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Abstract The electrical conductivities of granites with different chemical
compositions (Xa = (Na,O + K,O + Ca0)/Si0, = 0.10, 0.13, 0.14, and 0.16 in weight
percent) were measured at 623—-1173 K and 0.5 GPa in a multi-anvil high-pressure
apparatus using a Solartron-1260 Impedance/Gain Phase analyzer within a frequency
range of 10'=10° Hz. The conductivity of the granite sample with X, = 0.13 was also
measured at 0.5—1.5 GPa. The results indicate that pressure has a very weak influence
on the electrical conductivity in the stability field of granite, whereas increases in
temperature and the value of X, produce dramatic increases in the electrical
conductivity. For the granite samples with X, = 0.16 and 0.13, the activation
enthalpies are 1.0 eV above 773 K and 0.5 eV below 773 K, suggesting that impurity
conduction is the dominant conduction mechanism in the lower temperature region.
For the granites with X, = 0.14 and 0.10, the activation enthalpy is 1.0 eV over the
whole temperature range, suggesting that only one conduction mechanism dominates
the conductivity. Based on the value of activation enthalpy (~1.0 eV) and the
dependence of electrical conductivity and activation enthalpy on X at high
temperatures, we propose that intrinsic conduction is the dominant conduction
mechanism in all samples, and that K, Na", and Ca*" in feldspar are the probable

charge carriers controlling the conductivity. All conductivity data at high temperatures

e
can be fitted to the general formula o=0,X,” exp(—AH%TﬂXA) where oy is the

pre-exponential factor; a, £, and y are constants; AH is the activation enthalpy at very
small values of Xy; k is the Boltzmann constant; and 7 is the temperature. The present

results suggest that the granite with various chemical compositions is unable to
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account for the high conductivity anomalies under stable mid-to lower crust and
southern Tibet.

Key words: electrical conductivity, granite, composition, temperature

1 Introduction

Since magnetotelluric (MT) surveys have a non-unique inverse problem and
limitations in resolution and sensitivity (Bedrosian 2007), electrical conductivity data
measured in the laboratory at high temperatures and pressures provide an independent
approach to constraining the interpretation of MT results from the field, thus helping
the geophysicist to obtain a knowledge of structure, thermal state, and composition of
the interior of the Earth (Shankland and Ander 1983; Glover and Vine 1994; Yoshino
2010; Ni et al. 2011; Yang 2012; Yang et al. 2012; Pommier 2013; Selway 2013).
Generally, under the defined thermodynamic conditions, the electrical conductivity of
rocks is controlled mainly by the constituent minerals and their chemical
compositions, although a small number of other conductive phases (e.g., water, partial
melts, graphite, and other accessory conductive minerals) can also play an important
role in the electrical properties of rocks (Duba et al. 1994; Ni et al. 2011; Yoshino and
Noritake 2011; Yang et al. 2012). As a consequence, it is crucial to determine the
relationships between the electrical conductivities of rocks and their chemical
compositions before other impact factors can be clarified, because these relationships
may provide significant constraints on the chemistry of the interior of the Earth.

Granite is one of the most common and widespread acid igneous rocks in the
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Earth’s crust, and large variations in its chemical composition are possible;
emplacement may be at depths as great as 20 km in some specific regions (Hyndman
1981; Guillot et al. 1995). Therefore, laboratory-measured conductivity data for
granites with various compositions, in combination with conductivity—depth profiles
derived from MT data, can provide important constraints on the composition of the
Earth’s crust. Data on the electrical conductivity of granites under defined
thermodynamic conditions have been given by Noritomi and Asada (1956), Duba et al.
(1978), Olhoeft (1981), Parkhomenko and Bondarenko (1986), Shanov et al. (2000),
and Liu et al. (2001), but most of these measurements were performed at atmospheric
pressure using a direct current (DC) method, which means that the polarization caused
by the orientation of lattice defects makes the conductivity results lower than the true
values (Bradley et al. 1964). Furthermore, the samples used in these earlier
experiments were granites of a single composition. Although conductivity data were
calculated recently by Hu et al. (2013) for dry granites with various constituent
minerals, the conductivities of natural granites with different compositions have not
yet been measured in the laboratory at high temperatures and pressures. Consequently,
a systematic study of the electrical conductivity of natural granite as a function of
temperature, pressure, and chemical composition is well overdue.

For this study, we have measured the electrical conductivities of granites with
various chemical compositions at high temperatures and pressures by means of AC
complex impedance spectroscopy in a multi-anvil apparatus. For a granite sample

with X, = 0.13, conductivity measurements were carried out at 0.5-1.5 GPa in order
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to observe the effects of pressure on the electrical conductivity. On the basis of the
experimental results, we discuss in detail the conduction mechanisms of granites at
high temperatures and pressures. Furthermore, we have been able to determine the
quantitative relationship between the electrical conductivity of dry granites and other

factors such as temperature and chemical composition.

2 Experimental methods
2.1 Sample preparation

Four granite samples with different compositions were collected: two biotite
granites from the Xihuashan mining area in Jiangxi province (XHS7, XHSS), a
monzonitic granite from Wutai mountain in Shanxi province (SXW), and an
oligoclase granite from Fuping county in Hebei province (HBP), China. These
granites are fresh, leucocratic, and ash-gray to pinkish-gray in color. The granites
consist predominantly of plagioclase and orthoclase (60%—70%), quartz (30%—35%),
and subordinate muscovite, biotite, amphibole, and garnet (all 2%—-5%). The granites
are relatively fine-grained, and generally display porphyritic textures with phenocrysts
of plagioclase, orthoclase, and quartz, as well as minor biotite and muscovite. The
textures and fabrics of the granite samples, as seen under the polarizing microscope,
are shown in Figure 1. The major element contents in each granite sample were
determined with a PANalytical Axios-advance (Axios PW4400) X-Ray Fluorescence
spectrometer (XRF) at the State Key Laboratory of Ore Deposit Geochemistry,

Institute of Geochemistry, Chinese Academy of Sciences (CAS), Guiyang, China. The
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results are given in Table 1. The analytical precision was better than 5%. The modes
of the constituent minerals were determined by point counting, and those results are
also given in Table 1. The analytical results allowed us to calculate the values of Xu
((Na,O + K,0 + Ca0)/SiO; in weight percent). The experimental samples were cut
from blocks of the granites with a slicing machine, and polished into cylindrical
shapes (Spec: 6 mm x 6 mm). The samples were then rinsed with acetone, and ethanol
de-ionized water in an ultrasonic cleaning instrument. Finally, the samples were kept
in an oven at 423 K overnight to remove the absorbed water until the samples were
assembled for the electrical conductivity measurements.

FT-IR measurements were made on the main constituent minerals in the granite
samples before and after conductivity measurements in order to determine the water
contents. According to the H-related absorption bands from 3000 to 3750 cm ', the
water contents in both feldspar and quartz were calculated using the equation given by
Paterson (1982), and the results showed that less than ~3 H/10° Si and ~6 H/10° Si
exist in the feldspar and quartz, respectively. The granite samples are therefore

essentially dry during the whole experimental process.

2.2 Electrical conductivity measurement

High pressures and temperatures were generated in the YJ-3000t multi-anvil
high-pressure apparatus installed in the laboratory for high temperature and high
pressure study of the Earth’s interior, Institute of Geochemistry, CAS. The pressures

and temperatures of the apparatus were calibrated by previous work, and the details
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can be found in Xu et al. (1994) and Dai et al. (2009). The cross-section of the sample
assembly for electrical conductivity measurements is shown in Figure 2, and it
resembles that shown in Hu et al. (2011). The pressure-transmitting medium was a
32.5 mm-edged cube-shaped block of pyrophyllite. To eliminate the influence of
pyrophyllite dehydration on the electrical conductivity measurements, the block and
caps made of pyrophyllite were heated at 1023 K for 5 hrs in a muffle furnace prior to
sample assembly. Other parts of the sample cell were kept in an oven at 423 K in
order to keep them dry until the sample was assembled. The heater consisted of
three-layers of stainless steel sheets in the shape of a tube, and it was located in the
pyrophyllite cube. Since crustal minerals and rocks, including the granites used in this
study, usually have relatively low conductivities (Bagdassarov and Delépine 2004;
Nover 2005; Poe et al. 2008; Fuji-ta et al. 2011), we used aluminum oxide (Al,O3)
and high-purity hexagonal boron nitride (HBN) as insulators. These insulators were
directly in contact with the sample in order to provide excellent insulation during the
impedance spectroscopy measurements. As in previous studies (Xu et al. 2000; Hu et
al. 2011; Dai et al. 2012), we placed a Ni shield between the Al,O; and the HBN, and
the shield was connected to the ground in order to prevent electromagnetic
disturbances and to decrease the temperature gradient in the sample cell. Platinum
disk electrodes with a diameter of 6 mm were placed on each end of the sample, and a
nickel-aluminum (Nig7Al3) wire was connected to each electrode. The temperature
was measured with a Pt—PtRh;o thermocouple with its ball head in contact with the

middle of the sample.
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Impedance spectroscopic measurements were performed using the Solartron
1260 impedance/gain-phase analyzer with an applied voltage of 1.0 V for alternating
current. The measuring frequency varied from 0.1 to 10° Hz. The temperatures were
623-1173 K and the pressure 0.5 GPa. In order to elucidate the effects of pressure on
electrical conductivity, measurements were also made in a pressure range from 0.5 to
1.5 GPa for the granite sample with Xs = 0.13. The pressure was first raised to the
designated value at a rate of 1.0 GPa/h. For each run, once the pressure reached the
designated value, the temperature was increased at a rate of 20 K/min with the
pressure remaining constant. The complex impedance of each sample was
simultaneously measured at temperature intervals of 50 K during the subsequent
heating and cooling cycles. All complex impedance measurements were conducted in
two heating and cooling cycles. To obtain reproducible data, the system was stabilized
for several minutes at each step in temperature in order to allow the sample cell to
reach thermal transmission equilibrium. In most cases, the data from the first heating
cycle deviated very obviously from those of subsequent cycles, and they were
excluded from our analyses. After each run, the recovered samples were taken from
the sample cell and we then examined the changes in shape that had occurred. The
geometric distortion was very small, which means that the distortion can be neglected
in the data processing. During each measurement, the experimental errors in the
temperature and pressure gradients were no more than 10 K and 0.1 GPa, respectively.
The total uncertainty in the conductivity measurements, including the thermal gradient

in the sample cell and the impedance arc fitting, is less than 5%.
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3 Results

Figure 3 shows the typical complex impedance spectra of the granite samples at
0.5 GPa in a complex plane. All of the samples exhibit similar complex impedance
characteristics. As can be seen, all arcs at different temperatures are generally
composed of two parts: one is an almost ideal semicircle in the high frequency
domain, and the diameter of the semicircular arc is almost centered on the real axis,
which represents the bulk electrical properties of the sample; the other is the
additional tail that appears at the end of the first impedance arc in the lower frequency
domain, and this is the usual characteristic of diffusion processes at the
sample—electrode interface (Roberts and Tyburczy 1991). Therefore, only the
high—frequency arc was used to determine the conductivity of the sample. According
to impedance spectra theory (Nover et al. 1992; Huebner and Dillenburg 1995), the
equivalent circuit of a resistor and capacitor in parallel was chosen to fit the
impedance arc in order to obtain the resistance (R) of the sample. All fitting errors are
no more than 2.0% of the electrical resistance. The electrical conductivity () can then

be calculated using the following equation

1 [
oOo=—=—
p RS

0]
where /, S, and p are the sample length (m), cross-section area of the electrode (m?),
and resistivity of the sample (Q2'm), respectively.

Figure 4 shows the electrical conductivity of the sample with Xx = 0.14 in two

heating and cooling cycles at 0.5 GPa. In the first cycle, the electrical conductivity on

heating is distinctly lower than that on cooling, but the discrepancy becomes smaller

9
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with increasing temperature, and the electrical conductivity values overlap at 1173 K.
In the second cycle, the conductivity values have good reproducibility over the whole
experimental temperature regime, and they are also consistent with those in the first
cooling cycle. The differences in the data between the first heating cycle and
subsequent cycles may be attributed to the disequilibrium of thermal transfer in the
system. Generally, the large size of the sample cell in our experiments requires a lot of
time to reach thermal equilibrium. As discussed by Gaillard (2004), a steady value can
be attained within 15 minutes at 1573 K for a dry sample, whereas for a hydrous run,
about 35 minutes are required to obtain a steady value. In addition, another cause of
the differences in data may possibly be the effects of the intra and intergranular
porosity on AC impedance measurements, as discussed by Roberts and Tyburczy
(1991). It may be the case, for example, that the granitic samples go through a
sintering process during the first heating cycle, and that subsequently the pores are
closed, resulting in reproducible measurements of electrical conductivity. For these
reasons, therefore, all the experimental data used to calculate electrical conductivities
are from the second cycle.

The dependence of the electrical conductivity on temperature for granite samples
with different compositions is shown in Figure 5. For the samples with Xx=0.14 and
0.10, the electrical conductivities increase with the increase of temperature, and the
relationship of the logarithmic electrical conductivity against the reciprocal
temperature is linear over the entire range of temperatures. For the samples with X, =

0.16 and 0.13, the slopes change around 773 K, and become steeper towards higher

10
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temperatures; this implies a change in the conduction mechanism around this
temperature. Accordingly, for each of these linear intervals, the temperature
dependency of the conductivity can be fitted by the following Arrhenius equation:
o =Aexp(-AH / kT) 2)
where A is the pre-exponential factor (S/m), AH is the activation enthalpy (eV), k
is the Boltzmann constant (eV/K), and T is the temperature in degrees Kelvin. The
Arrhenius fitting parameters are obtained by separately fitting the linear segments of
slope, and the results are listed in Table 2. For the samples with X, = 0.16 and 0.13,
the activation enthalpy is around 0.5 eV in the low-temperature region. However, for
all the granite samples, the activation enthalpy is around 1.0 eV in the
high-temperature regime.
The plot of electrical conductivity against temperature for the sample with X, =
0.13 at pressures of 0.5-1.5 GPa (Figure 6) demonstrates that pressure has a very
weak effect on electrical conductivity. Consequently, because granite is stable over
only a very narrow pressure range in the Earth’s crust (Hyndman 1981), the influence
of pressure on the electrical conductivity of granite can be completely ignored. This
means that the pressure effect on the electrical structure of the Earth’s crust can be
excluded when constructing a laboratory-based conductivity—depth profile on the
basis of granite conductivity data.
Figure 7 illustrates electrical conductivity as a function of the ratio (Xa) of
alkaline and alkaline-earth oxides (Na,O + K,O + CaO) to silica (SiO;) in granites at

temperatures of 823—1123 K and 0.5 GPa. It can be seen that the effect of chemical
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composition on electrical conductivity is very pronounced at any one temperature.
For example, the conductivity of the granite with Xs = 0.10 is more than one order of
magnitude higher than that of the granite with X, = 0.16 at each step in temperature.
In addition, the granites show an almost linear increase in conductivity with
increasing X,, which implies that the electrical conductivity of the granites is
controlled mainly by feldspar, because Na,O, K,O, and CaO are primarily present in
the feldspar.

Figure 8 shows the activation enthalpy for electrical conductivity in all granite
samples as a function of chemical composition (X,), and it demonstrates the strong
dependency of the activation enthalpy at high temperatures on chemical composition,
so that it decreases from 1.18 to 0.93 eV as X, increases from 0.10 to 0.16. The fitting
of the activation enthalpy with variations in X, is also shown in Figure 8. On the
contrary, the activation enthalpies for two granite samples at around 0.50 eV do not

exhibit any dependency on composition.

4 Discussion
4.1 Comparisonswith previous studies

Our new data on the conductivity of the granites are compared in Figure 9 with
data from previous studies. Olhoeft (1981) carried out measurements of the electrical
conductivity of the Westerly granite as a function of pressure, free water content, and
pressure, and it was found that the electrical properties of the granite are controlled

dominantly by the amount of free water and the temperature, and only weakly

12
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affected by pressure within the range of crustal pressures. This observation, about the
effect of pressure, resembles our results, as shown on Figure 6. Additionally, the data
of Olhoeft (1981) for dry granites are in general agreement with our data for the
conductivity of granites within the same temperature range, and the activation
enthalpy (1.19 eV) is also very consistent with the activation enthalpy (1.18 eV) in
our sample with X = 0.10, although the chemical composition of the Westerly granite
was not given by Olhoeft (1981). Abrupt changes in the conductivity of dry Westerly
granite take place at a low temperature and then again at a higher temperature. The
activation energy of around 0.5 eV at near room temperatures, as reported by Olhoeft
(1981), is also similar to our results (about 0.5 eV) for samples with X, = 0.16 and
0.13 at temperatures no greater than 823 K.

Parkhomenko and Bondarenko (1986) investigated the electrical conductivity of
rocks and minerals, including granites at high temperatures and atmospheric pressure
using the direct current (DC) method. Since their data for the conductivity of granites
are very scattered, we chose only two sets of data to compare with ours, and Figure 9
shows that their conductivity values are much lower. This is probably a consequence
of their having used the DC method, since that method typically leads to lower than
true electrical conductivity values owing to the serious problem of the polarization
caused by oriented lattice defects when samples are under a direct current field (Friauf
1954; Bradley 1964). In our study, AC impedance spectroscopy was utilized in order
to overcome these effects of orientation polarization. Although the conductivity values

of Parkhomenko and Bondarenko (1986) are much lower than ours, the activation
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energies of 0.2—-0.5 eV and 0.8—1.1 eV, at temperatures respectively below and above
1000 K, are almost the same as those obtained by us (0.44-0.50 eV and 0.93-1.18 eV
respectively at lower and higher temperatures).

Shanov et al. (2000) measured the electrical conductivity of granite within the
temperature range of 303—1273 K at ambient pressures using the bridge method with a
frequency of 10° Hz. Liu et al. (2001) also reported the electrical conductivity of
granite at 563—1133 K and 1.0 GPa using the AC impedance spectroscopy method.
Our results are essentially in agreement with those of Shanov et al. (2000) in the
high-temperature segment, whereas at low temperatures their data are slightly higher
than ours but overlap with the results of Liu et al. (2001). The discrepancies might be
due to the measurement method used by Shanov et al. (2000). Actually, the accuracy
of the bridge method with a single frequency is much lower than that of AC
impedance spectroscopy. In addition, the compositional differences in the granite
samples might provide another reason for our conductivity values differing from those
of Shanov et al. (2000), who used rocks that contained more abundant accessory
minerals. As shown in Figure 9, the results of Liu et al. (2001) are slightly higher than
ours, but the abrupt increase in the electrical conductivity around 773 K is also
observed in our samples with Xo = 0.16 and 0.13. In addition, the activation
enthalpies of 0.56 eV and 1.09 eV that is obtained by Liu et al. (2001) before and after
the inflection point are extremely close to our results, as shown in Table 2. The
slightly higher electrical conductivity measured by Liu et al. (2001) may be attributed

to the higher contents of alkali and alkali earth in their sample which give an X, value
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of 0.17, compared to our samples with Xa no more than 0.16.

Recently, Hu et al. (2013) calculated the electrical conductivity of dry granites
and syenites based on the experimental conductivity data for dry alkali feldspar and
quartz at 1.0 GPa. Here we chose the data of alkali-feldspar granite to compare with
ours, because this composition (that of 70% Or4Abeo and 30% quartz) is very close to
ours. As shown in Figure 9, the data from Hu et al. (2013) are in good agreement with
ours within the same temperature range. The activation energy (0.91 eV) for this
alkali-feldspar granite is also very close to the range of our results (0.93—-1.27 eV) for

the high-temperature regime.

4.2 Conduction mechanism

Since the Arrhenius plot demonstrates linear slopes for the samples with X, =
0.14 and 0.10, as shown in Figure 5, only one conduction mechanism exists over the
experimental temperature range. However, for the samples with Xa = 0.16 and 0.13,
the slope changes at 773 K, implying the presence of two different conduction
mechanisms at low and high temperatures, characterized by different activation
enthalpies. For the samples with Xx = 0.16 and 0.13, we propose that the conduction
mechanism at low temperatures is extrinsic (impurity dominated) conduction due to
the low activation enthalpy (~0.5 eV), whereas for all samples at higher temperatures
intrinsic conduction is suggested to be the dominant mechanism owing to the
relatively high activation enthalpy (~1.0 eV), as observed in many previous studies of

the electrical conductivity of rocks (Alvarez et al. 1978; Olhoeft 1981; Parkhomenko
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and Bondarenko 1986; Liu et al. 2001). Generally, the activation enthalpy for extrinsic
conductivity is much lower than for intrinsic conductivity since the energy necessary
for the migration of the pre-existing lattice defects is small according to the standpoint
of the ionic conduction theory of crystals (Lasaga 1981; Samara 1984). In our study,
the impurity conduction at low temperatures for samples with X, = 0.16 and 0.13 may
be attributed to a slight weathering or alteration of samples during their long existence
in the Earth’s crust. Additionally, the values for loss on ignition (L.O.l.) shown in
Table 1 are more than 0.20 for each granite sample, which means that small amounts
of impurity such as carbon dioxide and absorbed water may be present along
microcracks or microfractures in the granites, ultimately resulting in impurity
conduction at low temperatures.

For the samples with Xy = 0.14 and 0.10, the impurity conduction has not been
observed over the entire range of experimental temperatures. However, the activation
enthalpies in the higher-temperature regime vary in the range from 0.93 to 1.18 eV for
all granites, suggesting a dominant intrinsic conduction. Our results have
demonstrated the strong dependency of electrical conductivity and activation enthalpy
on X, for all granite samples at high temperatures. A similar study concerning
electrical conductivity as a function of K" and Na" in alkali feldspar has recently been
demonstrated by Hu et al. (2013), who found that the electrical conductivity of alkali
feldspar dramatically depends on the concentration of alkali ions; the activation
enthalpy is about 1.0 eV, which indicates that K° and Na' are the main

charge-transporting carriers in the feldspar. Our study has shown the same tendency
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and a similar activation enthalpy (0.93—1.18 eV) in the granites, which suggests that
the bulk conductivity can be mainly attributed to K, Na*, and Ca*" in feldspar due to
the presence of large amounts of interconnected feldspar in the granites.

The data for the electrical conductivity of igneous rocks, given by Alvarez et al.
(1978), also show an increase in conductivities with the increase in the total content of
Na,O + K,0 + CaO, and the activation energies strongly depend on X, In addition,
during heating the activation energies for dacite and rhyolite samples at 573—-873 K
are 1.12 eV and 1.28 eV, respectively, which generally agree with those determined by
us (0.93-1.18 eV). Consequently, the similar results for electrical conductivity and
activation enthalpy at the high-temperature region in our study and that of Alvarez et
al. (1978) further support the proposition that intrinsic conduction is the dominant
conduction mechanism, and that K*, Na*, and Ca®" are the most important charge
carriers owing to their higher concentrations and mobilities when compared with other
ions in granites.

According to ionic conduction theory (Samara 1984), the concentration of charge
carriers increase with increasing temperature because the concentration and motions
of intrinsic defects are activated processes. On the contrary, for extrinsic conduction
the change in charge carrier concentration with temperature is negligible. Accordingly,
the measured activation energy is simply associated with the motion of the mobile
species. Consequently, the activation enthalpy for intrinsic conduction is much higher
than that for extrinsic conduction. In our results, the activation enthalpy at high

temperatures is about twice that is correspondent at low temperatures, which further
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indicates that it is the intrinsic defects, rather than the impurities, that contribute to the
bulk conductivity at high temperatures. Nevertheless, other candidates for the role of
. 2+ o 3+ 2+ 2+ . .
charge carrier such as Fe™', Fe”", Mg, and Mn™" are not likely to play an important
role because these ions are in very low concentrations, and mainly present in garnet,
hornblende, or other accessory minerals that occur as isolated grains rather than as an
interconnected network like the feldspars in granite. Based on the analysis above, K,
Na®, and Ca”" in feldspar are the most likely candidates for dominating the conduction

in dry granite in high-temperature regimes.

4.3 Effects of temperature and composition on intrinsic conduction

Since the electrical conductivity of rocks is quite sensitive to the constituent
minerals as well as temperature, pressure, humidity, porosity, minor impurities,
texture, fluid, and oxygen fugacity, it is much more difficult to construct the
conductivity model for a rock as a function of these factors, when compared with a
mineral. Although many previous researchers have successfully established the
relationship between some factors (e.g. temperature, pressure, oxygen fugacity,
chemical composition and water) and the electrical conductivity of minerals such as
ringwoodite (Yoshino and Katsura 2009), wadsleyite (Dai and Karato 2009a),
ferropericlase (Yoshino et al. 2011), olivine (Hirsch et al. 1993; Dai et al. 2008, 2010;
Yoshino et al. 2012), enstatite (Zhang et al. 2012), and garnet (Tolland 1973; Romano
et al. 2006; Dai and Karato 2009b; Dai et al. 2012, 2013), it is insufficient to use the

data of minerals to construct a conductivity-depth profile when attempting to
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determine the composition and structure of the Earth, because rocks rather than
minerals are the major constituent materials in the Earth’s crust and mantle. From
Figure 7, it is clear that temperatures and chemical compositions have strong
influences on the electrical conductivity of granites in the high-temperature regime.
Meanwhile, the activation enthalpies decrease with an increase in Xa, as shown in
Figure 8, and the relationship between the activation enthalpy (AH ) and the value of
Xa can therefore be approximated by the following equation for the intrinsic
conduction region in a similar way to previous work with Fe-rich olivine and its
high-pressure polymorphs (Yoshino et al. 2012):

AH =AH,+BX /] 3)
where X, is the weight percent ratio of Na,O + K,O + CaO to SiO; in the granites,
AH and AH, are the activation enthalpies at the specific X, and at a very small Xj,
respectively, and £ and y are constants that account for the geometrical factors.
As shown in Figure 8, the relationship between activation enthalpy and X is well
fitted by Eq. (3), and the relevant parameters are presented in Table 3.

Taking into account the effects of the concentration of charge carriers on the
pre-exponential factor, the electrical conductivities of granites with different chemical
compositions can be expressed as follows

AH0+,BXA7)

o=0,X," exp(— T

4
where 0, is the pre-exponential factor in the intrinsic conduction regime, and o is a

constant. According to Eq. (4), our high-temperature data are fitted by using global

least-squares fitting, and the fitting parameters are summarized in Table 3. Using the
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fitting parameters in Table 3 and Eq. (4), the electrical conductivities of granites for
the high-temperature region can be calculated, and the results are given in Figure 5.
As illustrated in Figure 5, the calculated values of conductivity are in good agreement
with the experimental values in the high-temperature region, except that the value for
the sample with Xy = 0.10 is about 0.2 log unit lower than the measured value at high
temperatures, but the discrepancy becomes smaller as temperatures decrease. The
discrepancy may be attributed to the discontinuous variations of the measured
activation enthalpy with Xj,, especially for the sample with X4 = 0.10 where the
activation enthalpy abruptly reaches up to 1.18 eV, as shown in Table 2. The effects of
pressure are not included in Eq. (4). This is because our results have shown that
pressure has only a very weak effect on the electrical conductivity of granite, as
shown in Figure 6, and granite is stable over only a very narrow range of pressures in

the Earth’s crust.

5 Geophysical implications

Granite, as the most common and widespread rock in the continental crust, is
likely to account for the high-conductivity anomalies observed in the crust, especially
in tectonically-active regions. Therefore, based on two geothermal gradient models
with average heat flow value of 60 mW/m* and 90 mW/m” for the stable continental
crust and Tibet plateau (Pollack 1993; Hu et al. 2000), respectively, two sets of
laboratory-based conductivity-depth profiles are constructed by using the parameters

determined by equation (4) in high temperature regions and extrapolating
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impurity-related conductivity data to shallower region. Accordingly, the two sets of
profiles are compared with the anomalous high conductivity zone under the stable
mid-to lower continental crust at the depth of 20-30 km with conductivity of
~107%-10" S/m (Marquis and Hyndman, 1992, Glover and Vine, 1994) and the high
electrical conductivities in the middle crust of southern Tibet at depths of 10-20 km
with conductivity of no less than 10™ S/m (Chen et al. 1996; Li et al. 2003; Wei et al.
2001, 2010), respectively. The results are shown in Fig. 10.

The profiles clearly show that the electrical conductivities of granite with various
chemical compositions at least by 3 log units lower than that of anomalous
high-conductivity layer beneath the stable continental crust and southern Tibet,
although the chemical composition has a considerable effect on the conductivity
structure of the continental crust showed in Fig. 10. Therefore, the granite with
various chemical compositions cannot account for the observed high-conductivity
anomalies that are inferred from magnetotelluric data. However, the upper crust
overlying the high conductivity zone usually has low electrical conductivity, which is
typical of different constituent rocks, and the layer markedly shows lateral variation in
electrical conductivity (Bai et al. 2010; Wei et al. 2010). Consequently, the present
conductivity-depth profile constructed by granites with various chemical
compositions may provide important constraints on the interpretation of field
magnetotelluric results for definition of the composition of the Earth’s interior as a

function of depth.
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Figure captions
Figure 1. Photomicrographs of four granite samples under the polarizing microscope.

P1, plagioclase; Qtz, quartz; Or, orthoclase; Bi, biotite.

Figure 2. Schematic cross-section of the sample assembly for electrical conductivity

measurements in the multi-anvil high-pressure apparatus.

Figure 3. Representative complex spectra of granite samples at 673—-1173 K and 0.5
GPa in the frequency range from 0.1 to 10° Hz. Z' and Z" are the real and imaginary

parts of the complex impedance, respectively.

Figure 4. Electrical conductivity of the sample with Xy = 0.14 in two heating and
cooling cycles at 0.5 GPa. The data from the first heating cycle deviate from those in

the subsequent cycles owing to the disequilibrium of thermal transfer in the system.

Figure 5. Electrical conductivities of dry granites with different chemical
compositions plotted as a function of temperature at 0.5 GPa. The black dashed lines
represent the Arrhenius fitting results, the colored solid lines indicate the fitting results
obtained using Eq. (4) in the high-temperature region, and the legends near the lines

represent the sample compositions, given as Xa.

Figure 6. Logarithm of electrical conductivity of the sample with X, = 0.13 versus
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reciprocal temperature at pressures of 0.5-1.5 GPa.

Figure 7. Electrical conductivity of dry granites in the intrinsic conduction region

plotted as a function of X ((Na,O + K,O + Ca0)/Si0,) at 0.5 GPa.

Figure 8. Activation enthalpies for the electrical conductivity of dry granites in the
intrinsic conduction region and the impurity conduction region plotted as a function of

Xa. The red solid line shows the fitting results using Eq. (3).

Figure 9. Comparison of electrical conductivities of dry granites measured in this
study with previous data. Symbols show our results for the electrical conductivities of
dry granites. The blue solid line denotes the data for dry Westerly granite (from
Olhoeft 1981). The purple lines denote the electrical conductivities of granites
measured by Parkhomenko and Bondarenko (1986) with the DC method at ambient
pressure. The red line denotes the data for granite at ambient pressure using the bridge
method (from Shanov et al. 2000). The dark yellow line denotes the data for granite at
1.0 GPa using the AC impedance spectroscopy method (Liu et al. 2001). The green
line denotes the theoretical calculated result for a dry granite with 70% alkali feldspar

and 30% quartz at 1.0 GPa (Hu et al. 2013).

Figure 10. Two sets of laboratory-based conductivity-depth profile as a function of

chemical composition (X3=0.12-0.16) compared with anomalous high conductivity
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zones (HCZ) under the stable mid-lower continental crust and southern Tibet,
respectively, observed by field geophysical method. The dark orange lines and black
lines represent the laboratory-based conductivity-depth profiles based on 90 mW/m*
heat flow value for Tibet plateau and 60 mW/m’ heat flow value for the stable
continental crust, respectively. The dark orange region denotes the high conductivity
anomalies beneath southern Tibet at a depth of 10 to 20 km (Chen et al. 1996; Wei et
al. 2001). The gray region shows that the HCZ in the stable mid-to lower continental

crust at depths of 20-30 km (Glover and Vine, 1994).
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Table 1. Mgor element content and mineral constituent of the granite samples
analyzed by the X-ray fluorescence and point counting, respectively. Xa represents the
weight percent ratio of Na,O + K,0 + CaO to SiO,.

Oxide HBP XHS7 XHS8 SXW
SO, 68.26 72.22 74.69 79.29
TiO, 0.29 0.02 0.02 0.06
Al,03 16.35 14.92 13.04 12.05
Fe;Os 2.74 1.60 1.74 0.43
MnO 0.03 0.05 0.11 0
MgO 0.84 0 0.02 0.17
Ca0 3.02 0.84 1.23 0.13
Na,O 5.57 4.63 4,01 3.20
K20 2.41 4.44 4.68 4.97
P.Os 0.09 0.02 0.01 0.02
L.Ol 0.22 0.59 0.65 0.44
Total 99.82 99.33 100.20 100.76
Xa 0.16 0.14 0.13 0.10
feldspar 69% 64% 62% 58%
quartz 29% 34% 35% 37%
accessory minerals
(biotite, amphibole, 2% 2% 3% 5%
garnet,etc)

Note: The content of minerals in granites is volume percent; L.O.I, loss on ignition.
All the values by X-ray fluorescence analysis are weight percent.



Table 2.

Fitting parameters of electrical conductivity of granites obtained by

Arrhenius formula.

Run no. Sample no. Xa P (GPa) T (K) Log go (S/m) AH (eV)
G1002 HBP 0.16 0.5 773-1123 1.24(3) 0.93(1)

623-723 -1.63(15) 0.50(2)
G1203 XHS7 0.14 0.5 673-1123 1.18(6) 0.97(5)
G1308 XHSS8 0.13 0.5-1.5 823-1123 1.03(13) 1.003)

623-773 -2.31(4) 0.44(1)
G1406 SXW 0.10 0.5 773-1173 1.26(9) 1.18(2)




Talbe 3. The fitting parameters from the Equ. (3) and (4) for the electrical
conductivity of granites

a0 (S/m) AH, (eV) a B y

240(17) 0.85(3) 1.44(20) 3.46E-4(12) -2.98(57)
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