a mixture of SiO,, TiO2,
Fe,03, Al;03, MnO, MgO, NiO, Cr;03, CaCO3, NapCO3 and K;CO3
in the following procedure. Before weighed, the oxide powders
and carbonates were dried at 1273 K and 473 K for 12 hours,
respectively, then mixed and ground in an agate mortar. These
mixtures were pressed into pellets and then decarbonated at 1233
K. The recovered products were finely ground and pressed into
pellets again. The pellets were heated in a gas-controlled furnace
at 1393 K for one hour with controlled oxygen partial pressure
of log fO, = —9.477 [logatm], which is close to the QFM buffer,
and then quenched into water. The peridotite samples were syn-
thesized in an end-loaded piston-cylinder apparatus at a pressure
of 1 GPa and a temperature of 1473 K (below the sub-solidus
temperature) with 3/4” pressure assemblies, for durations up to
5 hours. Finally, the samples were cooled to room temperature
with a cooling rate of about 20 °C/min, which allowed us to obtain
well sintered samples without cracking due to thermal shock. The
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Table 1

Average melt composition of run products.
Run# Si0, TiO, Al;03 Cry03 FeO* MnO MgO Cao Na,0 K;0 Total
KLB-17 4448 0.16 3.59 0.31 8.10 012 39.22 3.44 0.30 0.02 99.74
A2598 (N =9) 55.07 (1.01) 0.84 (0.03) 14.83 (0.15) 0.11 (0.03) 4.55(0.13) 0.28 (0.05) 7.76 (0.30) 14.39 (0.26) 2.09 (0.14) 0.19 (0.04) 100.11 (0.52)
A2544 (N = 10)  54.60 (0.44) 0.79 (0.01) 13.78 (0.11) 0.13 (0.01) 5.45(0.09) 0.25(0.02) 7.92 (0.21) 13.54 (0.16) 2.55(0.13) 0.16 (0.02) 99.18 (0.73)
A2545 (N = 13)  53.77 (0.31) 0.68 (0.02) 13.91(0.10) 0.10 (0.02) 5.69 (0.11) 0.26 (0.04) 9.22 (0.17)  13.31(0.22) 2.35(0.11) 0.15(0.03) 99.44 (0.51)
A2548 (N =12) 53.16 (0.41) 0.71(0.03) 12.68 (0.13) 0.15(0.01) 5.39 (0.13) 0.23 (0.05) 10.78 (0.23) 12.72 (0.16) 217 (0.12) 0.7 (0.01) 98.16 (0.86)
A2549 (N = 14)  53.88 (0.38) 0.65(0.04) 12.81(0.16) 0.16 (0.02) 6.15(0.06) 0.25 (0.02) 11.34(0.22) 12.52 (0.22) 1.91 (0.08) 0.16 (0.02) 99.83 (0.45)
A2599 (N = 11) 5299 (0.41) 0.61(0.03) 12.11(0.18) 0.14 (0.03) 6.83 (0.18) 0.24 (0.06) 12.50 (0.31) 11.89 (0.21) 1.79 (0.13) 0.15 (0.04) 99.25 (0.56)
A2600 (N = 13)  50.87 (0.37) 0.57 (0.02) 1157 (0.12) 0.16 (0.02) 7.68 (0.12) 0.23 (0.04) 13.15(0.22) 10.54 (0.25) 2.19 (0.11) 0.13 (0.02) 97.09 (0.85)
A2602 (N = 18)  50.20 (0.29) 0.55(0.03) 1130 (0.09) 0.18 (0.01) 7.38 (0.09) 0.26 (0.02) 14.59 (0.13) 10.03 (0.12) 1.92 (0.11) 0.14 (0.03) 96.55 (0.31)
A2558 (N = 16)  49.95 (0.34) 0.46 (0.04) 10.21(0.16) 0.17 (0.01) 8.44 (0.11) 0.24 (0.05) 17.87 (0.18) 9.41 (0.20) 1.77 (0.08) 0.09 (0.01) 98.61 (0.75)
A2601 (N = 15)  49.90 (0.53) 0.42 (0.05) 10.30 (0.13) 0.19 (0.03) 8.69 (0.16) 0.22 (0.07) 18.73 (0.26) 9.35(0.25) 1.26 (0.07) 0.07 (0.01) 99.13 (0.68)

All experiments were conducted at 1 GPa.
T Chemical composition of KLB-1 peridotite (Takahashi, 1986).

Note that average compositions of randomly selected melt areas for each sample were determined by EPMA and are given in wt.%. N denotes numbers of analysis and

number in parentheses are 1o deviation from the mean. FeO* = Total Fe as FeO.

Table 2

Summary of experimental conditions.
Runno. T ¢ d L v t y y A(logo)*  Remarks®

(X) (mm)  (pm)  (pm/h)  (min) (s7")

A2544 1498 0.018  0.56 800 150 305 078 426 x 107> 071 Const. P
A2545 1498  0.020 0.50 705 70 420 111 441 x 107> 0.72 Decrease P
A2548 1498 0.019 058 1004 200 250 122 813 x 107> 0.82° Decrease P
A2549 1498  0.021 0.62 645 50 550 0.68 2.06 x 107>  0.80° Const. P
A2558 1548  0.058 037 1005 100 450 175 648 x 107> 0.99° TC control
A2598 1483 0.014 051 1107 150 300 066 3.67 x 107>  0.55 Const. P
A2599 1508 0.032 046 938 100 420 130 516 x 107> 061 TC control
A2600 1523  0.042 0.66 662 70 360 083 3.84 x 107> 064 TC control
A2601 1548 0.061 0.64 483 50 350 105 500 x 107> 0.86° Const. P
A2602 1523  0.040 0.60 1546 300 220 092 697 x 107> 074 TC control

All experiments were conducted at 1 GPa.

Abbreviations: ¢, melt fraction after shear deformation; d, sample thickness; L, displacement; v, displacement rate of the
differential piston; t, effective time; y, final shear strain; y, shear strain rate.

log oy.

b Method to maintain constant temperature. Const. P: constant power; Decrease P: slightly decreased power during

2 Conductivity anisotropy is defined as A(logo) =logoy —

deformation; TC control: thermocouple control.

¢ Conductivity anisotropy is defined as A(logo) =logoyx —

chemical compositions of starting materials and quenched melt in
run products are listed in Table 1.

2.2. In situ conductivity measurements under shear deformation

In-situ electrical conductivity of partially molten peridotite
were measured simultaneously in two directions of three principal
axes: parallel and normal to the shear direction on the shear plane,
and perpendicular to the shear plane in a DIA-type apparatus dur-
ing shear deformation under high temperature and high pressure.
All the details about the DIA-type apparatus and the cell assem-
bly for in situ conductivity measurement can be found in Zhang
et al. (2014). In this study, the same method was applied to mea-
sure the electrical conductivity of the peridotite. We investigated
the effects of temperature, strain and time on the melt redistribu-
tion and the development of conductivity anisotropy during shear
deformation. The pressure was calibrated using phase transition of
Bi (2.5 and 7.7 GPa) at ambient temperature and SiO; (quartz to
coesite) at high temperature. Taking into consideration of a slight
pressure drop by heating and cooling, thus the error of pressure
estimation is around +0.2 GPa.

All conductivity measurements were performed at a confin-
ing pressure of 1 GPa and various temperatures (1483-1548 K)
(Table 2), using a Solartron 1260 Impedance/Gain-Phase Analyzer
(combined with a Solartron 1296 Interface if the sample resistance
was higher than MQ). The complex impedance spectra were ob-
tained over frequencies ranging from 108 to 10~! Hz under AC
voltage with an amplitude of 1 V. The experimental strategy for
electrical conductivity measurement of the sample under shear

logo;.

was as follows: (1) The sample was first pressurized to the de-
sired pressure (1 GPa) and then followed by heating (this period is
defined as t; in Appendix A). (2) During heating, the electrical con-
ductivity of the sample was measured at 100 K interval until the
sample was heated up to the target temperatures. Initial melting of
sample is characterized by a drastic decrease in the sample resis-
tance (increase in conductivity) (Fig. S1) and then temperature was
kept at the constant target temperature for more than 2 hours to
achieve the texture equilibrium (t;). During annealing, the conduc-
tivity was frequently monitored to identify establishment of the
equilibrium melt distribution (see Fig. S1 in Supplementary Ma-
terial). (3) Once the conductivity was found to become stable at
the desired temperature, the tungsten carbide (WC) piston started
advancing from the zero time in Fig. 1a. In the initial stage of
shear deformation, although a higher displacement rate (for ex-
ample run A2549 in Fig. 1a, we set a step-by-step decreasing rate:
300 pm/h for 10 min — 200 pm/h for 20 min — 100 pm/h for 30
min — 50 pm/h) of the differential piston was set compared with
the final constant displacement rate, it is found that both actual
speed (displacement rate) and actual displacement became nega-
tive before positive with increasing actual load (Fig. 1a). When the
actual displacement increases from zero (time = 105 min at point
1 in Fig. 1a, this period is t3), we believe the “hit position” was
accomplished for the inner WC piston in the DIA-type apparatus.
Therefore, the time corresponding to the point 1 or “hit position”
is considered to the beginning time of real shear deformation. (4)
Samples were deformed by advancing the piston with a constant
displacement rate between 50 and 300 pm/h, and simultaneous
conductivity measurements of the partially molten peridotite in x
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Fig. 1. Variation of displacement rate (speed), displacement and load (a), and elec-
trical conductivity (b) with increasing time for run A2549 at 1498 K. Note that, the
time t; to t5 have been defined and explained in text and Appendix A. (For inter-
pretation of the colors in the figures, the reader is referred to the web version of
this article.)

and y (or z) directions were conducted every 20 min during shear
deformation. With the accumulation of stress and the increase of
strain, conductivity anisotropy begins to appear at point 2 (time =
315 min after onset of the inner WC piston advancement, t4 is de-
fined between point 1 and point 2) in Fig. 1b due to pronounced
anisotropic melt redistribution. Thus, the time corresponding to
the point 2 in this study was hereafter defined as “zero time” of
effective time (t5) for shear deformation. (5) After the shear defor-
mation and conductivity measurements were completed, the sam-
ple was quenched in order to “freeze” the partially molten textures
and then pressure was returned to atmospheric pressure. Temper-
ature was controlled by WRe3-WReys5 thermocouple or estimated
by a relation between applied power and temperature (Zhang et
al,, 2014) when the thermocouple was broken. Uncertainties on
the sample conductivity arise from sample geometry, temperature
measurement and deviation during measurement, which are esti-
mated to be less than 0.2 log units. The experimental conditions
are summarized in Table 2.

2.3. Analytical techniques and imaging

The recovered samples were mounted in epoxy and cut along
the direction perpendicular to the shear plane. The cross-section
was then polished. Scanning electron microscopy (SEM) imaging
and electron microprobe analyses (EPMA) were performed to char-
acterize the texture and chemistry of each sample. The chemical
composition of melt and mineral phases were obtained with fo-
cused (1 ym) beams using a JEOL JXA-8800 Electron Probe Micro-
analyzer at the Institute for Planetary Materials (IPM), Okayama
University, with an acceleration voltage of 15 kV and beam current
of 12 nA. To determine the melt fraction precisely and to charac-
terize the alignment and distribution of melt phase in the partially
molten peridotite quantitatively, we used the following method to

L f" VRS
L
r 4 \» TRV SIS
—~ J)“ B} i*‘)'
I - v —
- 9‘4 M ) A/‘ \'r
* Jx . o) &
A \‘-
I 10pm
90°¢
©

150°

180° 0°

% Area

Fig. 2. Example of analytical procedures on experimental product. (a) Back scat-
tered electron image of the deformed partially molten KLB-1 peridotite (A2601). (b)
Traced melt pools from the area (a). (c) Orientation of the long axis of melt pockets
(MPO) as a percentage of the total melt area when viewed in a section cut parallel
(xz plane) to the shear direction.

estimate melt fraction and define melt distribution (more details
about the methods in Supplementary Material). Image analysis on
back-scattered electron (BSE) images from two different polished
sections cut parallel (xz plane) and normal (yz plane) to the shear
direction for each deformed sample was performed. The outlines
of melt pockets were carefully traced by Adobe Illustrator on the
screen to create binary images (Yoshino et al., 2005) as shown in
Fig. 2. The long axis of melt pockets was obtained by elliptical de-
termination. The area of each phase was determined by counting
the number of pixels it occupied. To characterize variation of the
melt fraction across the sheared sample, image analyses were also
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Fig. 3. The total melt fraction of KLB-1 peridotites as a function of temperature.

performed using the method proposed by Caricchi et al. (2011) and
Zhang et al. (2014) because melt is heterogeneously distributed in
the sheared sample. The analyzed area covered the whole polished
surface of the sample. The amount of melt was measured each
bin rectangular with 3 pm interval parallel to the shear direction
across the shear plane. These data were converted into the fre-
quency distribution of melt fraction along the z direction (Zhang et
al., 2014). Finally, the total melt fraction of deformed samples was
estimated from the whole polished surface including melt-free and
melt-rich regions by means of the above-mentioned method.

3. Results

3.1. Effects of temperature and deformation on the electrical
conductivity

The degree of melting of peridotite can be controlled by ex-
perimental temperature condition at fixed pressure. Because con-
ductivity measurements were performed above the solidus tem-
perature of the anhydrous KLB-1 peridotite (slightly lower than
1473 K at 1 GPa as reported by Yoshino et al. (2009)), various
melt fractions were obtained using the same starting material.
The resultant melt fraction increases with increasing temperature
(Fig. 3). During the periods of t;-t4, it is found that the conduc-
tivity values of partially molten peridotite are nearly the same
in three different principal directions (see Fig. S1 and Fig. 1b),
and corresponding impedance spectra showed a complete semi-
circular at high frequencies and an additional part (tail) at low
frequencies (Fig. 4); meanwhile, the absolute conductivity value
for each run before the “zero time” of effective time (ts) system-
atically increases with increasing temperature (or melt fraction)
(Fig. 5). As the time t5 prolongs and the shear deformation con-
tinues, the radius of the impedance arc obtained from shear (x)
direction decreases with increasing effective time (Fig. 4a). In con-
trast, the radius of the impedance arc normal (y) to shear direction
on the shear plane remains almost constant throughout the ef-
fective time (Fig. 4b). However, the radius of the impedance arc
perpendicular (z) to the shear plane increases with the effective
time (Fig. 4c). As a result, we observed that shear-parallel (x) con-
ductivities increased rapidly by half to one order of magnitude and
then remained constant for the duration of the experimental run
(Fig. 5). In contrast, the conductivity normal (y) to shear direc-
tion on the shear plane remained constant, whereas z-direction
conductivity decreased slightly and finally kept almost constant
(Figs. 4 and 5). Consequently, 0.5-0.8 logarithmic unit (A[logo]xy)
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Fig. 4. Evolutions of representative impedance spectra of the deformed partially
molten KLB-1 peridotite with effective time at 1498 K. (a) ox (run A2549). (b) oy
(run A2545). (c) o7 (run A2549).

difference between shear-parallel (x) and shear-normal (y) conduc-
tivity was observed, and the conductivity difference A[logoly; is
around 0.8-1.0 logarithmic unit (Fig. 6a).

Although the magnitude of conductivity anisotropy is different,
which may depend on temperature and strain rate, the devel-
opment trends of conductivity anisotropy among different runs
nearly trace the same path (Fig. 6a) after the onset of sample
deformation. This observation implies that development of con-
ductivity anisotropy is controlled by the increment rate of absolute
conductivity. Nonetheless, the conductivity anisotropy did not ap-
pear at similar shear strain (Fig. 6b), even though various shear
strains (y = 0.66~1.75) have been generated in this study (Ta-
ble 2).

3.2. Microstructural observations of deformed peridotite

Without shear deformation (or shear stress), melt distribution
was homogeneous and most melt pockets was found at triple junc-
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tions composed of three olivine crystals, whereas melt was rare in
the pyroxene-rich area (Fig. S2 in Supplementary Material). Fig. 7
shows results of the optical and BSE image analysis from the pol-
ished section of the deformed sample parallel to the shear direc-
tion (xz plane). Shear deformation leads to redistribution of melt
from random distribution along the grain edge or grain bound-
ary to aligned melt pockets with a strong MPO. Although both the
composition and fraction of melt changed at each target temper-
ature (Tables 1 and 2, Fig. 3 and Figs. S3-S4 in Supplementary
Material), melt distribution of the deformed samples has similar
characteristics irrespective of shear strain (y = 0.66~1.75) (Ta-
ble 2). Melt segregation occurred over the scale of several grains
and two melt-rich regions parallel to the shear plane developed,
which were separated by a melt-depleted region (Fig. 7c). The vari-
ation of melt fraction normal to the shear plane shows two sharp
peaks in Fig. 7d, which is consistent with textural observation. The
melt fraction in the central part of melt-rich region is distinctly
higher (¢ > 20 vol.%) than that of the sample edge or center melt-
depleted regions. The localizations of these two melt-rich regions
occurred at regions adjacent to the sample-piston boundaries. In
the melt-rich region, melt pockets preferentially occupied grain
boundaries parallel to the shear direction and were elongated in
the shear direction (Fig. 7e and f). On the polished section normal
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to the shear direction (yz plane), melt pockets are isolated (Fig. 7h
and Figs. S5i-S5h in Supplementary Material), indicating no MPO
(Fig. 7g). Although temperature conditions of each run are differ-
ent, the melt distributions of the deformed samples indicated that
two melt-rich regions were developed in a similar manner for all
samples and finally aligned parallel (~0°) to shear direction re-
gardless of temperature, melt composition and shear strain (Figs.
S5-S6). In addition, it is found that the two melt-rich areas are not
interconnected to each other in the normal (z) to the shear direc-
tion (Fig. 7c and Figs. S5-S6 in Supplementary Material).

4. Discussion
4.1. Effect of evolving melt composition on electrical conductivity
The Na and K are important charge carriers in silicate melt (Ni

et al, 2011) and thus the electrical conductivity of melt is signif-
icantly influenced by alkali content. Roberts and Tyburczy (1999)
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investigated the effect of melt chemistry on electrical conductivity
in basaltic melt, showing an increase in conductivity with increas-
ing alkali and Fe + Mg contents and with decreasing silica content.
Our results show that Mg number slightly increases with temper-
ature (Fig. S4a), while Na,O contents (K;O content is too low in
Fig. S3 so its influence is insignificant) in recovered melts decrease
with increasing temperature (Table 1 and Fig. S4b in Supplemen-
tary Material). As illustrated in Fig. S4, although the Na,O content
varies widely (1.91-2.55 wt.% in Fig. S4b) at 1498 K (¢ ~ 0.02),
the changes of shear-parallel conductivities (o) before and after
shear deformation do not exceed 0.15 log units (Fig. S4c), as well
at 1548 K (Nap0 = 1.26-1.77 wt.%). On the other hand, Yoshino et
al. (2009) showed that the incipient melt with higher silica content
has larger dihedral angle than basaltic melt. The worse wetting
properties originated from the low degree of melting could reduce
conductivity at the same melt fraction compared with basaltic melt
case. At the same time enhancement of conductivity due to the
high alkali content would be offset. These observations suggest
that the electrical conductivity of partially molten KLB-1 peridotite
is not dominantly controlled by alkali content in partial melt.

4.2. Effect of shear stress on melt topology

The present study demonstrates that the melt fraction of par-
tially molten deformed peridotite systematically increases with
increasing temperature. The feature of the melt distribution ob-
served in this study is very similar to those in peridotite ana-
log (Zhang et al., 2014). However, this texture is clearly differ-
ent from those in partially molten rocks during deformation in
torsion (Holtzman et al.,, 2003; Kohlstedt and Holtzman, 2009;
Pommier et al., 2015). Most of previous experiments indicated that
melt segregates into distinct melt-rich bands oriented ~20° anti-
thetic to the macroscopic shear plane. As discussed in Zhang et al.
(2014), this discrepancy should be attributed to different geometry
for deformation experiments. The cylindrical piston cut at an an-
gle of 90° in this study, whereas the cut angle was 45° adopted in
the most previous studies.

Shear deformation of partially molten rock induces topolog-
ical changes by a redistribution of melt from the equilibrium
melt geometry that is established by annealing under hydrostatic
stress conditions (see Fig. S2 in Supplementary Material). The mi-
crostructure developed in the sheared partially molten peridotite
samples provides an excellent insight on framework for under-
standing the mechanisms by which the MPO develops. It is well
known that the melt in undeformed peridotite is homogeneously
distributed in grain boundary and triple junction (von Bargen
and Waff, 1986), and displays no MPO (Fig. S2). The time varia-
tion of conductivity during deformation of partially molten system
(Fig. 5) should reflect a change of the electrical anisotropy devel-
oping parallel to the shear direction, suggesting a textural tran-
sition from a homogenous distribution to a strong MPO parallel
to the shear direction. However, one of the most remarkable tex-
tural features commonly observed in the deformed samples is an
enhancement of grain boundary wetting (Holtzman et al., 2003;
Kohlstedt and Holtzman, 2009). In this study, the degree of MPO
does not appear to be controlled by total strain because strong
MPO was found in all deformed samples (Fig. 2a, Fig. 7e-f and
Figs. S5-S7 in Supplementary Material). These observations suggest
that the development of MPO is caused by differential stress (Takei,
2010). In the laboratory, melt segregation is mainly driven by de-
viatoric stress rather than surface tension (Holtzman et al., 2003;
Kohlstedt and Holtzman, 2009; Zhang et al., 2014). We note that
the electrical conductivity increases rapidly in the first tens of
minutes and appeared reaching near steady-state within one hour
even if shear deformation maintains. It implies that the anisotropic
interconnectivity of the melt can be mostly achieved within a
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Fig. 8. Comparison of laboratory data on electrical anisotropy (A(logo)) of partially
molten KLB-1 peridotite as a function of temperature with the geophysically ob-
served electrical anisotropy in the oceanic asthenosphere beneath the oceanic plate.
The purple and red regions represent the magnitude of electrical anisotropy near
the East Pacific Rise (Evans et al., 2005) and beneath the edge of the Cocos plate at
the Middle America trench offshore of Nicaragua (Naif et al., 2013), respectively. The
light green shadow indicates the trend of A(logo) with temperature for partially
molten peridotite obtained in this study. The dashed blue line shows the solidus
temperature of peridotite with KLB-1 composition at 1 GPa.

few hours (Fig. S1 and Fig. 1). Once shear deformation started,
impedance spectroscopy measurements and the microstructural
analyses of samples clearly indicated that stress-induced melt re-
distribution is responsible for the observed electrical anisotropy
within the effective time (Figs. 4-7). Due to strain partitioning be-
tween melt-rich and -poor bands, shear stress gradient will further
draw melt into regions with higher melt fractions and form melt-
rich regions. The generation of such bands would enhance the melt
connectivity and the electrical conductivity in the shear direction.
These observations suggest that the development of conductivity
anisotropy was caused by the realignment of partial melt parallel
to the shear direction. The time required for the development of
conductivity anisotropy was longer for runs with a relatively lower
strain rate (Figs. 5 and 6a), depending on the strain rate. In ad-
dition, the magnitude of conductivity anisotropy became constant
for each deformation run independently of shear strain (Fig. 6b),
suggesting that shear strain is not a main controlling factor for de-
velopment of the conductivity anisotropy.

4.3. Effect of temperature on the electrical conductivity anisotropy

The total melt fraction acquired for peridotite increased from
1.8 to 6.1 vol.% when temperature increases from 1483 to 1548
K (Fig. 3). The absolute conductivity values in three principal
directions increase with increasing temperature, as well as the
magnitude of conductivity anisotropy in the different directions
(Allogolyy and Aflogoly;) (Figs. 6 and 8 and Table 2), suggest-
ing that the development of conductivity anisotropy is significantly
controlled by an increase of temperature. On the other hand, the
conductivities normal (y) to shear direction on the shear plane
and/or perpendicular (z) to the shear plane remained constant
or slightly decreased during annealing at a given temperature,
which implies that the melt connectivity became worse perpen-
dicular to the shear direction (Kohlstedt and Holtzman, 2009;
Caricchi et al,, 2011; Zhang et al., 2014). Since development of the
electrical conductivity anisotropy and increase of shear-parallel (x)
conductivity were caused by the elongation of melt pockets par-
allel to the shear direction. To better understand the nature of
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anisotropic distribution of the melt due to melt segregation, we
have estimated how much melt fraction is partitioned into melt-
rich regions by calculating the area ratio of two melt-rich regions
to the whole area in Fig. S5g and Fig. 7d (more details given in Ap-
pendix B). Our analysis shows that once melt segregation occurs,
more than 50% of the total melt fraction will partition into the two
melt-rich regions at 1498 K (Fig. S5g), and this proportion con-
tinuously increases with increasing temperature. This observation
may suggest that the magnitude of electrical anisotropy of partially
molten KLB-1 peridotite is not simply estimated as a function of
the total melt fraction.

4.4. Comparison with previous studies

Experimental measurement on the electrical conductivity of
partially molten peridotites under shear deformation is a chal-
lenging task because of technical difficulties. A comparison of the
present results on the electrical conductivity of partially molten
peridotite with some previous studies is shown in Fig. S8. Caricchi
et al. (2011) did the first experimental measurement on melt-
bearing olivine aggregates in torsion to detect development of elec-
trical anisotropy during shear deformation. Their results showed
that electrical conductivity perpendicular to the shear direction
reduced during deformation of melt-bearing (4.4 and 11.2 vol.%
basalt) olivine aggregates at 1473 K. It is worth noting that only
one direction (y) was measured in experiment of Caricchi et al.
(2011) and the conductivities normal (y) to shear direction de-
creased during deformation, whereas oy remain constant in our
studies (Zhang et al,, 2014 and this study). This may be because
the existence of large shear stress gradients in their experiment
would further decrease the connectivity of the melt along the mea-
surement direction, thus reducing the conductivity (Fig. S8).

Zhang et al. (2014) performed the conductivity measurement
on olivine + chromite/enstatite aggregates with basaltic melts si-
multaneously in two directions of three principal axes: parallel and
normal to the shear direction on the shear plane, and perpendic-
ular to the shear plane. They suggested that horizontal electrical
conductivity anisotropy revealed by magnetotelluric surveys in the
oceanic asthenosphere can be well explained by the realignment of
the sheared peridotite analog with 2 vol.% of partial melt induced
by shear stress. Although the experimental setup is same between
Zhang et al. (2014) and this study, it is found that the magni-
tude of conductivity anisotropy (A(logo) ~ 1-1.5) in peridotite
analog under similar experimental conditions (P, T, strain rate) re-
ported by Zhang et al. (2014) were larger than those observed in
this study (A(logo) ~ 0.55-0.95), and previous works (A(logo) <
0.6) (Caricchi et al., 2011; Pommier et al., 2015) (Fig. S8 and
Fig. 8). This discrepancy may be mainly caused by the different
starting materials used in these works (partially molten lherzo-
lite (KLB-1): this study, peridotite analog: Caricchi et al., 2011;
Zhang et al, 2014; Pommier et al, 2015). Remarkably, Yoshino
et al. (2005) have shown that the grain boundary wetness of
the liquid from the partially molten lherzolite (KLB-1) is signifi-
cantly lower than that of the olivine-basalt system because of dif-
ferent melt composition and mineralogy. Especially, the presence
of pyroxenes in partially molten lherzolite inhibits the formation
of apparently wetted boundaries between pyroxenes and olivine
(Toramaru and Fujii, 1986; Zhu et al., 2011).

Pommier et al. (2015) performed electrical anisotropy measure-
ments on the pre-deformed olivine aggregates and pre-sheared
partially molten rocks fairly below the melting temperature of
peridotite. Their results indicated that samples with 5 vol.% MORB
and 2 vol.% carbonate yield similar conductivity values at 1473
K, and no systematic effect of shear strain (1.2 <y < 9) on
conductivity was observed for melt-bearing samples. These ob-
servations are consistent with experimental investigations in this

study and Zhang et al. (2014). However, one important finding
in Pommier et al’s experiment is that the electrical conductivity
anisotropy decreases with increasing temperature and then be-
come negligible at high temperature, which is contrary to our
observations in this study. This difference can be attributed to the
technical problems. Pommier et al. (2015) measured the electri-
cal conductivity of pre-sheared partially molten peridotite analog
under quasi-hydrostatic condition rather than under shear defor-
mation. As a result, their conductivity measurements displayed
a quick rearrangement of melt from anisotropic distribution to
a nearly isotropic melt distribution with increasing temperature
within short period because of the removal of shear stress. In con-
trast, our method can allow monitoring the development of elec-
trical anisotropy associated with the evolution of anisotropic melt-
rich networks during shear deformation. Furthermore, as shown
in Fig. S8 and Fig. 8, the magnitude of conductivity anisotropy
in the partially molten lherzolite observed in this study increases
with increasing temperature or melt fraction. We should note
that all previous works (Caricchi et al., 2011; Zhang et al., 2014;
Pommier et al., 2015) were conducted at fixed melt fraction and
temperature. Therefore, these experiments are unlikely to evaluate
the effects of melt fraction and temperature on the evolution of
conductivity anisotropy in partially molten systems during shear
deformation.

4.5. Implications for electrical anisotropy in the oceanic upper mantle

Due to constraints on the limited time of high pressure exper-
iments, laboratory deformation experiments must be performed
at strain rates that are much faster compared to those appro-
priate for flow processes in the mantle (10~4-1076 s=1 versus
10712-10-14 s—1) (Kohlstedt and Holtzman, 2009). Experiments
are usually carried out at differential stresses higher than those
found in the mantle (tens of MPa-a few GPa versus 0.1-1 MPa).
It is necessary to extrapolate laboratory results to mantle con-
ditions. For samples to achieve textural equilibrium or attain a
steady-state microstructure in the laboratory environment, fine-
grained (grain size < 20 pm) samples are often used so that the
effective diffusion distance is relatively shorter. Shear deforma-
tion experiments on partially molten rocks (Holtzman et al., 2003;
Holtzman and Kohlstedt, 2007; Kohlstedt and Holtzman, 2009;
Caricchi et al., 2011; Zhang et al., 2014; Pommier et al., 2015) have
demonstrated that a melt preferred orientation develops at the
grain scale and melt segregation into a network of melt-enriched
bands occurs at a large scale. In the laboratory, melt migration,
segregation, and organization are likely to be driven by gradi-
ents in shear stress associated with regional variations in viscosity
rather than surface tension (Kohlstedt and Holtzman, 2009). At low
shear stresses, surface tension should be a significant driving force
and contribute to melt redistribution toward an isotropic configu-
ration to achieve the minimum interfacial energy in the system.
However, the bulk contribution of surface tension to the melt
distribution decreases with increasing grain size (Holtzman and
Kohlstedt, 2007). In the asthenosphere, differential stress would
dominate over surface tension such that stress-driven melt seg-
regation can occur when we consider the large grain size in the
region (Holtzman et al, 2003; Holtzman and Kohlstedt, 2007;
Kohlstedt and Holtzman, 2009).

Near the East Pacific Rise (EPR), MT surveys (Evans et al., 2005;
Baba et al., 2006) reported two important features of the electri-
cal conductivity profile near a mid-ocean ridge. The conductivity
largely increases with increasing depth from 50 to 100 km. It
also becomes strongly anisotropic in this depth range. The differ-
ence of conductivities at 100 km between the direction parallel
(10~1 S/m) and normal (10~2 S/m) to the plate motion reaches
one order of magnitude (Fig. 8). In order to reach the magni-
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tude of the electrical anisotropy (~1 log units), temperature es-
timated from partially molten peridotite is higher than 1498 K in
this study. The degree of electrical anisotropy in partially molten
KLB-1 peridotite at 1498 K is more than 0.8 log units (if consider
A(logo)xz), which is consistent with the electrical anisotropy re-
ported by Evans et al. (2005) and Baba et al. (2006), as well as
experimental data (Zhang et al, 2014). The electrical anisotropy
near the EPR is unable to account for by low temperature of 1473
K (Caricchi et al., 2011; Pommier et al, 2015) (Fig. 8). On the
other hand, the present experimental results (Fig. 8 and Fig. S9)
suggested that more than 2 vol.% (at 1498 K) of total melt frac-
tion for partially molten peridotite is required to explain the
electrical anisotropy revealed by MT surveys (Evans et al., 2005;
Baba et al., 2006), which agrees with those (~2 vol.%) inferred pre-
viously (Caricchi et al,, 2011; Zhang et al., 2014) but remarkably
smaller than that (~5 vol.%) estimated by Pommier et al. (2015).
This discrepancy should be attributed to the different experimental
strategy used in this study and previous works.

As shown in Fig. 8 and Fig. S9, the conductivity anisotropy
corresponding to its magnitude observed beneath near the EPR
can develop even at low melt fraction (~2 vol.%) by melt redis-
tribution. However, higher temperature is required to explain the
absolute conductivity values. At a low degree of melting of fertile
peridotite at 1 GPa, chemical composition of incipient melt is sig-
nificantly different from those of typical basaltic melts (e.g., Baker
and Stolper, 1994; Baker et al.,, 1995), as well as the wetness of
the partially molten peridotite (Yoshino et al., 2005). In fact, sig-
nificant evolution of melt composition with temperature was also
found in this study (Table 1). Electrical conductivity is sensitive
to chemical composition of partial melt (e.g., Roberts and Tybur-
czy, 1999; Pommier et al., 2008), especially when the peridotite
contains volatile components (Gaillard et al., 2008; Yoshino et al.,
2010, 2012; Sifré et al., 2014). The electrical response of volatile-
bearing partial molten silicates is expected to have the maximum
value at very low degree melting. In contrast, the melt conductivity
would have much smaller compositional dependence since chem-
ical composition of volatile-free peridotite becomes higher alkali
content (Na and K) rising conductivity and SiO, contents reduc-
ing conductivity with decreasing temperature. The estimation of
melt fraction from the conductivity values requires accurate knowl-
edge of petrology. Furthermore, development of anisotropic melt
distribution by shear deformation makes it more difficult to es-
timate melt fraction. Consequently, the potential melt fraction in
the upper mantle may have been misestimated in previous stud-
ies without considering the effect of evolving melt chemistry and
melt distribution. The present study shows that the conductivity of
partial molten peridotite simply increases with increasing temper-
ature and melt fraction (Figs. 3 and 8). The fact that this tendency
matches volatile-free case implies that higher temperature (> 1523
K) and the resultant higher melt fraction (~5 vol.%) are necessary
to explain both the conductivity anisotropy and values beneath
near the EPR (Fig. S9).

Beneath the Cocos plate at the Middle America trench, Naif
et al. (2013) revealed high conductivity anomalies confined to
depths of 45 to 70 km in the asthenosphere, whereas only a small
anisotropy (Omax/0min &~ 3) is observed despite the high speed of
the plate motion (8.5 cm/yr). Our in-situ conductivity measure-
ments indicate that the magnitude of the electrical conductivity
anisotropy in the partially molten KLB-1 peridotite increases with
increasing temperature (see light green shadow region in Fig. 8
and Table 2) or increases with increasing melt fraction (see light
blue arrows in Fig. S9). Clearly, the experimental results of this
study, as well as previous investigations (Caricchi et al, 2011;
Zhang et al., 2014; Pommier et al., 2015), are unable to account
for the small anisotropy (only 0.3 log units) beneath the Cocos
plate (Fig. 8). In order to realize small anisotropy, lower tem-

perature condition is required; for example, the temperature is
estimated to be 1445 K based on the present experimental in-
vestigations, whereas this temperature is under the solidus tem-
perature of peridotite (Takahashi, 1986; Yoshino et al., 2005) and
the absolute conductivity at this temperature is also one order
lower than that observed by MT data. On the other hand, in or-
der to reach the absolute high conductivity value (~10~%> S/m) in
Fig. S9, higher temperature (> 1560 K) is required so that higher
melt fraction (~9 vol.%) and larger conductivity anisotropy (1.4 log
units) are produced, which is inconsistent with small magnitude
of anisotropy (0.3 log units) reported by Naif et al. (2013). Previ-
ous studies have demonstrated that the volatile components (H,0
and CO3) can significantly increase melt conductivity (e.g., Gaillard
et al, 2008; Ni et al, 2011; Yoshino et al, 2010, 2012; Sifré et
al., 2014) and decrease melting temperature (Green et al., 2010;
Hirschmann, 2010; Dasgupta et al.,, 2013). Therefore, one reason-
able explanation for the high conductivity anomalies but with a
small anisotropy observed under the Cocos plate at the Middle
America trench (Naif et al., 2013) is that this region has low melt
fraction but containing high concentration of volatile components,
as suggested by Naif et al. (2013). Even at lower temperatures,
the melt containing more H,O and CO, components can account
for high conductivity and the small magnitude of anisotropy, be-
cause the electrical conductivity of hydrous carbonated basalt is
higher by at least one order of magnitude than that of hydrous
basalt (Ni et al, 2011; Yoshino et al., 2010, 2012; Sifré et al.,
2014).

Petrology experiments demonstrated that incipient melting can
occur at 100-150 km depth, even deeper ~410 km, initially as-
sisted by volatiles (e.g., Hirschmann, 2010; Green et al., 2010;
Dasgupta et al., 2013; Sifré et al., 2014). When the upwelling mate-
rials reach ~100 km, melting occurs without the help of volatiles
and the degree of melting increases substantially leading to the
dehydration of residual minerals (Green et al., 2010). As a result,
the following picture can be established (Kohlstedt and Holtz-
man, 2009; Hirschmann, 2010): melt produced in asthenosphere
would migrate upward along grain boundaries, and would ulti-
mately accumulate at the base of a less permeable lithosphere.
Excessive melt accumulation at 70-100 km depth may lead to rhe-
ological weakening, enhanced shear deformation and finally for-
mation of sub-horizontal melt-rich layers (Kawakatsu et al., 2009)
that can well explain a sharp high-velocity contrast and electri-
cal anisotropy at the LAB. In this horizontal melt-rich layer, tube
networks or elongated melt pockets shear into a network of in-
terconnected melt-rich channels in the direction of plate motion,
probably driven by large-scale asthenospheric flow. The develop-
ment of melt-rich channel parallel to the plate motion largely con-
tributes to the conductivity anisotropy, while the bad connectivity
of melt perpendicular to the shear plane contributes to form melt-
rich layer, leading a sharp decrease of shear velocity. Segregation
and organization of melt during deformation may have important
consequences for geodynamics, through their influences on rhe-
ological and transport properties. In a passively upwelling plate-
spreading environment, strain rates are the highest in the zones
of corner flow and increase toward the ridge axis. In the light of
the viewpoint that stress-driven melt segregation and organization
will be the most effective near the ridge, it is accepted that the
LAB is marked by the location of melt-enriched shear zones that
lubricate the LAB and thus the plate boundary system (Holtzman
et al., 2003; Kohlstedt and Holtzman, 2009).
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