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Abstract Magnetotelluric surveys revealed high-conductivity layers in the lower crust beneath Tibet and
in the shallow part of the upper mantle relevant to continental collision extending to the Dabie-Sulu
ultrahigh-pressure metamorphic (UHPM) belts of eastern China, which have been interpreted by the
presence of aqueous fluids/partial melts or hydrous phases. However, these explanations are not consistent
with their petrological features and seismic properties. Hydrogen-bearing omphacite could be a probable
candidate to explain such high-conductivity anomalies due to its high water-partitioning coefficient versus
coexisting garnet in eclogite. In this study, we investigated electrical conductivities of Fe-free and Fe-bearing
omphacite as a function of water content (0.005-0.122 wt.%) at 3 GPa and 500-1300 K. Our results show
that water significantly enhances the electrical conductivity of omphacite, while iron facilitates conductivity
by accelerating hydrogen diffusivity and lowering its activation enthalpy. Assuming a heat flow of 70
mW/m?, the high electrical anomalies observed beneath the Dabie-Sulu UHPM belts and the Tibetan
Plateau can be reasonably explained by omphacite containing 0.07 wt.% water since water content higher
than 0.07 wt.% in omphacite was frequently reported in naturally collected eclogite.

1. Introduction

The origin of the high-conductivity layers (HCL) (up to 0.01-1 S/m) observed by magnetotelluric (MT) and
geomagnetic depth soundings in Tibet (Bai et al., 2010; Wei et al., 2001) and Dabie-Sulu ultrahigh-pressure
metamorphic (UHPM) belts of eastern China (Xiao et al., 2007; Xu et al., 2016) related to continental colli-
sion has been an extensive and long-standing debate. To explain the origin of the high conductive anomalies,
many possibilities such as the presence of interconnected aqueous fluids released by dehydration of hydrous
minerals (e.g., Chen et al., 2018; Reynard et al., 2011; Wei et al., 2001), partial melting (Naif et al., 2013;
Zhang et al., 2014), and intergranular graphite films (Frost et al., 1989; Glover, 1996) have been proposed.
However, the absence of hydrous phases in the lower crustal xenoliths in 3 Ma volcanic rocks, and the
observed P wave velocities and Poission's ratios in the central Tibet do not match with the presence of fluid
or melt-bearing rocks (Hacker et al., 2000). Wang et al. (2013) argued that graphite could significantly
enhance the electrical conductivity of olivine-rich aggregates if the volume fraction of graphite exceeds
~1.6 vol%. However, it is also questioned since graphite is readily destroyed due to its high interfacial energy
between silicate minerals (Yoshino & Noritake, 2011; Zhang & Yoshino, 2017) and thus cannot be main-
tained stably over a long geological time.

The main constituent rock in the lowermost part of thickened continental crust and subducted oceanic crust
(Anderson, 2005) is eclogite, which is mainly composed of omphacite and garnet and plays a key role in
mantle convection due to its relatively high density (Irifune et al., 1986; Mooney & Kaban, 2010; Xu et al.,
2019). There were several studies on direct electrical conductivity measurement of natural eclogite (e.g.,
Bagdassarov et al., 2011; Guo et al., 2014; Lastovickova & Parchomenko, 1976), which indicated that natural
eclogite failed to create the high conductive anomaly observed. Water in nominally anhydrous minerals
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(NAMs) could be an alternative to raise the electrical conductivity of eclogite. Therefore, knowledge of elec-
trical properties of eclogite is also crucial for understanding water recycling into the mantle carried by
omphacite and garnet during deep subduction.

Omphacite, whose composition lies at midpoint in diopside (CaMgSi,O¢)-Jadeite (NaAlSi,Og) join, is a
major water host in eclogite with a H,O partitioning coefficient as high as D°™/S™ » 5-10 (Katayama
et al., 2006; Sheng et al., 2007). If the electrical conductivity of hydrogen-bearing omphacite is significantly
higher than that of the coexisting garnet, then the observed HCL in stable middle-to-lower continental crust
and beneath the Dabie-Sulu UHPM belts could be explained by proton conduction of omphacite. The influ-
ence of water on the electrical conductivity of natural clinopyroxene has been investigated experimentally
(Wang et al., 1999; Yang et al., 2011; Yang & McCammon, 2012; Liu et al., 2019). Recently, Liu et al.
(2019) measured the electrical conductivity of natural omphacite and garnet at 1 GPa and 623-1073 K whose
water was incorporated by preannealing (only up to 290 ppm for omphacite and to 90 ppm for garnet). Since
their omphacite was measured at narrow range of water content and fixed iron content, the effect of water
and Fe (small polaron) on the electrical conductivity of omphacite is poorly constrained. To clarify the effect
of water and iron on the electrical conductivity of omphacite, we measured its electrical conductivity as a
function of water and iron content. Our results are of crucial importance to understand the origin of the high
conductive anomalies observed beneath the Dabie-Sulu UHPM belts and Tibet. In this paper, a new expla-
nation is proposed to account for the high conductivity anomalies exhibited.

2. Experimental Methods

Both Fe-free and Fe-bearing glasses with stoichiometric omphacite compositions were prepared from a mix-
ture of oxides (MgO, SiO,, Al,03, and Fe,053) and carbonates (CaCO5 and Na,CO3). These two mixtures were
decarbonated in a furnace at 1233 K to remove CO, from the powder. After that, these two kinds of calcined
powders were loaded into a one-end-welded Pt tube separately, heated at 1723 K in air for 30 min and then
quenched into water. For Fe-bearing omphacite glass, another 2 hr of baking at 1273 K in a gas mixing fur-
nace at controlled oxygen fugacity close to Ni-NiO (NNO) buffered condition was adopted before quenching
it into water. Electron microprobe analysis (EPMA) of these glass specimens confirmed that they were uni-
form with compositions of (Cag s1Mgo.saNag.49Alg 49Si1.9806) and (Cag s3Mgo.43Feo.17Nag 51Alp.40812.0106)
for Fe-free and Fe-bearing systems, respectively (Table 1), close to the stoichiometric omphacite in natural
eclogite (Katayama et al., 2006; Sheng et al., 2007). The obtained glasses were then ground finely for
sintering experiment.

To elucidate the effect of water content on electrical conductivity of omphacite, Fe-free and Fe-bearing
omphacite aggregates with different water contents were synthesized under NNO buffered condition at 3—-
5 GPa, 1273 K for 2 hr in a Kawai-type multianvil press. To synthesize omphacite with high water content,
glass powder was loaded into a Pt or AuPd capsule with free water and sealed by welding, while to synthesize
less hydrogen-bearing omphacite aggregates, the starting powder was carefully protected from moisture
before and after it was loaded into Ni (occasionally Fe) capsule. All the recovered samples were well sintered
without cracks. Scanning electron microscope images showed equigranular texture with an average grain
size of 3-5 um. The sintered aggregates were cut into several pieces of ~1 mm thickness and then cylindri-
cally cored to make disks with ~1.5-mm diameter by ultrasonic drilling machine. Thus, the reacted zone
with capsule was removed, and these disks were then used for subsequent measurement.

The cell design for the conductivity measurement is shown in Figure 1. A disk-shaped sample was placed
between two nickel electrodes whose surfaces were oxidized to keep oxygen fugacity near NNO buffer dur-
ing measurement. Two sets of WRes;-WRe,s thermocouples were connected to Ni electrodes on both sides
and insulated from graphite heater by MgO insulator. The assembled cell was dried overnight at 473 K in
a vacuum furnace before conductivity measurement. Pressure was calibrated at high temperature by phase
transition of albite to jadeite (2.4 GPa and 1173 K) and by conductivity jump due to phase transition of faya-
lite (@ — yat 5.6 GPaand 1373 K, 6.6 GPa and 1573 K) (Zhang & Yoshino, 2016). After compressing to 3 GPa
in a Kawai-type multianvil apparatus, the adhesive water in the surrounding materials was purged by pre-
heating sample at 500 or 800 K for more than 2 hr, with monitoring of the sample resistance. Complex impe-
dance spectra were acquired using a Solartron 1260 Impedance/Gain-Phase Analyzer (combined with a
Solartron 1296 Interface when the sample resistance was higher than MQ) over frequencies from 10° to
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Table 1
Chemical Compositions of the Starting Material and the Run Products

Startingmaterial®  Startingmaterial® 5K3261° 5 K3262° 5 K3263° 5 K3264° 5 K3265° 5 K3376° 5 K3379°

(n=7) (n=17) (n=5) (n=5) (n=5) (n=15) (n=15) (n=16) (n=15)

Si0, 55.40(0.26) 56.35(0.34) 55.31(0.36) 56.51(0.33)  56.26(0.29)  55.92(0.34)  57.05(0.32)  61.19(0.42)  56.32(0.38)
ALO3;  9.31(0.14) 11.76(0.16) 8.93(0.13) 11.83 (0.20)  8.40(0.17) 9.21(0.15)  11.29(0.22)  11.29(0.14)  9.43 (0.25)
Fe0?  5.71(0.26) 0 5.74(0.15) 0 564 (0.15)  5.81(0.12) 0O 0 6.51 (0.17)
MgO  8.01(0.12) 10.39 (0.17) 8.65 (0.14) 10.68 (0.16)  7.74(0.10)  8.18(0.15)  9.10(0.13)  8.13(0.09)  7.31(0.15)
Ca0 13.72 (0.20) 13.64 (0.19) 14.22(0.20)  13.53(0.21) 1329 (0.25) 13.57(0.17)  12.91(0.21)  12.23(0.23)  12.99 (0.18)
Na,0  7.21(0.11) 7.23 (0.09) 7.18 (0.13) 7.05(0.14)  6.97(0.12)  6.89(0.14)  6.83(0.17)  7.11(0.16)  7.42(0.08)
Total  99.36 (0.32) 99.37 (0.26) 100.03 (0.14)  99.59 (0.25)  98.30 (0.44)  99.58 (0.32)  97.18 (0.56)  99.95(0.16)  99.98 (0.20)
0=24
Si 8.03 (0.12) 7.9 3(0.10) 8.04 (0.12) 8.04(0.08)  811(0.11)  813(0.09)  815(0.13)  842(0.11)  8.10(0.13)
Al 1.59 (0.09) 1.95 (0.06) 1.39 (0.07) 1.95(0.08)  1.52(0.07)  1.40(0.06)  1.90(0.05)  1.83(0.08)  1.60 (0.07)
Fe 0.69 (0.06) 0 0.74 (0.04) 0 0.70 (0.04)  0.72(0.05) 0 0 0.78 (0.03)
Mg 1.73 (0.05) 2.18 (0.10) 1.88 (0.09) 2.02(0.06)  1.68(0.05)  1.81(0.05)  1.94(0.07)  1.67(0.04)  1.57(0.05)
Ca 2.13 (0.05) 2.06 (0.08) 2.21 (0.06) 2.03(0.07)  2.08(0.09)  215(0.05)  1.98(0.06)  1.80(0.07)  2.00 (0.08)
Na 2.03 (0.04) 1.97 (0.05) 1.94 (0.05) 1.91(0.03)  1.97(0.04)  1.92(0.04)  1.89(0.05)  1.90(0.06)  2.07 (0.07)
Total  16.20 (0.15) 16.09 (0.14) 16.20 (0.16)  15.95(0.13) 16.06 (0.14)  16.13(0.17)  15.86(0.12)  15.62(0.11)  16.12 (0.18)

Note. The chemical compositions of omphacite were measured by the electron probe microanalyzer under the operating condition of 15 kV and 10 nA.

4Chemical composition of Fe-bearing starting material was determined from fragment of quenched glass, which was used to synthesize Fe-bearing omphacite
sample. ~Chemical composition of Fe-free starting material was determined from fragment of quenched glass, which was used to synthesize Fe-free ompha-
cite sample. “Chemical composition of omphacite were determined after the conductivity measurements.

iron.

In FeO it is assumed that all iron is ferrous

10™* Hz under alternating current (AC) voltage with an amplitude of 1 V. In order to check the
reproducibility of conductivity measurement (Yoshino, 2010), several heating-cooling cycles were
performed. Within each cycle, impedance spectra were obtained at a temperature step of 50 or 100 K. For
omphacite with the highest water content, conductivity measurement was performed up to 1200 K to
suppress sample dehydration (Yoshino et al., 2006; Zhang et al., 2012; Zhao & Yoshino, 2016), while for
sample with relatively low water content, conductivity was measured up to 1300 K (Table 2). Sample
conductivity (o) was calculated from sample resistance R (2), sample thickness L (m), and cross-sectional
area of sample S (m?) after conductivity measurements through the relation o = L/(R X S). Experimental
errors on the calculated conductivity were estimated to be less than 5%, which arose mainly from the
change in the sample dimension (L/S) during compression and heating.

-Mg0+50xb(31'303

e

- Graphite heater

[|:|:|:|:|:|:|] Cu coil

Ni (*Electrode)
Thermocouple/Lead line (TC: Wo7Re3-WrsReys)

ISmmI

Figure 1. Schematic cross section of high-pressure cell assembly for electrical conductivity measurements in the Kawai-type multianvil press.
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Table 2

Summary of Experimental Runs

Run No. FeO® (Wt.%) H,0° (Wt.%) H,0° (wt.%) Length (mm) Radius (mm) T (K) ap (S/m) AH (eV)
5K3262 0 0.123 (11) 0.122 (8) 0.98 (4) 1.42 (3) 500-1200 471 (9) 0.85 (1)
5 K3265 0 0.036 (4) 0.034 (3) 0.96 (3) 1.40 (5) 600-1300 33.7 (12) 0.99 (3)
5K3376 0 0.004 (3) 0.005 (5) 0.54 (2)° 1.95 3)¢ 600-1200 7.64 (21) 1.01 (2)
5K3261 5.74 (12) 0.046 (4) 0.044 (4) 0.95 (5) 1.47 (2) 500-1200 20.2 (4) 0.68 (1)
5 K3263 5.64 (16) 0.057 (6) 0.052 (6) 0.98 (2) 1.44 (3) 500-1200 28.5(2) 0.76 (1)
5 K3264 5.81 (21) 0.054 (5) 0.055 (5) 0.96 (3) 1.41 (2) 500-1300 130.8(30) 0.66 (2)
5K3379 6.51 (25) 0.007 (5) 0.008 (6) 0.97 (2) 1.36 (5) 550-1200 4.42 (12) 0.72 (1)

Note. All conductivity measurement experiments were performed at 3 GPa. The recovered run products show very weak distortions and changes in dimension
(initial radius, ~1.0 mm; initial length, ~1.5 mm). Numbers in parentheses are the errors by the nonlinear least squares fitting using equation (1) (1 sigma stan-

dard deviation).

#FeO wt.% in omphacite after the conductivity measurements determined by EPMA analysis. bHZO wt.% in omphacite before the conductivity measurements
determined by FT-IR analysis using Paterson (1982) calibration. “H,0 wt.% in omphacite after the conductivity measurements determined by FT-IR analysis

using Paterson (1982) calibration.

The initial sample dimension (radius, ~0.6 mm; length, ~2.0 mm) for run 5 K3376.

After conductivity measurement, the major element composition was determined by EPMA (Table 1) and
the phase in the recovered sample was confirmed to be omphacite by a micro-focused X-ray diffraction
(XRD). To determine water content, samples before and after conductivity experiments were double
polished to ~150-um thickness and measured by Fourier-transformation infrared (FT-IR) spectroscopy using
Jasco FTIR-6200 Equipper with IRT-7000 infrared microscope, with 50 X 50 um aperture size large enough
to incorporate dozens of grains. At least five different spots were measured for each sample using unpolar-
ized light. Water content in samples was calculated using the equation given by Paterson (1982), with an
integration range of 2,800-3,700 cm ™. Figure 2 shows the representative IR spectra of omphacite aggregates
before and after electrical conductivity measurement. Three groups of OH-stretching bands can be distin-
guished: (1) 3,620-3,640, (2) 3,530-3,564, and (3) 3,440-3,460 cm™! irrespective of water content. The bands
of Groups (2) and (3) are usually stronger whereas those of Group (1) are very weak. This feature is consis-
tent with previous observation by Koch-Miiller et al. (2004), while differing from those reported by
Katayama et al. (2006) which showed extremely intense band of Group (1). Before and after conductivity
measurement, similar IR spectra and near the same water content were obtained (Table 1 and Figure 2), sug-
gesting no obvious water loss occurred during conductivity experiment.

3. Experimental Results

Figure 3 shows the representative complex impedance spectra acquired for Fe-free and Fe-bearing ompha-
cite samples at 3 GPa and different temperatures. All the measured impedance spectra display semicircular
arc at high frequencies, with a tiny tail at frequencies lower than 100 Hz occasionally, possibly indicating
that the resistance increases during the conductivity measurement. Sample resistance was determined using
the fitting result from high-frequency portion of the spectrum. Figure 4 shows a typical example of conduc-
tivity measurement in three heating-cooling cycles between 500 and 1200 K for water-doped sample (5
K3261). In general, during successive heating-cooling cycles conductivity paths become straighter and stee-
per (Figure 4), demonstrating excellent reproducibility. This reproducibility shows that the sample did not
undergo oxidation or reduction during the conductivity measurement. The straight line suggests that the
conduction mechanism did not change in this temperature range and hydrogen was kept as structured water
during the conductivity measurement (Figure 2 and Table 2). Conductivity values obtained from the last
path were used for analysis.

Figure 5 shows the electrical conductivity obtained for omphacite with various H,O and iron contents in
Arrhenius plot. Log conductivity of sample exhibits a linear relationship with reciprocal temperature and
can be expressed by the Arrhenius equation:

AH
0 = gpexp (— kB—T) (1)

where 0y is the preexponential factor, AH is the activation enthalpy (eV), kp is the Boltzmann constant, and
T is the absolute temperature. The preexponential factor and the activation enthalpy (AH) for each sample
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Figure 2. Unpolarized FT-IR spectra of omphacite aggregates before and after the conductivity measurements.

are summarized in Table 2. The conductivity of hydrous Fe-free omphacite sample increases 1 order of
magnitude when H,O content is increased from 0.005 to 0.034 and from 0.034 to 0.122 wt.%, respectively,
while the activation enthalpy decreases from 0.99 to 0.85 eV (Figure 5). A similar trend is found in Fe-
bearing omphacite, although those three samples with small variation of H,O contents show almost
identical electrical conductivities and activation enthalpies. Fe-bearing sample with low water content
(~0.008 wt.%) shows one log unit higher conductivity than that of the Fe-free one with similar water
content (~0.005 wt.% in Figure 5).

In order to quantify the effect of H,O and Fe contents on electrical conductivity and understand conduction
mechanisms, all experimental data are fitted by the following equation:
AEg—aXp.—BCi>
0 = 00XFCpy,0€Xp (‘ o PO kF; Ao ©)
B

where Xg, is the mole fraction of iron (Xg. = Fe/(Fe + Mg)); Cuao is the water content in weight percent; AE,
is the activation energy; and n, r, o, and (3 are constants. The linear least squares regression of the global data
set to equation (2) yielded oy = 1,483 (260) S/m, n = 0.09 (3), r = 1.10 (10), AE; = 1.05(3) eV, a = 0.71 (5) eV,
and 8 = 0.38 (7) eV. The fitting result reproduces our experimental data well (Figure 5).

4. Discussion

4.1. Charge Transport Mechanisms

In the present study, electrical conductivity of hydrous Fe-free omphacite increases with increasing H,O con-
tent, while the activation enthalpy decreases (Figure 5). There is a linear relation between electrical conduc-
tivity and reciprocal temperature in hydrous Fe-free omphacite, implying a single thermally activated
conduction mechanism. The strong H,O content dependences of conductivity and activation enthalpy are
comparable with that in other NAMs (e.g., olivine: Yoshino et al., 2006; Poe et al., 2010; orthopyroxene:
Zhang et al., 2012; clinopyroxene: Zhao & Yoshino, 2016), suggesting that proton conduction should be
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@ f;;%ﬁﬂ the dominant charge transport mechanism. The significant H,O-
i ,l enhanced electrical conductivity could be attributed to the increased
,." © incorporation of hydrogen in the crystal structure of omphacite. Three
‘,-' ,’/ ® IR spectra bands are identified (Figure 2), denoting different hydrogen
[ ] ’ ~e--1200K positions. Group (1) near 3,640 cm ™" is supposed to be related with Si
-100000 | ,." ! -o--1100K vacancy or other tetrahedral defects, Group (2) near 3,564 cm ™ to the sub-
g } o --A--1000 K stitution of AI** with Si** expressed as AI** + H* — Si**, and Group (3)
g I "'. -@-900K near 3,456 cm ™ to cation vacancy in M2 site due to AI’* + H" — 2 Mg>*
£ e 0--800 K (Koch-Miiller et al., 2004; Smyth et al., 1991). However, the IR spectra of
N -50000 | i -0--700K Group (1) near 3,640 cm™ are not obvious in Figure 2, which suggests
?O B .---". """ l\-\ - 600 K that the Si site may not be a major host for hydrogen. As hydrogen concen-
L@ - tration increases systematically, a decrease of distance to the nearest pro-
AhAy =) tono ce'ln facilitate proton hopping, leading to the decrease of
‘A& -\_ activation enthalpy.
0 0 50000 10 0'0 00 ' 150000 For Fe-.bearing omphacite, the conductivity is. more than 1 order of magni-
tude higher than that of the Fe-free one with the same water content.
Zy. (ohm) Activation enthalpy of the Fe-bearing omphacite is lower (Figure 5),
(b) SK3262 which suggests that Fe has large influence on its conductive behavior.
-400000 i o ---1200K Small polaron is expected to be a major charge carrier, but the exact effect
/’ -@-1150 K cannot be quantified due to lack of data on dry Fe-bearing sample.
‘," --@--1100K Although Fe content varies little in Fe-bearing omphacite, the increase
-300000 r /' --A--1050 K of conductivity and decrease of activation enthalpy with increasing Xg.
," » A O 1000K found in this study (Table 2) are quite similar to those observed in olivine
’g o -0--950 K (Omuraetal., 1989; Yoshino et al., 2012), ringwoodite (Yoshino & Katsura,
g 200000 | ,' A -@--900K 2009), and orthopyroxene (Zhang & Yoshino, 2016), implying that conduc-
= ’ o A--850K tivity in a hydrous Fe-bearing sample includes effects of both Fe and water.
N LA Y S— . B--800K Thus, the bulk conductivity of omphacite includes the contribution from
Q P e | ® 70K conduction by both small polarons and protons. The joining of Fe makes
-100000 @ LN the movement of hydrogen easier by lowering its activation enthalpy
e and faster by increasing its diffusivity. When comparing the proton
\ conduction between Fe-free and Fe-bearing samples with the same water
. . content, the electrical conductivity of hydrous Fe-bearing omphacite is at
0 100000 200000 300000 400000 least 1 order of magnitude higher than that of the Fe-free one (Figure 5).
Z. (ohm) This observation suggests that, besides proton conduction, small polaron
conduction should have a large contribution to the bulk conductivity of

Figure 3. Representative complex impedance spectra of Fe-bearing (a) and
Fe-free (b) omphacite aggregates at frequencies ranging from 1 MHz to 0.1
Hz at the temperatures indicated. Dashed lines indicate the fit results by R-

CPE (resistance-constant phase element) parallel circuit.

hydrous Fe-bearing omphacite. Their IR spectra (Figure 2) imply that
hydrogen incorporation positions in Fe-bearing omphacite are basically
the same with those in the Fe-free one and support that Fe serves as a
modifier during conduction of hydrogen-bearing omphacite. In addition
to the substitution mechanisms mentioned above, the addition of Fe might

substitute a fraction of Al in Si or Mg site or both and result in Fe** + H* — Si** and Fe** + H* — 2 Mg**.

13*, which leads to weaker

The larger diameter of Fe>* enlarges and distorts the original lattice sites holding A
bonding of hydrogen and therefore smaller activation enthalpy. Assuming diffusion coefficient of hydrogen
in omphacite is similar to that (1.8 x 107" m?/s at 850 °C and 6.5 x 10~ m?/s at 950 °C) in clinopyroxene
reported by Xia et al. (2000), the diffusion distance (d) of hydrogen in omphacite is estimated to be 0.2-0.5 mm
within the experimental duration (¢~12 h) derived from the relation d ~ (D X H'2. This length scale indicates
that hydrogen does not diffuse out of omphacite during the experimental duration. It is obvious that water

can significantly enhance the electrical conductivity of omphacite.

4.2. Comparison With Previous Studies

Figure 6 shows a comparison of electrical conductivity of hydrous Fe-bearing omphacite in the present study
with some previous studies. Huebner and Voigt (1988) reported the electrical conductivity of two natural sin-
gle crystals of diopside at reducing conditions. They found that the electrical conductivity of Brazil diopside
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Figure 4. Electrical conductivity of hydrous Fe-bearing omphacite (5
K3261) as a function of reciprocal temperature along repeated heating-
cooling cycles. Different symbols and colors indicate different heating and

cooling cycles.

with higher Fe content (Mg# = 88) is higher than that of DK7 diopside
with lower Fe content (Mg# = 97), and the activation enthalpy of Brazil
diopside (~0.98 eV) is lower than that of DK7 diopside (~2.0 eV). Wang
et al. (1999) investigated the effect of hydrogen on the electrical conductiv-
ity of three diopsides with almost the same Fe content (Mg# ~ 97) from
India, Sri-Lanka, and Russia. The Sri-Lanka diopside, which has the low-
est Fe content but the highest H,O content, shows a surprisingly high con-
ductivity compared to the other two crystals (Russia and India diopsides).
They suggested that the predominant charge carriers in the Sri-Lanka
diopside are protons, and the enhancement of electrical conductivity is
attributed to the dissolution of hydrogen which may increase the concen-
tration and/or mobility of the charged intrinsic defects associated with H*
or OH™. Liu et al. (2019) reported the electrical conductivity of natural
omphacite at 1 GPa and 623-1073 K with preannealed water-bearing sam-
ple (up to 290 ppm). Their results showed that activation enthalpy (~0.85
eV) is nearly independent of water content. They concluded that the con-
duction in omphacite is dominated by proton, and the conductivity
increases linearly with water content. As shown in Figure 6, our conduc-
tivity data (Mg# = 67-73) agree well with the results reported by Liu et al.
(2019) (Mg# = 78) while much higher than those of clinopyroxene in fer-
tile peridotite (Zhao & Yoshino, 2016) (Mg# = 92) and lower than those of
clinopyroxene originated from the lower crust (Yang, 2012; Yang et al.,
2011; Yang & Heidelbach, 2012) (Mg# = 72). For hopping conduction,

all data set on nominally dry clinopyroxene display a strong positive dependence of electrical conductivity
on iron content. Conductivity increases with increasing total iron content while activation enthalpy
decreases accordingly. This trend has been observed in other iron-bearing minerals (Omura et al., 1989;
Yoshino et al., 2012; Yoshino & Katsura, 2009; Zhang & Yoshino, 2016).

With increasing water content, the conductivities obtained in this study are higher than those reported by
Liu et al. (2019) at the same water content, T and fo, conditions, and ~1.5 orders of magnitude higher than
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Figure 5. Electrical conductivities of omphacite with various amounts of water as a function of reciprocal temperature at 3
GPa. Open and closed symbols represent raw data for Fe-free and Fe-bearing omphacite, respectively. The numbers
denote the water content (in wt.%). Dashed black and solid thick orange lines indicate fitting results of equation (2) for Fe-
free and Fe-bearing omphacite as a function of water content.
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Figure 6. Composition of the electrical conductivity of omphacite (the orange lines from this study) with previous studies.
Data source: HV88—Huebner and Voigt (1988); WJD99—Wang et al. (1999); YK11—Yanget al. (2011); Y12—Yang (2012);
YHI12—Yang and Heidelbach (2012); ZY16—Zhao and Yoshino (2016); LZY19—Liu et al. (2019).

those of mantle clinopyroxene measured by Zhao and Yoshino (2016). It is worth noting that the water con-
tent exponent of r ~ 1.1 obtained in this study is exactly the same as that in omphacite derived from Liu et al.
(2019) and in crustal clinopyroxene from Yang et al. (2011) while smaller than that (r = 1.28) in mantle clin-
opyroxene from Zhao and Yoshino (2016). The activation enthalpy determined in this study (0.68-0.76 eV in
Table 2) is smaller than that of Liu et al. (2019) (~0.85 eV) and those of mantle clinopyroxene from Zhao and
Yoshino (2016) (0.70-1.01 eV). Liu et al. (2019) argued that the activation enthalpy is nearly independent of

-2 Wet eclogite (GW14)
3
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E
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)
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Figure 7. Composition of the electrical conductivity of omphacite (the red
lines from this study) with garnet, granulite, and eclogite. Data source:
LP76—Lastovickova and Parchomenko (1976); FKT04—Fuji-ta et al. (2004);
BBE11—Bagdassarov et al. (2011); GW14—Guo et al. (2014); DH16—Dai
et al. (2016); LZY19—Liu et al. (2019).

water content. The present investigation demonstrated that the activation
enthalpy slightly decreases with increasing water content (Table 2), which
is consistent with observation in mantle clinopyroxene (Zhao & Yoshino,
2016). The large discrepancies on conductivity and activation enthalpy for
hydrous Fe-bearing clinopyroxene, especially for proton conduction,
could be explained by the difference in total iron content between crustal
clinopyroxene (Liu et al., 2019; Yang, 2012; Yang et al., 2011; Yang &
Heidelbach, 2012) and mantle clinopyroxene (Zhao & Yoshino, 2016),
while the extremely high conductivity (Figure 6) reported by Yang
(2012) and Yang and Heidelbach (2012) may be due to higher Fe** con-
tent in their samples. As discussed above, iron facilitates conductivity by
accelerating hydrogen diffusivity and lowering its activation enthalpy,
suggesting that the bulk conductivity of hydrous iron-bearing omphacite
is greatly affected not only by hydrogen concentration but also by
iron content.

4.3. Comparison of Conductivity of Granulite and Eclogite

Electrical conductivity of eclogite largely depends on the electrical con-
ductivity of its major minerals and corresponding volume fractions.
According to the present experiment, the electrical conductivity of dry
omphacite is lower than that of dry garnet measured by Liu et al. (2019)
at high temperatures (>600 K). The same trend is also observed in
hydrous cases (Figure 7). Lastovickova and Parchomenko (1976) first
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studied the electrical conductivity of eight species of eclogites from the
Bohemain Massif at pressures up to 2.0 GPa using direct current (DC)
and single-frequency AC technique. They found that the electrical con-
ductivity of eclogite is strongly affected by the content of symplectite
minerals (e.g., intergrowths of amphibole, plagioclase, and diopside).
Bagdassarov et al. (2011) reported the electrical conductivity of the At-
Bashi eclogite at pressures of 0.8-2.5 GPa by impedance spectra measure-
ment. Although no information of water content was provided, their con-
ductivities and activation enthalpy (0.83 eV) are comparable to those of
dry Dabie-Sulu eclogite measured by Dai et al. (2016) but much lower
———NCC, surface flow = 70mW/m* 1 than that of hydrous Tibet eclogite reported by Guo et al. (2014). This dis-
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Figure 8. Depth-temperature relations of the North China Craton (NCC)
(Miao et al., 2014) and the Tibetan Plateau with different surface heat flow

(Hu et al., 2000).

in garnet and omphacite are 29.16 and 6.67 wt.%, respectively. The bulk
water in the Tibet eclogite is 0.63 wt.%. In contrast, the mineralogical
and iron contents in the At-Bashi eclogite (~25 vol% garnet, ~60 vol%
omphacite and ~10 vol% glaucophane) are similar to those in dry Dabie-
Sulu eclogite (~41 vol% garnet and ~58 vol% omphacite, <1 vol% accessory minerals). The iron content in
omphacite from At-Bashi eclogite (Xre = 0.22) (Bagdassarov et al., 2011) is almost the same as that in
Dabie-Sulu eclogite (Xg. = 0.25) (Dai et al., 2016), whereas the iron content in garnet of the former (Xg. =
0.79) is a little lower than that of the latter (Xg. = 0.91).

On the other hand, the electrical conductivity of eclogite is also compared with that of granulite in Figure 7.
Fuji-ta et al. (2004) measured the electrical conductivity of granulite under middle- to lower-crustal
pressure-temperature conditions. Their conductivity is close to that of hydrous eclogite (Guo et al., 2014),
while much higher than those of mafic granulite (Bagdassarov et al., 2011) and eclogites (Bagdassarov
et al., 2011; Dai et al., 2016; LaStovickova & Parchomenko, 1976). The electrical conductivity of mafic gran-
ulite (Bagdassarov et al., 2011) is in agreement with those of dry omphacite (this study) and garnet (Liu et al.,
2019) and falls within the results presented by Lastovickova and Parchomenko (1976). Based on these
experimental investigations, the conductivity discrepancies of granulite between Fuji-ta et al. (2004) and
Bagdassarov et al. (2011) are mainly caused by either more abundant garnet or higher water content in
the former. However, further experimental work is required to clarify this issue, especially for water effect
on conductivity.

4.4. Geophysical Implications

Combination of laboratory conductivity data with petrological models can provide important constraint on
the interpretation of results from MT soundings. To better explain the high conductive anomalies in the
Dabie-Sulu UHPM belts and the Tibetan Plateau, we construct conductivity-depth profiles based on Fe-
bearing omphacite from this study and garnet from Liu et al. (2019) using two different sets of geotherm with
heat flows of 50 and 70 mW/m? (Hu et al., 2000; Miao et al., 2014) (Figure 8). The effective medium model
(Landauer, 1952) was used to calculate conductivities of two coexisting phases:

OEM = }1 {(3f1—1)01 + (3f,—1)or + [(3}01_1)(71 + (3f2—1)022 " 80102}%} )

where o; and o, are the conductivities of two coexisting phases, and f; and f, are their corresponding
volume fractions. Although accessory minerals (i.e., phengite, rutile, diamond, quartz/coesite, etc.) are
found in eclogites, they are difficult to form interconnected networks because of their small amount (less
than 20% or less). Thus, the isolated accessory minerals in the matrix contribute little to the bulk conduc-
tivity of eclogite. To maximize the omphacite contribution to bulk conductivity, eclogite is assumed to be
the major rock in the lowermost part of thickened continental crust, which is composed of omphacite
and garnet with various volume ratio from 30:70, 50:50 to 70:30. Water partitioning coefficient is assumed

to be Dg?g/ ot =5 (Katayama et al., 2006; Sheng et al., 2007), independent of pressure, temperature, and
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Figure 9. Laboratory-based conductivity-depth profiles as a function of water contents and mineral volume fractions compared with the previous geophysical mod-
els. The yellow and pink areas represent geophysically observed high conductivity anomalies under the Dabie-Sulu UHPM belts of eastern China (XZZ07: Xiao
etal., 2007; XZG16: Xu et al., 2016) (a) and beneath the Tibetan Plateau (WUJ01: Wei et al., 2001; BUM10: Bai et al., 2010) (b), respectively, using surface heat flow of
70 mW/m?. In the same region, (c) and (d) were calculated from a lower surface heat flow of 50 mW/m>. Note that solid, dashed, and short dashed lines denote dry
and 0.01 and 0.1 wt.% HO. Blue, orange, and cyan colors stand for ratio of mineral volume fractions omphacite:garnet = 30:70, 50:50, 70:30, respectively.

chemical composition. Water content in omphacite was set to be 0.007 and 0.07 wt.% during calculating
conductivity in terms of equation (2) and in garnet to be 0.0014 and 0.014 wt.%. The lower bound of
electrical conductivity is defined by assuming eclogite to be dry (1 wt. ppm for omphacite and 0 wt. ppm
for garnet). As shown in Figure 6, the measured conductivities of dry omphacite between this study (3
GPa) and Liu et al. (2019) (1 GPa) are nearly identical, suggesting a negligible effect of pressure on
conductivity. In addition, Yang and Heidelbach (2012) revealed that the electrical conductivity of
clinopyroxene is independent of grain size. To simplify our model, effects of pressure, grain size, and
additional phases on the bulk rock conductivity were not considered. Two sets of typical geotherm with
heat flows of 50 and 70 mW/m? (Hu et al., 2000) were adopted to calculate the temperature distribution
along with depth in different tectonic active zones (i.e., the Dabie-Sulu UHPM belts and the Tibetan
Plateau) since conductivities are highly dependent on geothermal structures. The geotherm structure
under the Dabie-Sulu UHPM belts of eastern China and the Tibetan Plateau was estimated from surface
heat flow and thermal properties of the main rocks in the lithospheric mantle (Miao et al., 2014). In the
Dabie-Sulu UHPM belts, the mean value for the surface flow is around 50 mW/m?, and the upper bound
is about 70 mW/m?, while 50 and 70 mW/m? correspond to the lower bound and the mean value in the
Tibetan Plateau (Hu et al., 2000). Oxygen fugacity is assumed to be Ni-NiO buffered because subducted
slabs are usually oxidized (Frost & McCammon, 2008). Owing to the observation that conductivity differ-
ence in eclogite between NNO and QFM buffered conditions at 2 GPa is only 0.1 log units (Dai et al.,
2016), the influence of oxygen fugacity in this calculation was not considered. Figure 9a illustrates the
conductivity-depth profiles for the Dabie-Sulu UHPM belts of eastern China with a relatively high heat flow
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of 70 mW/m? corresponding to its upper bound. It can be clearly seen that the electrical conductivity of dry
eclogite cannot explain the high conductive anomalies regardless of heat flow and mineral volume fraction
(Figure 9), which agrees with previous result reported by Dai et al. (2016). However, as water content in Fe-
bearing omphacite increases from 0.007 to 0.07 wt.% (in garnet from 0.0014 to 0.014 wt.%), the conductivity
increases by more than 1 order of magnitude. Therefore, the HCL observed beneath the Dabie-Sulu UHPM
belts of eastern China (~10"2*-10""" S$/m) (Xiao et al., 2007; Xu et al., 2016) can be reasonably explained by
hydrous eclogite when heat flows of 70 mW/m? are considered (Figure 9a). At least 0.07 wt.% H,O and at
most 0.3 wt.% H,O in omphacite are required to explain the lower (~10~** S/m) and upper (~10~%> S/m)
bounds, respectively, which corresponds to 0.031-0.053 wt.% H,O in eclogite. This possibility is further sup-
ported by the fact that omphacite with water content as high as or even much more than 0.07 wt.% is fre-
quently observed in these regions (Xia et al., 2005; Katayama et al., 2006; Shen et al., 2007).

Similarly, hydrogen-bearing omphacite can also account for the high conductivity anomalies beneath the
Tibetan Plateau (Figure 9b). Guo et al. (2014) claimed that high conductive region higher than 10™> S/m
beneath Tibet cannot be explained by hydrous eclogite, which was based on the low water content in their
omphacite (0.032 wt.%). Electrical conductivities calculated in our present model assuming the same water
content in omphacite is also just below 10~ S/m (the lower bound of conductivity anomaly layer) (the solid
black line in Figure 9b), which is consistent with theirs. So, the key question to decipher the discrepancy is
whether or not eclogite can contain omphacite with more than 0.032 wt.% water in this region. It is possible
that omphacite suffered from considerable water loss in their eclogite if water content in the coexisting gar-
net is not altered since water partitioning coefficient in eclogite is expected to be as high as D°™P/°™ ~ 5-10
(Katayama et al., 2006; Sheng et al., 2007). If this is the case, it is not necessary to invoke other mechanisms
when omphacite at that depth retains its original water content. However, when low heat flow of 50 mW/m?
is considered, the calculated conductivities are ~10~> S/m beneath the Dabie-Sulu UHPM belts (Figure 9c)
and ~10~2 S/m beneath Tibet (Figure 9d), which are much lower than those of geophysical observations (Bai
et al., 2010; Wei et al., 2001; Xiao et al., 2007; Xu et al., 2016). Obviously in the case of low surface heat flux,
hydrous eclogite is unable to account for the high conductivity anomalies revealed by MT observations
beneath the Dabie-Sulu UHPM belts (Figure 9c) and the Tibetan Plateau (Figure 9d). On the contrary, to
interpret the conductivity of ~107*?-~107%> S/m observed at depths of 10-40 km beneath the Dabie-Sulu
UHPM belts of eastern China (Xiao et al., 2007; Xu et al., 2016), the water content of over 7,000 wt. ppm
H,0 is required according to Figure 9c. Such water content exceeds the maximum water solubility in
omphacite at shallow depth. In fact, the experimental work revealed that water solubility in omphacite is
3,020 wt. ppm H,O (Katayama & Nakashima, 2003).

Unlike continental collision mentioned above, much deeper high conductivity anomalies associated with
oceanic collision, for example, at depths of 250 km at NE Japan (Toh et al., 2006) and at depths of 250-
300 km beneath the North Philippine Sea (Tada et al., 2014), cannot be explained by hydrous eclogite.
Because of clinopyroxene as the dominant mineral phase, the water storage ability of NAMs in eclogite is
the greatest (0.4-0.5 wt.% H,0) at 2-4 GPa. When pressure exceeds 3 GPa, its H,O storage capacity gradually
decreases from 100 to 410 km since pyroxene progressively dissolves into garnet (Akashi et al., 2009).
Instead, the conductivity anomalies may be attributed to fluids released by dehydration of hydrous minerals
such as lawsonite (Manthilake et al., 2015) and phengite (Chen et al., 2018).

The eclogite has been considered as one of the important materials for recycling water into the deep mantle
(e.g., Katayama et al., 2003, 2006; Katayama & Nakashima, 2003; Liu et al., 2019; Sheng et al., 2007; Xia et al.,
2005; Zheng et al., 2016). Study on the diamond-bearing eclogites from the Kokchetav UHPM terrane
(Katayama & Nakashima, 2003) revealed that considerable amounts of water can be contained in the
NAMs such as omphacite (up to 3,020 wt. ppm H,0) and garnet (up to 240 wt. ppm H,O) that sum up to
1,300 wt. ppm water in the bulk rock. Similar water contents were also observed in natural eclogites from
the Dabie-Sulu UHPM belts (Sheng et al., 2007; Xia et al., 2005). In the descending oceanic crust, water is
incorporated as structurally bound hydroxyl groups in omphacite and garnet in eclogite, which can mostly
be transferred to majorite and stishovite at the eclogite-garnetite transition. In such a way, more than
1,000 wt. ppm water can be transported into the mantle transition zone (Katayama et al., 2003). In compar-
ison with the experimental conductivity data (Figure 9), it is suggested that the bulk water contents in the
deep-subducted eclogite is no more than 700 wt. ppm. This observation implies that the efficiency of water
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cycling by eclogite subduction is not as high as previously thought. Besides the NAMs (i.e., omphacite and
garnet) in eclogite, lawsonite or phengite is stable up to a depth of 150-300 km in cold subduction zones
(Domanik & Holloway, 1996; Ono, 1998; Schmidt & Poli, 1998), which are also considered as the effective
water carriers in the subducted oceanic crust.

5. Conclusions

The present study demonstrates the influence of water and iron content on the electrical conductivity of
omphacite and reveals that water enhances the electrical conductivity of omphacite significantly, while iron
serves as an effective assistant to make hydrogen move easier and faster and therefore result in smaller acti-
vation enthalpy and higher conductivity. The laboratory-based conductivity-depth profiles were calculated
using the present conductivity data combined with conductivity of garnet and petrological models. The
conductivity-depth profiles suggest that geophysically observed high conductivity anomalies beneath the
Dabie-Sulu UHPM belts and the Tibetan Plateau could be attributed to the presence of hydrous eclogite
(0.07 wt.% H,0) if relatively high heat flow (70 mW/m?) is assumed. However, when a lower heat flow
(50 mW/m?) is considered, other mechanisms are required.
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