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Abstract

Interpretation of deep earth structures from electromagnetic data requires the constraint from the electrical conductivity
of various minerals experimentally measured at high temperature and high pressure. However, the combination of these
measured conductivities of different minerals always fails to match the conductivities of the multiphase rocks under in-situ
conditions. To investigate the effect of ion segregation at grain boundaries on bulk conductivity, we measured the electrical
conductivities of quartz, albite, and orthoclase single-phase aggregates, as well as those of two multiphase aggregates made
up of the three minerals at both ambient pressure and 1 GPa over a range of temperatures. The electrical conductivities of
the multiphase aggregates were an order of magnitude higher and the activation enthalpies were lower than those of the three
single-phase aggregates. A significant dependence of conductivity on grain size was identified in the multiphase aggregates
but not in the single-phase aggregates. The interdiffusion of alkali ions between orthoclase and albite initiated grain boundary
ionic conduction, which enhanced the bulk conductivity of the multiphase aggregates to 20 S/m at 1073 K. This conduction

mechanism might explain the electrical conductivity anomalies of the active shear zone in the crust.

Keywords Electrical conductivity - Grain-boundary - Ionic conduction - High conductivity anomalies

Introduction

Electrical conductivity as deciphered by magnetotellurics
(MT) and electromagnetics is useful for understanding the
composition and architecture of the deep earth (Robertson
et al. 2016; Amulele et al. 2019; Ozaydm and Selway 2020).
The chemical composition of minerals, such as hydrogen and
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iron content, can strongly affect their conductivities (Li et al.
2017; Karato 2019; Dai and Karato 2020; Fei et al. 2020).
When various minerals are assembled as rocks, the bulk con-
ductivities of those rocks are determined not only by their
constituent minerals and relative proportions, but also by
various physiochemical processes (Jones et al. 2012; Karato
and Wang 2013; Guo et al. 2015). Therefore, a knowledge
of how constituent minerals control the bulk conductivity
of rocks is critical for extracting information about in situ
rocks from geophysical observations, such as water content
and fraction of melts, given the inaccessibility of rocks and
their compositional variation in the deep earth (Khan and
Shankland 2012; Laumonier et al. 2017; Guo et al. 2018).
The conductivities of rock-forming minerals derived from
laboratory conduction models are usually combined to cal-
culate the bulk conductivity of a rock using mixing mod-
els. However, the combined conductivities of minerals have
always been found to be inconsistent with that of a whole
rock determined by geophysical observation. For example,
Jones et al. (2012) combined the electrical conductivities
of olivine, pyroxene, and garnet to model the conductiv-
ity of the kimberlite beneath the Southern Africa Craton.
However, their calculation based on the data of Karato and
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Wang (2013) is higher than the conductivity data from the
MT observation, while the calculated values based on the
data of Poe et al. (2010) and Yoshino et al. (2009) were
lower than the observed values (Fig. 1). Wang et al. (2014b)
also modelled the conductivity of a lherzolite by combining
the conductivities of its constitutive minerals, whereas the
calculation could not match the conductivity observed by
MT despite the analogy of their modal composition. This
discrepancy could be related to either the compositional dif-
ference between the constituent minerals and the rock or to
the inappropriate mixing models due to the complexity of
the geometry. Another possibility is that fast grain-boundary
diffusivity of ions was not considered in the model comput-
ing. Given the requirement for chemical equilibrium in the
multiphase aggregates, the partitioning of charge carriers,
such as protons between different minerals, has been con-
sidered before laboratory models were used to calculate the
conductivities of minerals and combined to give the bulk
conductivity (Aubaud et al. 2004; Grant et al. 2007; Jones
et al. 2012; Wang et al. 2014b; Han and Clark 2021). How-
ever, when segregated from the minerals, these charge car-
riers might reside at grain boundaries, forming a reservoir
(Hiraga et al. 2004; Dohmen 2008). Since grain-boundary
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Fig. 1 Representative discrepancies between MT observation and
laboratory calculations. The red star denotes the observed electri-
cal conductivity of Jagersfontein peridotite at 750 °C from South
Africa, while the red diamond, circle, and square are the calculated
conductivities based on the proton conduction model of Karato, Peo
and Yoshino, respectively (Karato and Wang 2013; Poe et al. 2010;
Yoshino et al. 2009). The solid blue line is the measured electri-
cal conductivity of a lherzolite mantle xenolith, from Nushan in the
North China Craton, near the Tanlu Fault (Wang et al. 2014b). The
light green shadow is the electrical conductivity observed by MT
under the Tanlu Fault. The solid pink and dashed green lines are the
Hashin—Shtrikman (HS) upper and lower bound, respectively, of cal-
culated electrical conductivity, using the composition similar to the
lherzolite mantle xenolith without water
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diffusivity can be several orders of magnitude higher than
volume diffusivity (Farver et al. 1994; Dohmen and Milke
2010), the fast transport of these charge carriers at grain
boundaries might induce grain-boundary conduction and
enhance the bulk conductivity (Ten Grotenhuis et al. 2004).
In this case, highly conductive phases, such as melts (Ni
et al. 2011; Guo et al. 2018), aqueous fluids (Guo et al.
2015), and graphite (Yoshino and Noritake 2011) are no
longer necessary. Unfortunately, previous studies have
focused mainly on either single-phase aggregates with vary-
ing grain sizes or aggregates bearing a conductive phase,
such as melts, sulphite, and graphite films (Roberts and
Tyburczy 1991; Ducea and Park 2000; Ten Grotenhuis et al.
2004; Watson et al. 2010; Yang and Heidelbach 2012). For
multiphase aggregates, Jones (2016) estimated the contribu-
tion of grain-boundary conduction due to proton segrega-
tion to model the bulk conductivity of peridotite aggregates,
but this has not been confirmed by laboratory conductivity
measurements, and Jones neglected other potential charge
carriers at the grain boundaries. Until now, to our knowl-
edge, no experiments have been conducted on multiphase
aggregates to verify this hypothesis.

To test this hypothesis, we investigated the electrical con-
ductivity of single-phase aggregates of quartz, albite, and
orthoclase and multiphase aggregates containing quartz,
albite, and orthoclase with different grain sizes at both
ambient pressure and 1 GPa and at various temperatures
below the solidus. We identified significant grain-boundary
conduction, which resulted in discrepancies between the
measured and calculated bulk conductivities based on dif-
ferent geometry models. We further applied the experimen-
tal results to explain the high conductivity anomalies in the
crust within active geological settings.

Experimental methods
Sample characterization and preparation

Three natural samples of quartzite, albite, and perthite were
chosen from the hand-collected specimens (storage number:
MU 637, MU 13,072 and MU13068) of the Department of
Earth and Environmental Sciences (DEES), Macquarie Uni-
versity, Australia, to prepare the starting materials. Quartzite
(Qtz-R) is transparent and consists of nearly pure quartz,
with fluid inclusions visible under the microscope. Perthite
(Or-R) is composed of orthoclase as the host mineral and
albite as exsolution lamellae. Albite (Ab-R) shows a struc-
ture of core and mantle sub-grains under the microscope,
suggesting a history of slight deformation.

The chemical compositions of Qtz-R and Ab-R were
determined using a Cameca SX-100 electron microprobe
in the Macquarie University GeoAnalytical unit (MQGA)
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in the DEES, using an accelerating voltage of 15 kV and
a current of 20 nA. The beam size was set at 10 pm. X-ray
fluorescence (XRF) was used to determine the bulk com-
position of the perthitic Or-R. The details of the chemical
compositions are listed in Table 1.

Qtz-R, Ab-R, and Or-R were ground using ethanol and
acetone in an agate mortar. The samples with grain sizes of
approximately 20 pm were labelled Ab-P, Qtz-P, and Or-P,
and those with grain sizes of 100-300 pm were labelled
Ab-G, Qtz-G, and Or-G. A mixture of 41.7 wt% quartz, 21.6
wt% albite, and 36.7 wt% orthoclase was used to generate
two multiphase aggregates with grain sizes of 20 pm and
100-300 pm, labelled MA1-P and MA1-G, respectively.
Another mixture of 37.7 wt% quartz, 44.5 wt% albite and
16.9 wt% orthoclase was used to generate two multiphase
aggregates of MA2-P and MA2-G with the different grain
sizes given above.

For measurements at ambient pressure, Qtz-P, Ab-P, and
Or-P were blended using 5% vinyl alcohol (CH,CHOH)
solution as a chemical adhesive, which acted as a binder,
allowing for better compaction. These blended aggregates
were then manually pressed into pellets and annealed at
1173 K for approximately 4 h in an oven. The MA1-P and
MAZ2-P aggregates were also mixed using 5% vinyl alco-
hol (CH,CHOH) and compressed in the same manner. The
aggregates were then annealed at 823 K, well below the
melting point of granite, for 4 h to decompose the vinyl alco-
hol and were then kept at 1173 K for an additional 4 h. The
vinyl alcohol solution was completely removed at 503 K. No
silicate melts were observed in any of the pellets following
annealing.

For measurements at 1 GPa, the powder samples (Ab-P,
Qtz-P, Or-P, MA1-P, and MA2-P) were pressed into pellets
and inserted into MgO sample sleeves. The Ab-G, Qtz-G,
MA1-G, and MA2-G pellets were first compacted manually,
and then sealed in nickel capsules. The Ab-G and Qtz-G
pellets were then hot-pressed at approximatelyl GPa and
1073 K using a piston-cylinder apparatus in the DEES, while
the MA1-G and MA2-G pellets were hot-pressed at approxi-
matelyl GPa and 773 K. The apparatus used is described
by Adam and Green (1994). A 10% correction was applied
to the measured pressures to allow for the effect of friction,
which gave an error of +0.1% for the true pressures. Tem-
peratures were measured using a Pt—PtyyRh,, thermocou-
ple with an accuracy of + 10 K. These hot-pressed samples
were drilled into discs of 2 mm diameter and polished to a
thickness of 1 mm. The discs were cleaned using distilled
water, ethanol, and acetone and then stored in a vacuum
oven before sample assembly. The Or-G disc was prepared
as a 2 mm diameter X 1 mm disc without hot pressing. These
samples were stored in an oven at 393 K for more than 24 h.

Electrical conductivity measurements

The electrical conductivity measurements at 1 GPa were
performed on a Walker-type Rockland 1000-ton appara-
tus at the State Key Laboratory of Geological Processes
and Mineral Resources (SKL-GPMR), China University
of Geosciences (CUG), Wuhan, China. All of the powder
and grain aggregates prepared for the measurements at
1 GPa were packed into MgO sleeves, which were then
capped with two nickel electrodes. 25/15 octahedral cells

Table 1 Chemical compositions Oxide

Starting material MAI1-G

of Qtz-R, Ab-R, and Or-R

specimens, and of the Qtz-R Ab-R Or-R Quartz! Albite! Orthoclase'

constituents of MA1-G after the

conductivity measurement in Si02 99.45 69.84 65.49 99.78 67.18 64.18

this study TiO, 0 0 0 0 0 0
AlLO4 0 19.82 19.36 0 21.06 18.98
FeO 0 0.03 0.02 0 0 0
MnO 0 0 0 0 0 0
MgO 0 0 0.07 0.01 0 0.01
Ca0O 0 0.35 0.05 0.01 0.8 0
Na,O 0 11.36 3.71 0 11.39 1.72
K,0 0.01 0.07 11.73 0.01 0.08 14.51
NiO 0.01 0 0 0.02 0 0
P,0; 0 0 0.36 0 0 0
Total 99.47 101.45 100.79 99.83 100.52 99.4
MA1 41.70% 21.60% 36.70%
MA2 37.70% 44.50% 16.90%

'The chemical compositions of the minerals were probed from the core areas of the grains in MA1-G after
the conductivity measurements

The weight percentages of the constituent minerals in MA1 and MA2 are given at the bottom of the table
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(octahedral edge length/truncation edge length in mm)
were used to accommodate the sample assemblies. The
detailed configuration of the assembly and the calibration
of the press follow the description by Li et al. (2018).
The completed assemblies were stored in a dry vacuum
oven before being loaded into the apparatus. The electrical
conductivity was determined by impedance spectroscopy
measurements collected from an AMETEK® Solartron
1296 impedance gain-phase analyzer under alternating
current. The voltage of the bridge was set to 0.707 V and
the applied frequency ranged from 0.1 to 10° Hz. The tem-
perature was raised only after the pressure had stabilized
at 1 GPa. Electrical conductivity measurements were car-
ried out until the observed resistance remained relatively
constant at each temperature, which suggested that the
samples had reached equilibrium.

Given that quartz and feldspar could begin to melt at
a low temperature (e.g., 923 K) in the presence of water,
the MA1-G and MA2-G pellets were heated and kept at
873 K for more than 1 h to expel any absorbed water in the
assemblies. In addition, the MA1-P was heated to 873 K
and held at that temperature for 1 h to expel any absorbed
water in the assembly, as well as thoroughly press the sam-
ples. The MA2-P pellet was heated to 773 K, followed by
5 h of annealing at 773 K. The temperature was increased
to 1273 K and then decreased once the readings had sta-
bilized. The impedance data of all samples were measured
during more than two heating cooling cycles. In particular,
MA1-G were measured at both low (<873 K) and high
(> 873 K) temperature for several circles.

The measurements at ambient pressure were performed
in an argon atmosphere, using an MTZ-35 impedance ana-
lyzer, in the School of Chemistry, University of Sydney,
Sydney, Australia. The two electrodes were made of cop-
per. The applied voltage was 0.5 V, and the frequency var-
ied from 0.1 to 107 Hz. The temperature for these meas-
urements was steadily and continuously increased from
room temperature to 1173 K at a rate of 20 K per minute.
At least one cycle of heating and cooling was performed
during each measurement run. For ambient and 1 GPa con-
ditions, the resulting impedance spectra were simulated
using an equivalent circuit consisting of a resistor and a
constant phase element in parallel to obtain the resistance
of the sample. The electrical conductivity was then calcu-
lated from the equation:

c=1/SR ey

where S is the surface area of the sample pellets, / is the sam-
ple thickness and R is the resistance. The dimensions used
in this calculation were determined by averaging the sample
dimensions before and after the conductivity measurements,
yielding an error of less than 10%.

@ Springer

Fourier transform infrared measurements

The water content of the samples was determined using
Fourier transform infrared (FTIR) spectroscopy before
and after the electrical conductivity measurements. FTIR
has been widely used to determine the water content in
several polycrystalline systems, such as pyroxene, plagio-
clase, and olivine (Yang et al. 2012). Our sample sections
were polished on both sides without distinguishing the
crystallographic orientations. These samples were heated
to 473 K in a vacuum oven for at least 8 h prior to FTIR
analysis to remove any water absorbed on the surface.
Unpolarized light was used for the powder samples con-
taining random grain orientations, allowing for accept-
able estimates of water content with uncertainty of less
than 20%, even though the absorbance has been found to
change with orientations for anisotropic minerals (Ross-
man 2006). The FTIR spectra were collected using a Nico-
let 6700 instrument, at the SKL-GPMR, CUG. The appara-
tus was equipped with mercury cadmium telluride (MCT)
detector, tungsten light source, and KBr beam splitter. The
aperture was 100 um giving a spot size of 100 x 100 pm.
A total of 128 scans were acquired at 4 cm™' resolution.
The background absorption (the absorption or the air) was
subtracted during the measurements. The spectra at the
range of 3000-4000 cm™!, characteristic for hydrogen-
related species, were processed by baseline correction
using the spline fitting method (Aines and Rossman 1984;
Rossman 2006). The water concentration was determined
using the modified Beer—Lambert law, A = Icty, where A
is the total integral absorbance (cm™!), [ is the integral
molar absorption coefficient, c is the concentration, ¢ is the
thickness of the samples, and y is the orientation factor.
The orientation factor for single crystals prior to the con-
ductivity measurements was 1/3, while for the polycrystal-
line samples following the measurements was 1 because
of the random orientation (Rossman 2006). An integral
molar absorption coefficient of 13.0+2.2 ppmw™! cm™2
was adopted for the quartz samples (Thomas et al. 2009).
Integral absorption coefficients of 17.1+ 1.6 ppmw ™! cm™
and 29.3 +3.0 ppmw ™! cm~2 were used for the orthoclase
and albite samples, respectively (Mosenfelder et al. 2015).
The integral molar absorption coefficients for MA1-P and
MA2-P were calculated from the relative volume per-
centage of each constituent phase, resulting in values of
18.0 ppmw~! cm~2 for MA1-P, and 21.1 ppmw ™' cm~2 for
MAZ2-P. The likely error was + 10% based on the accuracy
of the absorption coefficients.

Following the impedance spectroscopy measurements,
the recovered samples were imaged using a Quanta FEI 450
scanning electronic microscope installed at the SKL-GPMR,
CUG. Line analysis of the chemical compositions was con-
ducted across the orthoclase and albite grains in MA1-G
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using the Cameca® SX-100 electron microprobe at the
MQGA. Beam size was set at 1 pm for the line analysis to
attain a better resolution for the variations in concentration.

Results

Figure 2 shows the representative infrared spectra of the
samples taken before and after the electrical conductivity
measurements. In Fig. 2a, Ab-G and Ab-P after the meas-
urements show a major band at 3500 cm™!, indicating the
presence of type I OH, which is found in natural metamor-
phic and pegmatitic albites (Johnson and Rossman 2004;
Rossman 2006). The absorbance increased considerably
after the measurements of Ab-G and Ab-P. Or-R displayed
a sharp peak at 3623 cm™!, implying the presence of type
I H,0, which disappeared in the spectra of Or-P and Or-G
after the conductivity measurements (Johnson and Ross-
man 2004). Or-G after the measurements displayed a major
band at 3427 cm™!, which was likely the shifted band at
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Fig.2 Representative infrared spectra of samples before and after
the conductivity measurements. The spectra before the conductiv-
ity measurements were obtained from the starting materials, Ab-R,

3000

3369 cm™! in Or-R. The absorbance of Or-G was similar to
that of Or-R but appreciably lower than that of Or-P. Qtz-G
and the Qtz-P showed a similar absorbance at 3460 cm™",
which might have shifted from the 3388 cm™~! band of Qtz-
R. The H-related intensities of Qtz-G and Qtz-P were about
twice that of Qtz-R. MA1-P displayed an appreciable peak
at 3620 cm™! that was consistent with that found in Or-R.
We use the term “water” to include most of hydrogen spe-
cies, including molecular H,0O and hydroxyl, found within
the range 3000-3800 cm™'. The calculated water content
of all of the samples are listed in Table 2. Ab-R was almost
“dry” (10.84 ppm H,0), but the water content increased by
30 times in Ab-G (368 +77 ppm H,0) and 50 times in Ab-P
(492.69 +49 ppm H,0). The water content of Or-G rarely
changed from its starting value, but increased by almost a
factor of three in Or-P. Qtz-G and Qtz-P contained simi-
lar water contents, nearly 50% higher than that of Qtz-R.
MAI1-P contained 209 +20 ppm H,O, much lower than those
of Ab-P, Or-P, and Qtz-P. The increase of water content after
conductivity measurements indicates that a small amount of
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Or-R, and Qtz-R, which are presented by the black dotted lines. The
red solid and blue dash—dotted lines denote the IR spectra of different
samples obtained after the conductivity measurements
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Table 2 Temperature and

e Sample T (K) P (GPa) Water content (ppm H,0) AH (eV) A (S/m)

pressure conditions for

the electrical conductivity Initial Final

measurements, water content of

initial samples before and after ~ Quz-P 873-1273 1 940 (+£285) 1489 (+256)  0.968 (+0.028) 42

the conductivity measurements,  Qtz-P 473-1173  Ambient 0.896 (+0.018) 12

and Arrhenius parameters of the ¢y, G 873-1273 1 940 (£285) 1359 (+156)  1.18 (£0.11) 47

samples Ab-P 673-1273 | 11 (+5) 493 (+49) 0.951 (0.057) 5.9
Ab-P 473-1173  Ambient  — - 0.907 (+0.023) 1.1
Ab-G 873-1273 1 11(5) 368 (+77) 0.880 (+0.031) 12
Or-P 673-1273 1 468 (£133) 1224 (x115  0.951 (+0.045) 5.4
Or-P 473-1173  Ambient 0.814 (+0.013) 2.1
or-G 873-1273 1 468 (£133) 578 (2 114) 132 (£0.041) 2353
MAL-P  673-1273 1 - 209 (+21) 0.776 (+0.012) 7.1
MAI-P  473-1173  Ambient  — - 0.781 (£0.013) 1.1
MAL-G  673-1273 1 - - 0.771 (+0.021) 3.1
MA2-P  673-1273 1 - - 0.799 (+0.089) 14.4
MA2-P  473-1173  Ambient  — - 0.775 (+0.086) 2.4
MA2-G  673-1273 1 - - 0.871 (+0.070) 40

The initial water contents of Qtz-P, Ab-P, and Or-P were derived from the FTIR measurements of their
corresponding starting materials, Qtz-R, Ab-R, and Or-R, respectively. The values in parentheses are the

standard deviation

water has been incorporated into both the single-phase and
multiphase aggregates.

The complex impedance spectra of Qtz-P at 1 GPa and
ambient pressure are shown in Fig. 3. The diagram is com-
posed of the real and imaginary impedance. The impedance
plots consist of one depressed arc, representing the electri-
cal conductivities of the bulk aggregates, and a linear tail at
low frequencies, indicating the electrode effects between the
electrodes and the sample surfaces (Watson et al. 2010). The
relationship between electrical conductivity and temperature
is given by the Arrhenius equation in the form of logarith-
mic electrical conductivities as a function of reciprocal tem-
perature. Several samples showed electrical conductivities
at their first heating stage, which were inconsistent with the
subsequent stages, probably due to the effect of absorbed
water within the sample assemblies. Figure 4 shows only the
stable values after the first heating stage. Qtz-G was meas-
ured only at the first heating stage because of thermocouple
failure at the cooling stage. The electrical conductivity of
Qtz-G at 1 GPa, showed good agreement with the conductiv-
ity of Qtz-P at both 1 GPa and ambient pressure, indicating
the predominant role of lattice conduction from the grain
interior and the slight effect of pressure on the conductivity
of the quartz aggregates. The logarithmic conductivities for
Or-G and Or-P at 1 GPa did not change linearly with the
reciprocal temperature below 873 K, which could be attrib-
uted to either impurities or twin boundaries in the orthoclase
grains (Nover 2005). Or-G showed consistent electrical con-
ductivity with Or-P at 1 GPa, but higher conductivity than
Or-P at ambient pressure. The segments of Or-P and Or-G

@ Springer

above 923 K were used to fit the data to the Arrhenius equa-
tion. Ab-P measured at 1 GPa had half an order of magnitude
higher conductivity than Ab-P at ambient pressure. MA1-P
at 1 GPa showed about half an order of magnitude higher
conductivity than MA1-G and about one order of magnitude
higher than MA1-P at ambient pressure. The conductivity of
MAZ2-P at 1 GPa was about one order of magnitude higher
than that of MA2-G, which showed similar conductivity
to MA2-P at ambient pressure. To calculate the activation
energy, the electrical conductivities of all of the samples
were expressed in the form of the Arrhenius equation:

o = Aexp(—AH/kT) )

where A is a pre-exponential factor, T is the absolute tem-
perature in kelvin, AH is the activation enthalpy, and % is
the Boltzmann constant. The resulting activation enthalpy
and pre-exponential factor for all of the samples are listed
in Table 2.

For the single-phase aggregates, the activation enthalp-
ies at 1 GPa were higher than those at ambient pressure.
For example, the activation enthalpy of Ab-P was calcu-
lated to be 0.951 eV at 1 GPa, slightly higher than that of
0.907 eV at ambient pressure. The activation enthalpy of
Or-P (0.951 eV) at 1 GPa was higher than that at ambi-
ent pressure (0.814 eV). Or-G and Qtz-G showed higher
activation enthalpies than Or-P and Qtz-P, respectively.
Overall, even though the activation energies of all of the
single-phase aggregates were slightly different, most of them
were in the range of 0.9-1 eV. By contrast, the multiphase
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Fig.3 Representative complex plane plots of Qtz-P at: a 1 GPa and
b ambient pressure. The data points were acquired from high to low
frequencies (from left to right). The electrical responses at low fre-
quencies ended up with disarrayed patterns due to electrode polariza-
tion and surrounding disturbances. These points were excluded from
the resistance calculation to allow for accurate interpretations. The
impedance arcs were fitted using an equivalent circuit that comprised
a constant phase element (CPE) and a single resistor (R) in parallel

aggregates showed similar activation enthalpies below
0.8 eV (except for MA2-G), remarkably lower than those of
the single-phase aggregates at the corresponding pressures.
For example, the activation enthalpies of MA1-P (0.78 eV)
and MA1-P (0.80 eV) at 1 GPa were lower than those of
Qtz-P, Ab-P, and Or-P at 1 GPa.

The equilibrium melting diagram shows that the dry soli-
dus temperature for a quartz-albite-orthoclase aggregate is
about 1373 K at 1 GPa (Fig. 5). Given that the effect of dis-
solved water (hundreds of ppm) in the multi-phase sample on
reducing the solidus (Johannes and Holtz 2012), it is critical
to examine the existence of melts in the multiphase aggre-
gates. No melts were found at the triple junction of quartz-
albite-orthoclase and other domains at 1 GPa by checking
the back-scattered images of all the multiphase aggregates
(Fig. 6b, and Figs. S2 and S3 in supplementary material).
In addition, the conductivities of MA1-P and MA2-P show
no abrupt increases at 1273 K (Fig. S4). If fractional melts

were present and interconnected at high temperatures, the
conductivity should increase by 1-2 orders of magnitude
(Laumonier et al. 2017). Therefore, we suggest that the water
in the multiphase aggregates at 1 GPa, about 209 ppm in
MAL1-P (Table 2), hardly reduced the solidus below 1273 K.
At ambient pressure, the solidus temperature for a quartz-
feldspar aggregate is about 1233 K (Tuttle and Bowen 1958).
According to the relationship between the composition and
minimum solidus temperature of a quartz-feldspar system,
MAT1-P and MA2-P both showed a melting point higher than
1233 K at ambient pressure (Fig. 5, insert). The annealing
treatments and conductivity measurements on MA1-P and
MAZ2-P were carried out below 1173 K at ambient pressure;
thus, melting could hardly occur at ambient pressure. How-
ever, we could not exclude the possibility of the existence
of small melt fractions undetectable in BSE images or by
electrical conductivity measurements.

The back-scattering images reveal the occurrence of
microcracks in Ab-G and MA1-P (Fig. 6a, b). These micro-
cracks in Ab-G may have formed during either the hot-press
treatment or the decompression following the measurements,
while those in MA1-P were probably generated during the
decompression, as fast and non-hydrostatic decompression
generally gives rise to the propagation of microcracks. The
morphology of the grains and the absence of structures asso-
ciated with recrystallization indicate that the minerals had
not yet been recrystallized. Note that cavities with arbitrary
shapes (< 1 pm) were observed in some of the grains. In the
powder multiphase aggregates, the Na* and K* ions are dis-
tributed throughout the grains and at the grain boundaries,
leading to a change in chemical composition for the small
feldspar grains (Fig. 6¢, d), which means that Na* in albite
had diffused into the orthoclase grains and, simultaneously,
K* in orthoclase had diffused into the albite grains.

In MA1-G, the electron microprobe shows that the
compositions of the constituent minerals differed from
the core to the rim. To be specific, compared to the rim,
the composition of the grain cores changed less from
the initial values before the conductivity measurements
(Table 1). The composition of the constitutive quartz in
MA1-G changed little during the conductivity measure-
ments. The concentration of Ca>* ions in the albite grains
increased slightly, but within experimental error. Within
the orthoclase grains in MA1-G, the concentration of Na*
decreased and that of K* increased in the radial direction
of albite lamellae (Fig. S1 in supplementary material),
suggesting that Na* in the albite lamellae had diffused
into the orthoclase host, and K* had diffused into the
albite lamellae. However, the inter-diffused distance was
shown to be less than 10 pm, smaller than the orthoclase
grain size, which indicates that the chemical composition
of orthoclase was barely affected by albite lamellae. To
investigate the chemical variations between the albite and
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Fig.4 Electrical conductivity vs. reciprocal temperature for single-
and multiphase aggregates with different grain sizes at 1 GPa and
ambient pressure. The single-phase aggregates include Qtz (a), Or
(b) and Ab (c), and the multiphase aggregates include MA1 and MA2
(d). The data for each sample were derived from the cooling stage,

the orthoclase in MA1-G, the elemental distributions of
K*, Na™, and Si** were mapped using energy dispersive
X-ray spectroscopy (EDS) (Fig. 7). This showed that K*
had diffused from the orthoclase to the albite grains and
Na* had diffused from the albite to the orthoclase grains,
while Na* and K* had hardly diffused into the quartz
grains. The zoning texture for both orthoclase and albite
is ascribed to the diffusion of Na* and K* across grain
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except for Qtz-G at 1 GPa. For Or-P and Or-G at 1 GPa, only the con-
ductivities above 923 K were fitted in b. The water contents of Qtz-
P, Or-P, and Ab-P at ambient pressure were assumed to be same as
those of their starting materials. The lines were fitted to the Arrhenius
equation

boundaries. Compared to MA1-P in Fig. 6, the occurrence
of diffusion was less pervasive in MA1-G. The concentra-
tion profiles illustrate the distances of about 40 pm that
K* and Na™ had diffused into the albite and orthoclase
grains.
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Fig.5 Equilibrium melting diagram and pressure and temperature
conditions for the measurements. The insert shows the quartz-feld-
spar cotectic in the Qtz-Ab-Or triangle (Tuttle and Bowen 1958).
Also shown is the composition of the multiphase samples subjected
to the conductivity measurements. The equilibrium diagram shows
the approximate points of the solidus in the quartz-feldspar solid
solution, and the Qtz-Ab and Qtz-Or melting systems (leucite is not
shown as it forms only in more Or-rich compositions) (Huang and
Wyllie 1975). Am, ambient pressure; Fsp-feldspar solid solution; Qtz,
quartz; Or, orthoclase

Discussion
Water in the samples

At 1 GPa, the powder samples contained a few times more
water than their starting materials, and the powder samples
with smaller grain sizes had higher water contents, including
Qtz and Ab (Fig. 2a, c). Such water was probably brought
into the grain and powder aggregates during the hot-press-
ing process rather than during the electrical conductivity
measurements, because the water content of Or-G without
the hot-pressing treatment was similar to that of the starting
material. During sample assembly for hot pressing, moisture
might have been absorbed on the surface of the powdered
minerals and more water will be incorporated into the grains
at high pressure (Keppler and Rauch 2000). At ambient pres-
sure, by contrast, little water can be incorporated into the
samples due to the limited water solubility at this pressure.
We believe that free water does not exist in the samples for
the following reasons: (1) The activation enthalpy was rela-
tively high (0.78-0.87 eV). In the case of free water existing
at grain boundaries in polycrystalline brucite, the activation
enthalpy is as low as 0.11 eV (Gasc et al. 2011); (2) If free
water exists at grain boundaries, the bulk conductivity of
the single-phase aggregates is expected to be much higher
than those found in previous studies; however, this was not
the case; (3) If free grain-boundary water overwhelms the

grain-boundary ionic conduction proposed in this study,
the measured bulk conductivity of the multiphase samples
would be consistent with the model calibration based on the
conductivity data of the single-phase aggregates containing
water; (4) If free water exists, granitic samples will inevi-
tably melt. However, no melts are found in the recovered
samples. Consequently, we think that fractional water may
have been stored at grain boundaries in the state of defect-
related hydrogen rather than free water.

Conduction mechanisms

The bulk conductivity of single-phase aggregates is domi-
nated by lattice conduction from the grain interior at both
1 GPa and ambient pressure. The electrical conductivities
of Qtz-P and Or-P at 1 GPa were consistent with those of
Qtz-G and Or-G, respectively, suggesting that conductivity
is independent of grain size. When the grain size is less
than a few microns, grain-boundary conduction could gov-
ern bulk conduction (Ten Grotenhuis et al. 2004), while it
would be insignificant if the grain size is larger than dozens
of microns (Yang and Heidelbach 2012). The average grain
size of Ab-P, Or-P, and Qtz-P in our study was about 20 pm,
and, consequently, their conductivity is attributed mainly
to lattice conduction. Although the conductivity of quartz,
orthoclase, and albite has been widely studied at both ambi-
ent pressure and 1 GPa, their conductivity and conduction
mechanism may differ with their chemical compositions,
which we will discuss individually below (Jain and Nowick
1982; Yang et al. 2012; Hu et al. 2013).

As shown in Fig. 8, the electrical conductivities of Qtz-P
and Qtz-G at both 1 GPa and ambient pressure were com-
parable to those of polycrystalline quartz in previous studies
(Bagdassarov and Delépine 2004). Due to the strong ani-
sotropy of conductivity, the conductivities measured in our
study were similar to that at an angle of 60° to the Z-axis
(Fig. 8b) (Jain and Nowick 1982; Campone et al. 1995;
Wang et al. 2010). Conduction in Qtz-P and Qtz-G could be
attributed to the movement of H* in the crystals (Fig. 9a).
The main conduction mechanism for quartz is generally
believed to be ionic conduction resulting from the move-
ment of charge carriers M* (e.g., Na*, Li*, or H) related
to the Al-M centers (Campone et al. 1995; Jain and Nowick
1982). In our study, both AI** or Na* were absent from the
quartz or were below the experimental detection limit (about
250 ppm) before and after the conductivity measurements.
The charge carrier is, therefore, likely to have been the H*
of hydroxyl (Aines and Rossman 1984). This is supported by
the fact that Qtz-P has a similar activation enthalpy to quartz
(0.98 eV), as reported by Jain and Nowick (1982), in which
Na™ is substituted by hydrogen. Qtz-P has a lower activation
enthalpy at ambient pressure than Qtz-G at 1 GPa, probably
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Fig.6 Scanning electron microprobe images of: a Ab-G and b
MAI1-P at 1 GPa after the conductivity measurements; ¢, d denote
the distribution of K* and Na®™ in MAI1-P, respectively. No melts

because the evaporation of the vinyl alcohol solution leaves
the grain boundaries less compacted at ambient pressure.
The conductivity of orthoclase showed week anisotropy,
and therefore, there were only slight differences between
the conductivities found in this and previous studies (Maury
1968; Hu et al. 2013, 2014; Wang et al. 2014a) (Fig. 8).
Conduction in orthoclase could be due to the hopping of K*
in the lattice structure. The activation enthalpies of Or-P and
Or-G at 1 GPa were similar to those of orthoclase (0.98 eV)
and microcline (1.01 eV) reported by Hu et al. (2014) and
Wang et al. (2014a), respectively. Since the albite lamellae in
Or-R are not well connected, and even Na™ diffusion occurs
only within the orthoclase grains rather than throughout the
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were found in either Ab-G or MA1-P. Albite grains of Ab-G had been
crushed and microcracks had been generated within the grains. In
MA1-P, microcracks were generated around the mineral grains

whole grains of Or-G (Fig. S1), this rules out the possibil-
ity of Na' being the charge carrier in conduction. K* is,
therefore, believed to have been the main charge carrier in
the orthoclase examined in this study, diffusing among the
vacancies in the crystal lattice (Fig. 9a) (Giletti and Shana-
han 1997; Cherniak 2003).

For albite, alkali ions could be the main charge carri-
ers. The conductivity of Ab-P at 1 GPa was similar to that
of albite at ambient pressure and of plagioclase at 1.2 GPa
(Maury 1968; Yang et al. 2012). However, the electrical con-
ductivities of Ab-P and Ab-G at both pressures were lower
than that of the other dry albite reported in previous stud-
ies (Guo et al. 2015; Hu et al. 2011, 2013), perhaps due to
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Low

Fig. 7 Backscatter image of MA1-G after the electrical conductivity
measurement (top left) and the energy dispersive X-ray spectroscopy
(EDS) mapping images of K*, Na*, and Si** elements. The concen-
tration vs. distance profiles of K* and Na* on the right correspond
to the transverse lines, AB and CD. The concentrations of Na* and

differences in composition. Candidates for the charge carri-
ers in albite are H" and Na*. Na* has been inferred to be the
charge carrier not only in alkali feldspars but also in silicate
melts and glasses because of its high diffusivity (Hu et al.
2011; Ni et al. 2011; Yang et al. 2012). Ab-G and Ab-P at
both 1 GPa and ambient pressure have similar activation
enthalpies to those found in previous studies, where Na™*
was supposed to be the main charge carrier (Hu et al. 2011).
In addition, the concentration of K* is very low in Ab-R.
Consequently, conduction in Ab-P and Ab-G could be due
mainly to the movement of Na* in the interstices between
the silicate tetrahedra (Giletti and Shanahan 1997; Hu et al.
2011). However, Yang et al. (2012) found that the electrical
conductivity of plagioclases increases systematically with
hydrogen and suggested that H*, probably together with
Na™, acts as the charge carrier in “hydrous” plagioclase
(Fig. 9a). Zhang et al. (2016) also suggested that conduction
in hydrous feldspar may involve more than one mechanism
based on calculations obtained with the cBQ thermodynamic
model. The relative contribution of H* and Na* to electrical
conductivity is unknown and requires further study.

Electrical conductivity of multiphase aggregates

Figure 10a—c compares the electrical conductivities of sin-
gle-phase and multiphase aggregates at 1 GPa and ambient
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K* represent the relative values, while the values on the X-axis is the
distance from the interface between the orthoclase and albite grains.
The lines of best fit in the profiles are fitted using the diffusion couple
model (Zhang and Cherniak 2010)

pressure. At each pressure, both multiphase aggregates had
appreciably higher conductivities than the three single-phase
aggregates, regardless of grain sizes. To compare the meas-
ured conductivity of the multiphase aggregates with the cal-
culated bulk conductivity, we used different mixing models
to calculate the latter based on the electrical conductivity
of each single-phase (Jones et al. 2012; Khan and Shank-
land 2012). The application of mixing models requires the
constituents to satisfy the following assumptions: (1) the
constituent minerals are in phase equilibrium, which means
the absence of chemical exchange between the minerals; (2)
grain-boundary conduction is negligible; and (3) the con-
stituent minerals are randomly aligned and uniformly dis-
tributed (Hu et al. 2014; Yang et al. 2012). We combined the
electrical conductivities of Ab-P, Or-P, and Qtz-P at ambient
pressure to estimate the conductivity of MA1-P at ambient
pressure using six different mixing models: geometric mean
(GM), effective medium theory (EMT), Hashin—Shtrik-
man (HS) bound, Reuss (harmonic) mean, Voigt (arith-
metic) mean, and the Voigt—Reuss—Hill model. Voigt and
Reuss means, as well as HS, provide the lower and upper
bounds (Hashin and Shtrikman 1961; Han and Clark 2021).
Voigt—-Reuss—Hill, GM, and EMT give estimates of the bulk
electrical conductivity (Khan and Shankland 2012; Choy
2015). Although the mixing models produced a range of
estimates for MA1-P, the measured conductivity of MA1-P
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Fig.8 Comparison of the electrical conductivities of: a orthoclase; b quartz, and c¢ albite with previous studies

was more than half an order of magnitude higher than the
maximum estimate according to the GM model (Fig. 10d).
As the multiphase aggregates had much higher conductivi-
ties than the three single-phase aggregates at both 1 GPa
and ambient pressure, the laboratory-measured conductivi-
ties of the multiphase aggregates were higher than all of the
estimates from the mixing models.

The changes in conductivity during the measurements
could provide key information explaining the discrepan-
cies between the single-phase and multiphase aggregates.
The electrical conductivities of MA1-G at 1 GPa were
consistent with each other between the first heating—cool-
ing cycle and the second heating stage below 1173 K
(Fig. 11). It should be noted that the electrical conductiv-
ity of Or-G was consistent with that of MA1-G at heating

@ Springer

stage 2 below 1173 K, implying that bulk conductivity
was controlled by the interconnected orthoclase. However,
the conductivity of MA1-G was about half an order of
magnitude higher than that of Or-G as the temperature
increased to 1273 K. This showed good reproducibility
in the stages following heating stage 2, and the conduc-
tivity was more than half an order of magnitude higher
than those measured before cooling stage 2. Analogous
to MA1-G, bothMA1-P and the MA2-P at 1273 K and
1 GPa also showed an increase at the end of the first heat-
ing stage. This conductivity enhancement could be related
to the grain boundary process resulting from Na—K inter-
diffusion between albite and the orthoclase grains initiated
at a high temperature.
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Albite aggregates

Fig.9 Schematic diagram of the possible conduction mechanisms
of: a single-phase aggregates and b the Qtz/Ab/Or multiphase aggre-
gates. The black arrow denotes the movement of potential charge car-

Grain-boundary ionic conduction

Interdiffusion of ions across albite-orthoclase grain bound-
aries is illustrated by the distribution of Nat and K" in
MA1-G after the conductivity measurement (Fig. 7). The
grain boundaries could be regarded as a separate phase or
medium with a thickness of about 10 nm (Keller et al. 2007).
In the interdiffusion process, some alkali ions have chances
to diffuse into the grain boundary (GB) at a high tempera-
ture. For albite—orthoclase—quartz multiphase aggregates,
the chemical gradient between orthoclase and albite will
inevitably drive the diffusion process albite — GB — ortho-
clase for Na* and simultaneously orthoclase — GB — albite
for K*. This process is maintained until the equilibrium has
been achieved. By contrast, the diffusion process is only
albite — GB «— albite for Na* and orthoclase — GB «— ortho-
clase for K* in a single-phase aggregate, and this diffusion
process will soon be suppressed due to the chemical equi-
librium between adjacent grains and the short diffusion
distance at grain boundaries. These Na* and K* ions can
diffuse not only across the grain boundaries but also along
them. As a result, more Na™ and K* will be retained at the
grain boundaries for multiphase samples, where interdiffu-
sion occurs. Diffusion could be directly linked to electrical
conductivity, o, by the Nernst-Einstein relation:

o = fDcq? | kT 3

where f is a nondimensional constant indicating the geo-
metrical factor, D is the diffusion coefficient of charge car-
riers, c is the concentration of these charge carriers, g is the
electrical charge of the charge carriers, k is the Boltzmann
constant, and T is the absolute temperature in K. Accord-
ingly, compared to the single-phase aggregates, the higher

H+

Na*

K+

Grain boundary
Diffusion
direction

Orthoclase aggregates

Qtz/Ab/Or aggregates

riers at grain boundaries. The Na—K exchange between orthoclase
and albite causes their migration and, hence, their lingering at grain
boundaries

concentration of alkali ions at grain boundaries in multiphase
aggregates results in their higher electrical conductivities. In
terms of activation enthalpy, our observation that multiphase
aggregates had lower activation enthalpies than the constitu-
ent single-phase aggregates at both 1 GPa and ambient pres-
sure (Table 2), implies that the migration of Na* and K* ions
along grain boundaries is easier than in the crystal lattice.
This is consistent with previous studies documented that
the grain boundary diffusion have activation energy lower
(about 1/3 less) than the lattice diffusion (Farver and Yund
1996). Therefore, we propose that the transport of alkali
ions along grain boundaries (grain-boundary conduction)
resulted in the higher electrical conductivities of the mul-
tiphase aggregates than their single-phase constituents and
the overall conductivities modelled by these constituents.
Grain-boundary conduction due to the Na—K exchange
between feldspars provides a novel mechanism for grain-
boundary conduction, which is important for the multiphase
systems. For grain-boundary conduction, previous studies
have focuses mainly on either single-phase aggregates with
varying grain sizes or aggregates containing a conductive
phase, such as melts or graphite films (Roberts and Tyburczy
1991; Ducea and Park 2000; Ten Grotenhuis et al. 2004;
Watson et al. 2010; Yang and Heidelbach 2012). Such con-
ductive phases at grain boundaries were not considered as
they were not observed in this study. In the studies men-
tioned above, grain-boundary conduction was related to the
transport of defects. Grain-boundary conductivity dominates
the bulk conductivity of aggregates for grain size smaller
than 10 um, above which this process is independent of grain
size (Yang and Heidelbach 2012; Pommier et al. 2018).
However, the conductivities of multiphase aggregates with
grain sizes of 10—20 um are approximately half an order
of magnitude higher than those with grain sizes of 200 um
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Fig. 10 Comparison of the electrical conductivities of the single-
phase and multiphase aggregates with small grain sizes at: a 1 GPa
and b ambient pressure; ¢ comparison of the electrical conductivities
of the single-phase and multiphase aggregates with large grain sizes
at 1 GPa; d comparison of the electrical conductivity of MA1-P at
ambient pressure with that calculated using various mixing models.

in this study (Fig. 10), indicating the dependence of grain-
boundary conduction on grain size. Grain size affects the
contribution of grain-boundary conductivity to bulk conduc-
tivity by controlling the volume fraction of grain bounda-
ries in an aggregate (Waff 1974). Defect-related hydrogens
at grain-boundary (not free water) may play an important
role in explaining this discrepancy. Experimental studies
have shown that if an H* flux exists at grain boundaries,
grain-boundary diffusion might control the bulk diffusion
of an aggregate despite a large grain size (Demouchy 2010),
and this diffusion relationship has been used to calculate
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The calculations shown by dashed lines were based on the modal
composition of MA1-P. GM geometry mean, EM effective medium
theory, HS* upper Hashin-Shtrikman bound, HS~ lower Hashin—
Shtrikman bound, Reuss: harmonic mean; Voigt: arithmetic mean;
V-R-H: Hill model (the average of Reuss and Voigt mean)

the grain-boundary and bulk conductivities of a peridotite
(Jones 2016). Defect-related hydrogens could exert a posi-
tive influence in two ways: (1) dramatically increasing the
diffusivity of alkali ions at grain boundaries (Costa and
Chakraborty 2008); and (2) facilitating inter-diffusivity
between adjacent feldspars and the segregation of alkali
ions, which leads to a larger number of ions at grain bounda-
ries (Zhang et al. 2019). As a result, in our study, the faster
hydrogen-induced ionic migration along grain boundaries
significantly enhanced the effect of grain-boundary conduc-
tion on the bulk conductivity, even for grain sizes as large as
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Fig. 11 Electrical conductivity of MA1-G and Or-G vs. reciprocal
temperature at 1 GPa. The black solid square symbols represent the
conductivities of Or-G during the different cooling stages. The trans-
parent lines with arrows show the heating and cooling processes dur-
ing the MA1-G conductivity measurement

200 um. To our knowledge, this grain-boundary conduction
by alkali ions has never been reported experimentally in a
multiphase mineral aggregate. In addition, grain-boundary
ionic conduction enhanced the bulk conductivity of powder
multiphase aggregates at 1 GPa more than that at ambient
pressure, probably indicating its dependence on pressure.
This could be related to the generation of defects and strain
by the high pressure at grain boundary regions, which facili-
tates the segregation of alkali ions to minimize strain energy
and compensate for the space charge (Hiraga et al. 2004;
Keller et al. 2007). However, we could not exclude the pos-
sibility that the interspaces among grains created by evapo-
rating the vinyl alcohol binder solution might have hindered
the alkali ions from being segregated and transported along
grain boundaries at ambient pressure. Furthermore, the
chemical compositions of the constituent minerals and their
distribution might also affect grain-boundary ionic conduc-
tion by controlling the number of segregated ions at grain
boundaries. A quantitative relationship between these factors
that describes their enhancement is essential for determining
the contribution of grain-boundary ionic conduction to bulk
conductivity of rocks, and this will require further studies
in the future.

This grain-boundary ionic conduction may account for
the high electrical conductivity of the peridotite observed
under the South Africa Craton. Jone (2016) proposed the
grain-boundary conductivity associated with hydrogen to
explain the observed higher conductivity than the values
from mixing models, but it still requires a finer grain size or
a much higher water content than the obtained xenoliths. As

grain boundaries could be a reservoir for the incompatible
elements, such as AI’* and Ca**, the fast transport of these
elements, facilitated by hydrogen, may contribute signifi-
cantly to the bulk conductivity (Hiraga et al. 2004). Under
the Tanlu fault, the observed lower conductivity as compared
to the modelled values suggested that the grain boundary
process is insignificant in the deep crust and/or the upper
mantle. Instead, the chemical composition of rocks may
differ from the xenolith on which the calculation of mix-
ing models was based (Wang et al. 2014a, b, c). Therefore,
in this scenario, it is important to accurately determine the
chemical composition of the lithosphere when modelling the
conductivity using mixing models.

Geological implication

MT observations have found that several high electrical con-
ductivity anomalies are associated with shear zones (Selway
2018; DeLucia et al. 2019). (Wang et al. 2014c) observed
that the Longmenshan Thrust Fault separating eastern Tibet
and the Yangtze Craton extends to the middle-to-lower crust
under Tibet in the eastern Tethyan domain, where a remark-
ably wide-spread layer with high conductivity (~0.1 S/m)
and low velocity exists (Unsworth et al. 2004; Sol et al.
2007; Xu et al. 2007). This layer was suggested to be an
integral decollement and shear zone due to the fact that the
Songpan-Ganzi Block was expanding eastward and decou-
pled the upper crust from the middle crust (Bai et al. 2010;
Wang et al. 2014c¢). For an active shear zone, relative motion
generally involves mass transfer and grain-boundary diffu-
sion during dynamic metamorphism (Goncalves et al. 2012).
Since the crust of the Songpan-Ganzi Block is primarily
granitoid and/or a felsic granulite phase and the influence
of their modal composition on the bulk conductivity is
limited, we used MA1 and MA2 to represent the middle
crust of Tibet (Searle et al. 2011; Zi et al. 2013). The tem-
perature of the middle crust (30—40 km) was assumed to be
approximately 1073 K based on the high surface heat flow at
Songpan-Ganzi, which could be 80—110 mW/m? (Xu et al.
2011). We modeled the bulk conductivity of MA1 and MA2
below 20 pm and compared it with the observed electrical
conductivity of the middle-to-lower crust of the Songpan-
Ganzi Block (Fig. 12). The bulk conductivity comprised
the grain-interior and grain-boundary conductivities (Eq. 4)
developed by Ten Grotenhuis et al. (2004). To quantify the
grain-boundary ionic conductivity, we used the measured
conductivity of MA1 and MA2 at 1073 K and 1 GPa, and
fitted the data to the relationship between grain size and
bulk conductivity. The conductivity of the grain interior was
calculated from the conductivity of Ab-P, Or-P, and Qtz-P at
1 GPa using EMT, which gives a decent average conductiv-
ity for a mixture (Han and Clark 2021) (Eq. 5):
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Fig. 12 Dependence of bulk electrical conductivity on grain size.
The solid black line denotes the bulk conductivity of the grain inte-
rior calculated from the Eq. (4). The purple dotted line denotes the
bulk conductivity adapted from the model of Ten Grotenhuis et al.
(2004). MAL1 (red solid line) and MA?2 (blue solid line) are the best
fitting curves based on MA1-G and MA1-P (red solid line), MA2-G,
and MA2-P (blue dots), respectively, at 1 GPa and 1073 K. The grain
size of MA1-G and MA2-G was set at 200 pm, while that of MA1-P
and MA1-P was set at 20 um. The orange shaded area denotes the
conductivity of the middle crust under the Songpan-Ganzi block, in
Tibet (Wang et al. 2014c)

2
o, = O'gi+6gb<l—(1—35/d) /3> )
0; = 0gi \ _
2i(5m) =0 ®

where o,; is the bulk conductivity of the grain interior, oy,
is the grain-boundary ionic conductivity, ¢ is the width of a
grain boundary (here we take 1 nm (Demouchy 2010)), d is
the grain size, and o; and f; are the conductivity and volume
percentage of the ith phase, respectively. MA1 and MA2
showed similar grain-interior conductivities due to the small
differences among Ab-P, Or-P, and Qtz-P (Fig. 12). The
resultant grain-boundary conductivities of MA1 and MA2
were 17.4+2.6 and 23.0+0.8 S/m, respectively. Such grain-
boundary conductivities are five orders of magnitude greater
than the grain-interior conductivity, consistent with grain-
boundary diffusivity compared to grain-interior diffusivity
(Farver and Yund 1996). When the grain size is relatively
small (i.e., < 100 um), the bulk conductivity is dominated
by grain-boundary conductivity. As the grain size increases
to approximately 1000 um, the bulk conductivity is attrib-
utable mainly to the grain-interior conductivity due to the
negligible grain-boundary conductivity.

@ Springer

To account for the bulk conductivity of 0.1 S/m at the mid-
dle crust of the Songpan-Ganzi Block in Tibet, a fine grain size
(approximately 1-2 um) was required in the active shear zone.
The fault gouge revealed that the grain size of mylonites can
be a few microns in the Longmenshan Fault (Li et al. 2015).
Therefore, if the shear zone with such a fine grain size can
extend to the middle-to-lower crust, the highly conductive
anomaly could be attributed to the fast transport of alkalis ions
along grain boundaries. Furthermore, as we only considered
the major minerals of granitic rock, the influence of the minor
minerals could also be important, but it was neglected in our
study. Given the high temperature under the Songpan-Ganzi
Block, the dehydration melting of amphibole and mica could
enhance the bulk conductivity, as the perspective of crustal
flow has suggested (Unsworth et al. 2004; Bai et al. 2010;
Aranovich et al. 2014). In addition, seismic observations sug-
gest a weak middle-to-lower crust that is characterised by low-
viscosity and low velocity, allowing the Songpan-Ganzi upper
crust to thrust eastwards (Zhang et al. 2009). However, several
xenoliths suggested a dry middle-to-lower crust under Tibet
(Hacker et al. 2000). Therefore, whether the fluid/melt phase is
present in this region is still under debate. Our study provides a
new insight into the origin of this high conductivity anomaly.
We believe the reduction of the grain size in the shear zone
will significantly increase the grain boundary conductivity as
illustrated by this study. This new model is competitive to the
fluid model and the partial melting model although it cannot
rule out the other models (Ducea and Park 2000; Wang et al.
2013; Guo et al. 2015).
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