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ARTICLE INFO ABSTRACT

Keywords: The electrical conductivity of granitic rocks (granitoids) is crucial to understand the rock composition, physi-
Electrical conductivity ochemical state and structure of the crust. However, it is not clear how the conductivity of granitoids is affected
Granitoid

by the incorporated water in major minerals and hydrous accessory minerals. Here, we measured the electrical
conductivity of two natural granites and two synthetic aggregates compositionally similar to the granites at
temperatures of 573-1273 K and pressures of either ambient pressure or 1 GPa. No mineral preferred orientation
was observed for the natural samples. The hydrous accessory minerals in the samples, including muscovite,
biotite and amphibole, start to dehydrate at about 700 K at ambient pressure, but barely affect the bulk con-
ductivity. The increase in conductivity of granite by more than half orders of magnitude at 1273 K and 1GPa
indicated the onset of melting due to the dehydration of biotite. The conductivities of synthetic aggregates are
higher than the granite samples, suggesting that the structural water in feldspars could influence, to a moderate
degree, the conductivity of granite. We combined the effect of modal composition and structural water on the
conductivity of granite and derived a maximal electrical conductivity of a granitoid at different geological set-
tings. The maximal conductivity can be 0.004 + 0.0001 S/m at 60 km under orogens, over one order of
magnitude higher than a cratonic crust. The maximal conductivity provides an upper limit for interpreting the
electrical anomalies in the crust.

Continental crust
Dehydration melt
Feldspars

several conductive anomalies in a cratonic crust, such as the conductor
beneath the Curnamona Province, Australia, is hard to be explained by
partial melt (Robertson et al., 2016). Granite, the most abundant rock in

1. Introduction

Electrical conductivity of minerals and rocks is an important physical

property for determining the composition and architecture of the deep
Earth (Ozaydm and Selway, 2020; Robertson et al., 2016). High con-
ductivity anomalies in the crust could be caused by several factors,
including composition and temperature, structural water in the min-
erals, the presence of melts, aqueous fluids, hydrous minerals, magne-
tite, grain boundary graphite films, sulfide minerals or film (Duba et al.,
1994; Guo et al., 2018; Guo et al., 2015; Hu et al., 2022; Kawano et al.,
2012; Yoshino, 2010; Selway, 2014; Unsworth et al., 2005; Xu et al.,
2019). However, the origin of the high conductivity anomalies is still in
debate. For example, the presence of partial melts inferred as a plausible
candidate is generally corroborated by low seismic velocity, whereas

the continental crust, is present in a variety of geological settings;
therefore, a better understanding of the electrical conductivity of granite
could help constrain the causes of the conductive anomalies (Nédélec
and Bouchez, 2015; Parkhomenko, 1982; Dai et al., 2014; Guo et al.,
2018) The electrical conductivity of granite is influenced by many fac-
tors to a varying degree, such as the temperature, chemical composition,
oxygen fugacity, and the presence of free water. The conductivity of
granite is considerably controlled by free water (Olhoeft, 1981),
whereas the granite in the deep crust is mostly dry. Parkhomenko (1982)
reviewed the conductivity of dry granite samples at high temperature
and high pressure before then. Shanov et al. (2000) measured the
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conductivity of granite from South Bulgaria at ambient pressure and
820 °C. Most conductivity measurements were conducted using direct
current (DC), which failed to exclude the effect of polariton at electrode-
sample interface (Yoshino, 2010). AC Impedance spectroscopy has been
adopted to measure the conductivity of various granite samples (Guo
et al.,, 2017; Dai et al., 2014). Dai et al. (2014) proposed a quantitative
model to calculate the conductivity of dry granite based on the chemical
composition. The previous studies focused on dry granite without
structural water in the minerals (or even neglected as a source). How-
ever, a “dry” granite incorporates stoichiometric water in the hydrous
accessory minerals (mica and amphibole) and structural water in the
major minerals (feldspars and quartz). Hydrous accessory minerals
normally exhibit high electrical conductivity and this could bring about
a dramatic increase in rock conductivity if a connected network has been
formed (Duba et al., 1994; Dyck et al., 2020). The dehydration or
dehydroxylation of hydrous minerals release aqueous fluid leading to an
increase in electrical conductivity (Litovchenko and Mazykin, 1984;
Saltas et al., 2020; Chen et al., 2018). The dehydration of these accessory
minerals not only alters the thermochemical equilibrium and induces
dehydration melting (Aranovich et al., 2014), also causes the oxidation
of iron (from Fe?" to Fe®t) which enhances the conductivity of a rock
(Hu et al.,, 2018; Wang et al., 2012; Shanov et al., 2000). However,
several studies have reported a constant conductivity for granite at the
dehydration temperature which prevents one from examining the effect
of hydrous accessory minerals on the conductivity of granite (Dai et al.,
2014; Parkhomenko, 1982; Olhoeft, 1981). Besides, structural water
controls the conductivity of hydrous feldspars and thus could affect the
conductivity of granite (Yang, 2012; Yang et al., 2012; Amulele et al.,
2022; Hu et al., 2022). Although water in granite prone to be stored in
the hydrous accessory minerals during fractionation crystallization,
feldspars may incorporate a structural water content of up to 0.1 wt%
(Aranovich et al., 2014; Johnson, 2006; Mosenfelder et al., 2015). Thus,
there are few studies that examine how structural water in minerals
could affect the conductivity of granite. An investigation into the role of
water in accessory and major minerals would allow for a comprehensive
understanding of the electrical conductivity of granite and its role in
underpinning the geoelectric profiles in the crust.

The objective of this study is to clarify the role of water in hydrous
accessory and major minerals on the electrical conductivity of granite.
To this end, we measured the electrical conductivity of natural and
synthetic granite, as well as the constituents at both 1 GPa and ambient
pressure and at various temperatures. The information on the structural
water content of major minerals along with the chemical composition
was integrated into the modeling of the conductivity of granitic rocks
(granitoids). This model was then used to identify an upper limit of
electrical conductivity of granitoids.

2. Methods
2.1. Sample preparation and characterization

Two natural granite samples, Hartley granite (HG) and Quarry
granite (QG), were used to prepare the starting materials. The former is a
fresh pink granite, collected from an outcrop at Hartley Village, NSW,
Australia. The latter is a pale granite-granodiorite, obtained from the
Quarry Park, Rocklin, California, USA, which is in the foothills of the
Sierra Nevada. The Hartley and Quarry granites were separately ground
to powders (<10 pm) and then cold-pressed to cylindrical samples using
a 5% polyvinyl alcohol solution (C2H4O) that acts as a chemical adhesive
before mechanical compaction. These two samples were labeled as
HGNP and QGNP, respectively. The compacted HGNP and QGNP were
then heated in an oven at 773 K for around 5 h to evaporate the vinyl
alcohol and expel the absorbed water in the pellets. We also directly
cored the Hartley and Quarry granites to obtain the cylindrical samples,
labeled as HGND and QGND, respectively. Three natural samples,
named Qtz-R, Or-R and Ab-R (same as those used in our previous study,
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Han et al., 2021) were also cored. We machined the HGND, QGND, Qtz-
R, Ab-R and Or-R into discs with a diameter of 12 mm and a thickness of
1.5 mm, followed by double-polished to ensure that the two faces were
parallel to each other. Then the samples were stored in an oven at 373 K
over 24 h to eliminate the absorbed water on the sample surface before
the impedance spectroscopy measurements. The Qtz-R, Or-R and Ab-R
samples were powdered to <10 pm, and then mixed in two pro-
portions corresponding to the modal composition of Hartley granite and
Quarry granite, in order to synthesis two granitic aggregates, HGSP and
QGSP, respectively. In other words, the HGSP is composed of 41.7 wt%
quartz, 21.6 wt% plagioclase, and 36.7 wt% K-feldspar. The QGSP is
made up of 37.7 wt% quartz, 44.5 wt% plagioclase, and 16.9 wt% K-
feldspar.

The Hartley granite and The Quarry granite are both mainly
composed of quartz, plagioclase and feldspars. Quarry granite has 4.4 wt
% of accessory hydrous minerals including mica (biotite and muscovite)
and amphibole (Fig. 1 and S1), while only mica was observed in Hartley
granite. The grain size of the constitutive minerals was 200-600 pm for
the Hartley granite and 400-1200 pm for the Quarry granite. Neither
oriented fabrics, fractures nor pores were observed in both granites
under a microscope. The chemical composition of the granites and their
constitutive minerals were determined by X-ray fluorescence (XRF) and
electron microprobe analysis (EMPA), respectively, in the MQ geo-
analytical facilities of the Department of Earth and Environmental Sci-
ences (EES), Macquarie University, Sydney, Australia. The EMPA used
an accelerating voltage of 15 kV with a current of 20 nA. The beam size
was 10 pm. Micro-XRF and point counting were used to determine the
modal composition. The granite samples were polished using 0.05 pm
colloidal silica before the crystal orientation of the major constituents
was identified using electron backscatter diffraction (EBSD). The in-
strument was equipped with a Horiba IHR320 EBSD detector on a Zeiss
EVO MA15 scanning electron microscope platform. An accelerating
voltage of 25 kV and a step size of 4.6 pm were used. The Channel 5
software suite was used to process the EBSD data. The preferred crys-
tallographic orientation of the grains was investigated graphically using
pole figures in which each point represents one grain (Fig. 2).

HGNP and QGNP were pressed into pellets using a 5% polyvinyl
alcohol solution (CoH40) that acts as a chemical adhesive before me-
chanical compaction. The compacted HGNP and QGNP were then
heated in an oven at 773 K for around 5 h to evaporate the vinyl alcohol
and expel the absorbed water in the pellets. We machined the HGND,
QGND, Qtz-R, Ab-R and Or-R into discs with a diameter of 12 mm and a
thickness of 1.5 mm, followed by double-polished to ensure that the two
faces were parallel to each other. Then the samples were stored in an
oven at 373 K over 24 h to eliminate the absorbed water on the sample
surface before the impedance spectroscopy measurements.

For the conductivity measurements at 1 GPa, HGSP, QGSP, QGNP
and QGND were used. The HGSP and QGSP were sealed in a Pt capsule,
and hot pressed at 1 GPa and 773 K for 3 h and then annealed at 1173 K
for 3 h using the modified Griggs deformation apparatus at the State Key
Laboratory of Geological Processes and Mineral Resources (SKL-GPMR),
China University of Geosciences, Wuhan, China. The detailed configu-
ration of the sample assembly is given by Wang et al. (2012). QGNP,
QGND and the hot pressed HGSP and QGSP were machined into cylin-
ders with a diameter of 2 mm a thickness of 1 mm. These machined
samples were placed into a MgO sleeve with nickel electrodes at both
ends where the nickel also served as an oxygen buffer. Graphite was used
in the furnace to generate heat. The sample assembly was hosted by a
MgO-Cry03 doped octahedra of 18 mm truncated edge length (TEL).
Platinum/rhodium-10%/platinum wires were used as thermocouples as
well as serving as the lead wires for impedance measurements (Li et al.,
2018). The prepared sample assemblies were loaded into the Walker-
type 1000-ton MAA system at the SKL-GPMR, China University of
Geosciences (Wuhan).
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Fig. 1. Photomicrographs of thin sections of the Hartley granite (A) and Quarry granite (B). The alteration for Quarry granite is negligible but it can be observed for

Hartley granite. Plag, plagioclase; Qtz, quartz; Or, orthoclase; Ms., muscovite.
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Fig. 2. Contoured pole figures of the c-axis orientation of quartz, plagioclase, and K-feldspar in the Hartley granite and Quarry granite based on the electron
backscatter diffraction maps. All the pole figures show the projection from the upper hemisphere. Each pole plot is based on >200 mineral grains. Both the half-width
and cluster size are 10°. The multiples of uniform distribution (Mud) represent the contour density of the crystallographic orientations.

2.2. Measurement of water content

To examine the dehydration of hydrous accessory minerals, the
weight loss of the samples was determined by thermogravimetric anal-
ysis (TGA) using a TA Instrument TGA2050 in the Department of Mo-
lecular Sciences, Macquarie University. The Hartley and Quarry granite
samples were powdered to a grain size of about 10 pm and then heated
in platinum (Pt) crucibles. Nitrogen flowing at a rate of 50 cm®/min was
used as the gaseous atmosphere to purge the thermobalance of the gas
produced from the samples and to minimize the possibility of the sam-
ples from reacting with any water vapor released from the test samples
(Bish and Duffy, 1990). The samples were heated from 300 K to 1273 K
at a rate of 10 K /min. Differential thermogravimetric analysis (DTG)
curves were generated for measurement of the differences in weight as a
function of temperature at 1 min intervals. Fourier transform infrared
(FTIR) spectroscopy was used to determine the content of structural

water in constitutive minerals of the Quarry granite. The FTIR mea-
surements were conducted using a Nicolet 6700 (Thermo Scientific
Nicolet continuum infrared microscope), at the State Key Laboratory of
Geological Processes and Mineral Resources (SKL-GPMR), China Uni-
versity of Geosciences (Wuhan). The apparatus was equipped with a
tungsten light source, a KBr beam splitter, and a mercury-cadmium-
telluride (MCT) detector. The illumination aperture was set at a diam-
eter of 100 mm, providing a beam size of 100 x 100 pm on the sample.
For each measurement, 128 scans were collected with a resolution of 4
cm~!. We were unable to measure the water content of the major min-
erals for Hartley granite because of the turbid feldspars related to
alteration.

2.3. Impedance spectroscopy measurements

The conductivity measurements at ambient pressure were performed
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with an MTZ-35 impedance analyzer at the University of Sydney,
Australia, with a voltage of 0.5 V and a frequency range from 0.1 to 107
Hz. The temperature for measurement varied from 473 to 773 K. The
conductivity measurements at 1 GPa were performed using a Solartron
1260 impedance gain-phase analyzer based at CUG (Wuhan), China. The
impedance data were collected over multiple cycles which included
several heating and cooling cycles at low temperature, below 873 K,
followed by measurements over several cycles at higher temperatures up
to 1273 K. All impedance spectroscopy data at both ambient pressure
and 1 GPa were collected with an interval of 50-100 K and 2-3 heating-
cooling cycles were performed to check the data reproducibility. The
samples were found to be slightly distorted after the measurements, thus
the dimensions of the post-experiment samples were measured and used
to refine the electrical conductivity. The total error due to the imped-
ance spectroscopy measurements and fitting in Zview was estimated to
be <5%.

3. Results
3.1. Physical and chemical properties

The bulk composition of Hartley granite is similar to that of Quarry
granite, except that the Hartley granite contains more potassium and
less calcium and sodium than Quarry granite (Table 1). The Quarry
granite contains more plagioclase and accessory minerals but less K-
feldspar than Hartley granite (Table 2). The chemical compositions of
these major minerals were similar between the two granites. The ¢ axis
orientations of the quartz ((0001)), plagioclase ((001)), and K-feldspar
(<001>) in both granites are plotted as pole figures in Fig. 2. These
minerals in both the Hartley granite and the Quarry granite show a weak
preferred orientation, although the quartz in the Quarry granite was
slightly oriented.

The TGA curves in Fig. 3 show the weight change of the two granite
samples as the temperature is increased, while the DTG curves reveal the
ratio of the weight loss. The stable weight loss of the Hartley granite
below 688 K and the Quarry granite below 723 K may be attributed to
the loss of water that was physically absorbed on the mineral grain
surfaces. The TGA curves demonstrate an intense weight loss for the
Hartley granite (0.461 wt%) in the temperature range from 688 K to 899
K and for the Quarry granite (0.222 wt%) from 723 K to 876 K. The DTG
curve of Hartley granite in this temperature range contains a peak at
873 K and a broad shoulder from 688 K to 826 K, where the former
indicates the dehydration of mica while the latter could indicate the
dehydration of fluid inclusion due to alteration (Guggenheim et al.,
1987; Johnson and Rossman, 2004). The DTG curve of Quarry granite
show one peak at 844 K, indicating the dehydration of mica (Guggen-
heim et al., 1987). The water content in the Quarry granite continued
decreasing after 876 K, probably associated with dehydration of
amphibole (Foldvari, 2011).

Table 1
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Table 2
The modal composition of the granite samples determined by point counting and
the water content of the major minerals determined by FTIR.

Minerals Modal composition (wt%) Water content (ppm)
HGND/HGNP QGND/QGNP HGND/ QGND/
HGNP QGNP
Quartz 41.5 36.2 - 56(+37)
Plagioclase 33.1 47.9 1348
& (An;»Abg;Or;) (An;3Abg; Or;) (£211)
716
K-feldspar 24.7 (AbgOrgs) 11.0 (Ab;30rg;) - (+320)
Accessory 0.6 4.4
minerals

Fig. 4 shows the infrared absorption spectra for quartz, plagioclase,
and K-feldspar in the Quarry granite before the conductivity measure-
ments were performed. The absorption bands between 3000 cm ™! and
3800 cm ™! are due to the hydroxyl. Quartz shows multiple absorption
bands in which the 3378 cm ™! band indicates hydrogen bonding to AI>*
(forming Al-H triplet), and the broad band from 3000 em™! to 3700
em ™! indicates hydrogen as molecular or molecular clusters in in-
clusions (Potrafke et al., 2019). Feldspars also incorporate several spe-
cies of hydrogen that are structurally bonded in the lattice (Johnson,
2006). The term “water” refers to all the hydrous species in the 3000
em ™! to 3800 cm ! range and the water content of the minerals was
calculated using the modified Beer-Lambert law (Rossman, 2006). For
quartz, the integral molar absorption coefficient derived from the cali-
bration graph was 89,000 + 15,000 L/mol.Hy0.cm™! (Thomas et al.,
2009). The absorption coefficients used for K-feldspar and plagioclase
were 120,470 + 11,360 L/mol. HyO. em ! and 202,600 + 20,260 L/
mol. Hy0. cm ™Y, respectively (Mosenfelder et al., 2015). The quartz was
found almost anhydrous (56 + 37 ppm.H30). The water content in
plagioclases was considerably higher than in the K-feldspars.

3.2. Electrical conductivity

Representative impedance spectra are presented in Fig. 5. The arcs in
the spectra are due to conduction in the grain interiors, while the tails
are probably due to the polarization of ions between the electrode sur-
face and the sample (Yoshino, 2010). The impedance spectra were fitted
with the equivalent circuits consisting of a resistor and a constant phase
element in parallel, and subsequently the resistance of the resistor was
then used to calculate the electrical conductivity (¢) using the equation:

6 =1/(SR) €3]

where S is the surface area of the sample (mz), 1 is the thickness of the
sample (m), and R is the electrical resistance (Ohm). The Arrhenius
equation:

The chemical composition of the two natural granite samples analyzed by X-ray fluorescence spectroscopy and EMPA.

Hartley Granite

Quarry Granite

XRF for whole rock Plagio K-feld Qtz XRF for whole rock Plagio K-feld Qtz Mica Amph
Sio2 75.54 64.57 65.12 99.42 74.464 64.38 62.63 99.45 45.01 54.49
TiO2 0.10 0.00 0.00 0.02 0.111 0 0.03 0 0.73 0
Al203 12.74 21.20 18.36 0.02 14.915 22.46 18.81 0.02 32.42 15.74
FeO 0.71 0.04 0.03 0.02 1.108 0.02 0.02 0 4.25 13.58
MnO 0.03 0.01 0.00 0.01 0.035 0 0 0.01 0.02 0.13
MgO 0.14 0.00 0.00 0.00 0.42 0 0 0.01 0.87 0.01
CaO 0.58 2.26 0.00 0.01 1.961 3.77 0.02 0 0 0.19
Na20 3.77 4.77 0.94 0.01 4.755 9.38 1.35 0 0.26 8.28
K20 5.03 0.27 15.50 0.01 1.867 0.14 14.17 0 10.57 0.04
NiO 0 0.02 0 0 0 0.01 0.02 0.02 0 0
P205 0.02 0.01 0.00 0.00 0.062 0.06 0.1 0.02 0 0
Total 98.64 93.54 99.96 99.51 99.698 100.2 97.13 99.53 94.13 92.46
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Fig. 3. Representative thermogravimetric analysis curves of the Hartley granite
(a) and the Quarry granite (b) measured at a rate of 10 K/min. The green solid
line represents the thermogravimetric analysis (TGA) curve; the red dash line
represents the differential thermogravimetric curve (DTG). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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o =Aexp{-AH/(kT) } )

where T is the absolute temperature in Kelvin (K), A is a pre-exponential
factor (S/m), AH is the activation enthalpy (eV), and k is the Boltzmann
constant (eV/K), was used to model the effect of temperature on the
electrical conductivity. The parameter of A and AH were determined by
fitting the experimental data to Eq. (2) (Table 3).

The electrical conductivities of all the samples were plotted as a
function of the reciprocal temperature to fit the Arrhenius equation, and
those for QGND and QGNP at 1 GPa were presented in Fig. 6. For both
samples, the conductivity at the first heating stage (Heating 1) is higher
than their first cooling stages (Cooling 1), probably due to the escape of
moisture adsorbed in the assembly during the sample preparation
(Yoshino, 2010). For the QGND sample, the electrical conductivity was
measured in the first two cycles (from the Heating 1 to Cooling 2) below
873 K. Compared to this low temperature range, the conductivity
increased by a half order of magnitude once the temperature increased
to 1173 K during the third heating stage. The recovered sample show
partial melts at grain boundaries. For the QGNP at 1 GPa, the conduc-
tivity was consistent at the second cycle, whereas it decreased by about a
half order of magnitude relative to the second cycle once the tempera-
ture increased to 1273 K. This change may be associated with the escape
of absorbed water in the assembly at high temperature, as this has also
been reported for a powdered granulite (Fuji-ta et al., 2004). The elec-
trical conductivity of the QGND was about one order of magnitude
higher than that of the QGNP. No pervasive melt was observed in the
QGNP after the conductivity measurement; however, isolated voids
were found within a couple of feldspar grains probably indicating the
early state of melting (Fig. S2). The activation enthalpy for QGND is
determined from the cycles before melting, which means the conduc-
tivity values at the stages from the Cooling 1 to Heating 3. For QGNP, the
activation enthalpy is determined by the Heating 3 to Cooling 3 after the
escape of absorbed water.

The electrical conductivities for all the samples are compiled in
Fig. 7. At ambient pressure, the two granites show comparable con-
ductivities at all temperature ranges. However, the conductivities of the
powdered granite samples were about 1.5 orders of magnitude higher
than their drilled counterparts. Analogous to conductivity, the activa-
tion enthalpies of the HGNP (0.76 eV) and QGNP (0.88 eV) samples are

v 1 v 1 b 1 5 1
1.08 |
0.72 I
£ 0.36
8 L
= 0.00
Q0 i
© 0.078
35 I
S 0.052
o I
.g 0.026
= I
5 0.000
o 3
£ M4ar
76 F
38 |
0.0
1 L 1 M 1 L 1

K-feldspar

Quartz

Plagioclase
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Fig. 4. Representative FTIR spectra of the constitutive minerals in Quarry Granite.
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Fig. 5. Representative complex impedance spectra from the QGNP sample at 1 GPa and 673 to 1273 K. The solid squares mark the measured impedance, and the
solid lines are the lines of best fit using an equivalent circuit of R-CPE in parallel. The tails of each impedance arc were ignored in the fitting. The insert shows the
spectra at the temperature from 673 to 973 K.

Table 3

The temperature and pressure conditions for all measurements together with the

parameters fitted to Arrhenius equation and water contents.

Samples  Temperature Pressure ~ AH(eV) log10A Sample
x) (S/m) description
Core drilled
1.06 natural quartz
Qtz-R 673-1173 Am (+£0.02) 1.63 [C,, = 940 (+
285)"]
1.24 Core drilled
Ab-R 673-1173 Am (j': 0.05) 4.85 natural albite
’ [Cv =11 ("]
Core drilled
1.41 natural albite
Or-R 673-1173 Am (+£0.05) 4.18 [C, = 468 (=
133)"]
1.220 Core drilled
HGND 673-773 Am (£0.063) 9.906 Hartley granite
0.760 Powdered
HGNP 573-873 Am (+0.007) 3.165 Hartley granite
1.210 Core drilled
QGND 673-773 Am (+0.059) 14.335 Quarry granite
0.880 Powdered
QGNP 573-873 Am (+0.009) 1.697 Quarry granite
0.837
S73-873 0033  M7ME core drilled
QGND 1GPa 0.773 Quarry granite
873-1173 (£0.012) 759.451
0.824
573-823 (+0.035) 4935 Powdered
QGNP 1GPa 1.085 Quarry granite
—12 ) 210.
873-1273 (10.068) 0.087
Synthetic
HGSP 773-1273 1 GPa 1.01 23.55 Hartley granite
powder
Synthetic
QGSP 773-1273 1 GPa 1.19 346.178 Quarry granite
powder

similar, whereas they are remarkably lower than the HGND (1.22 eV)
and QGND (1.21 eV). The difference in conductivity and activation
energy between the powdered and core drilled samples could be due to
the mechanical pulverization that produces numerous defects at the
grain boundaries. At 1 GPa, the QGSP showed higher conductivity than
the HGSP, in line with the conductivity dependence on the abundance of
feldspars. Compared to the QGNP, the QGSP had lower conductivities.
The conductivities of the QGNP at 1 GPa were >0.5 orders of magnitude
higher than that at ambient pressure. This is probably due to that the
high porosities of the samples at ambient pressure reduce the conduc-
tivity. The Ab-R shows a similar conductivity to the Or-R, lower than
that of the Qtz-R. The three single phases are about one order of
magnitude lower in conductivity than that for the mixed sample (HGSP
and QGSP) at 1 GPa.

4. Discussion
4.1. Comparisons with previous studies

The electrical conductivity of the major minerals and granite in this
study were compared on an individual basis with those of previous
studies. As shown in Fig. 8, the Or-R and Ab-R have remarkably lower
electrical conductivities than their counterparts in powdered form (Or-P
and Ab-P) as reported in our previous study (Han et al., 2021) and other
studies (Wang et al., 2014a; Hu et al., 2013, 2014; Guo et al., 2015; Yang
et al., 2012). The conductivity of Or-R and Ab-R could have bias against
an orientation to some extent due to the anisotropic structure, although
the differences in conductivity among the distinct orientations are less
than one order of magnitude (Wang et al., 2014b; Yang et al., 2012).
Qtz-R shows slightly lower conductivity than its powder counterpart
(Qtz-P) (Han et al., 2021), comparable to polycrystalline quartz (Bag-
dassarov and Delépine, 2004). The differences in the conductivities of
quartz among the distinct orientations can be as large as two orders of
magnitude, much larger than those for anisotropic albite and orthoclase
(Wang et al., 2014a; Yang et al., 2012; Wang et al., 2010). In this study,
focus has been given to the relationship between the conductivity of
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granite and the constitutive minerals instead of seeking to discuss
comprehensively the cause for the differences in the conductivity for
each mineral by referring to studies on the individual minerals.

The electrical conductivities of all the granite samples were
measured under dry conditions in this study. Given that the conductivity
of QGND at 1 GPa was abnormally high, it is projected that the con-
ductivity was dominated by accessory minerals with a large grain size
(about 1 mm) relative to the Al;03 capsule (@2 mm x 1.5 mm) and thus
these data were excluded in Fig. 8d (Saltas et al., 2020). The weakly
preferred orientation in both granites indicates a negligible influence of
the fabric on electrical conductivity (Fig. 2). Pressure effect on the
conductivity of granite can also be neglected as indicated from the

conductivity measurements of the biotite granite at different pressures
(Dai et al., 2014). The conductivities of HGND and QGND are compa-
rable to the monzonitic granite from Wutai Mountain in Shanxi Pro-
vence, China (SXW), which comprises 58% feldspar and 37% quartz (Dai
et al., 2014). However, the HGND and QGND are lower in electrical
conductivity compared to the values for most granites reported (Dai
et al., 2014; Shanov et al., 2000; Olhoeft, 1981; Guo et al., 2017), likely a
reflection of the compositional differences of the constitutive minerals.
For example, the HGND and QGND have lower conductivities than the
XHS8 granite with 62% feldspar and 35% quartz, probably due to the
lower abundance of feldspars and accessory minerals that are supposed
to control the conductivity of granite (Olhoeft, 1981). The QGNP
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Fig. 8. The electrical conductivity of granite and constitutive quartz, orthoclase and albite in this and previous studies. Ms-Muscovite, Bi-Biotite.

measured at 1 GPa shows comparable electrical conductivity to the data
for granite in previous studies (Shanov et al., 2000; Olhoeft, 1981; Dai
et al., 2014; Guo et al., 2017).

4.2. Hydrous accessory minerals

The hydrous accessory minerals, including muscovite, biotite, and
amphibole, exert negligible effects on the electrical conductivity before
their dehydration or breakdown, due to their low abundances in granite.
Olhoeft (1981) found negative dependence of granite conductivity on
quartz abundance and thus implied that the conductivity of granite is
controlled by total abundance of accessory minerals and feldspars. In
Fig. 9, the effect of the abundance of accessory minerals on the con-
ductivity of granite at 823 K is illustrated. The distinct abundance of
accessory minerals in HGND (0.6 vol%) and QGND (4.4 vol%) shows
comparable conductivities. This finding agrees well with previous study
of Dai et al. (2014), in which the conductivity is independent on the
abundance of the accessory minerals (<5%). Nevertheless, experimental
observations suggest that a threshold of 16 vol% is required to allow the
conductive phase distributed randomly to control the conductivity of a
mixture, which was supported by the percolation theory (Han and Clark,
2021; Sun et al., 2021). Since accessory minerals in our sample only
account for a few percent of the total weight percentage in granite, we
conclude that the accessory minerals have a mostly negligible effect on
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Fig. 9. The electrical conductivity vs modal composition of accessory minerals
in granite at 823 K. The HBP, XH7, SXW, and XH8 were derived from Dai et al.
(2014). The Bi-Granite and Ms-Granite were derived from Guo et al. (2017).
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the conductivity of granite at temperatures within the stability of hy-
drous accessory minerals in our samples.

The influence of hydrous accessory minerals on the conductivity of
granite is primarily linked to their dehydration at a high temperature.
Muscovite is generally the first mineral to be dehydrated, followed by
biotite, and amphibole as temperature increases. Muscovite dehydrates
approximately from 688 K at ambient pressure (Fig. 3), but the con-
ductivity of the HGND and QGND did not change significantly till 773 K.
Similarly, the dehydration temperature of muscovite is about 975-1000
K at 1 GPa (Gardien et al., 2000) and the dehydration did not affected
the conductivity of QGNP till 1273 K at 1 GPa. Dehydration of muscovite
releases aqueous fluid that directly reacts with quartz and feldspar in
granite and generate melt (via: Quartz + Alkali feldspars -+ Muscovite +
H20 = Melt), namely, dehydration melting (Johannes and Holtz, 2012).
Approximately 18 vol% of muscovite is required to produce a percent-
age of melt of 8- 9 vol% that forms an interconnected mobile melt at
grain boundaries in an undeformed granite (Dyck et al., 2020). Biotite
starts to dehydrate at about 1123 K at 1 GPa, despite varying with the
concentration of Ti>", F~, and Cl~ (Gardien et al., 2000; Finch and
Tombkins, 2017). The temperature for dehydration melting of amphibole
is generally higher than that for biotite and also varies considerably with
the elements (Wolf and Wyllie, 1994). Given the absence of pervasive
melts but alveolate voids in QGNP (Fig. S2) and the effect of time on the
melting of hydrous minerals, we propose that a low fraction of hydrous
minerals failed to form an interconnected system of melt during the
short time of conductivity measurements. We suggest that this also
accounted for the consistent conductivity of granite over 1273 K in
previous studies as shown in Fig. 8, but unfortunately their samples were
not imaged after measurements (Dai et al., 2014; Olhoeft, 1981). Given
that oxygen is also produced along with water during the dehydration of
mica and amphibole, the oxidization of Fe?>' to Fe> induces small
polaron conduction that increases the electrical conductivity by orders
of magnitude (Hu et al., 2018; Saltas et al., 2020). Nevertheless, the
enhanced conductivity of oxidized minerals could hardly affect the
conductivity of granite because their modal composition is usually less
than the threshold for percolation (16%).

The fabric of oriented and prolonged hydrous minerals could affect
the bulk conductivity of granite by facilitating the connectivity of the
dehydration melts. Guo et al. (2017) reported an abrupt increase in the
conductivity of a deformed muscovite (5 vol%)-granite and a biotite (3
vol%)-granite at 930 K and 1000 K, respectively, indicating the dehy-
dration melting of muscovite and biotite (Fig. 8). By contrast, the
consistence of conductivities at temperatures above 1000 K were
observed in the undeformed Hartley and Quarry granites and other
granites in previous studies (Fig. 8). Strong shear deformation distorts
and prolongs the soft minerals, especially mica, enhancing the connec-
tivity of mica and changing of the dihedral angles; thus the dehydration
melts could form an interconnected network once the dehydration
melting point of mica is reached (Kawano et al., 2012; Yin et al., 2017).
Additionally, deformation induces a change in the distribution of the
fluid/melt from the isolated pores to the wetted grain boundaries (Tullis
etal., 1996), which form an interconnected network of grain boundaries
and this increases the conductivity of a rock. Therefore, the dehydration
melting of mica could increase the conductivity of a deformed granite at
a relatively low temperature (about 970 K at 1 GPa) despite a low
abundance of mica. Thus, we conclude that the dehydration melting of
undeformed granite with low concentration of hydrous minerals cannot
promote the bulk conductivity significantly until an interconnected melt
system is formed.

4.3. Conduction mechanism and the effect of water on the conductivity of
granite

The conductivity of a multiphase assemblage is controlled by the
conductivities of the constitutive mineral, which may have a variety of
conductivity mechanisms. The conduction mechanism for quartz is
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related to the hopping of either H' or alkali ions that are bound to AI>*
forming an Al-M triplet (Amulele et al., 2019; Wang et al., 2010). For dry
feldspars, including plagioclase and K-feldspars, the charge carriers are
thought to be alkali ions (Na® or K*).However, water incorporation in
feldspar will generate more vacancies, which provides more passes for
the migration of alkali ions and therefore enhances the bulk conduc-
tivity. It has been well documented that the electrical conductivity of
feldspars increases with the content of structural water (Yang et al.,
2012; Amulele et al., 2022; Yang, 2012; Hu et al., 2022). The higher
electrical conductivity of QGNP than that of QGSP at 1 GPa (Fig. 7) well
supported it, where the water content of feldspars (1348 ppm in
plagioclase +716 ppm in orthoclase) in QGNP is higher than those in
QGSP (11 ppm in albite +468 ppm in orthoclase). Dai et al. (2014)
modeled quantitatively the conductivity of granite by applying Xa [Xa =
(Naz0 + K0 + Ca0)/SiO3] of the bulk composition to represent the
dependence of conductivity on the chemical composition at 1 GPa,
where the conductivity increases with X,. We used Dai’s model (Dai
et al., 2014) to calculate the conductivity of the Quarry granite (Xa =
0.12) and it was found to be inconsistent with the SXW (X = 0.12) and
other granites with similar X, (Fig. 10). This modeled conductivity is
also about 1.5 orders of magnitude lower than the measured conduc-
tivity of QGNP at 1 GPa. The aforementioned model was developed
based on using dry granites without structural water in the constitutive
minerals; the water effect thus has been neglected when modeling the
conductivity of granite (Dai et al., 2014). Therefore, the water content of
feldspars should be incorporated into the modeling of the electrical
conductivity of granite.

4.4. Geological implications

We apply granitoids to present a broad range of quartz-feldspar
proportions (Winter, 2013). The electrical conductivity of a granitoid
is determined by the conductivities of major minerals and their spatial
alignments. The former is linked to the chemical composition and water
content of major minerals, while the latter depends on the proportion
and anisotropy of the constituents, as well as the fabric of the granitoid.
The alignment of anisotropic minerals could result in orientational
preferences of electrical conductivity in a deformed granitoid (Wang
et al., 2010; Kluge et al., 2022). Given the anisotropic conductivity of
feldspars and quartz, the conductivity data of polycrystal minerals were
used rather than single crystals to model the conductivity of an unde-
formed granitoid (Wang et al., 2010; Yang, 2012). Given that the con-
ductivity of dry feldspars is dependent on the ratio of Na/K, the
conductivity parameters derived from the polycrystalline plagioclase
(AnggAb3,0rs) (Yang et al., 2012), orthoclase Or-P (OrgyAbssg) (Han
et al., 2021), and Qtz-P (Qtz1gp) (Han et al., 2021) were adopted to
represent the plagioclase, K-feldspar and quartz in a granitoid,
respectively.

The effect of water (hydrogen) on the electrical conductivity differs
for quartz, K-feldspar, and plagioclase. The water species that is bound
to AI>" in the Al-H triplet is likely to be responsible for the electrical
conductivity of quartz. The amount of this water is typically <40 ppm
(Johnson, 2006), contrasted with the water of molecular cluster or fluid
inclusion in Qtz-R, as inferred in (Han et al., 2021). Additionally, Na*
could be a superior contributor to the electrical conductivity of quartz
compared to the hydrogen in Al-H triplet (Amulele et al., 2019).
Therefore, it is believed that the water content is insignificant to the
electrical conductivity of quartz, and this is supported by a similar
conductivity for quartz with distinct water contents (Fig. 8b). The
electrical conductivity of plagioclase and K-feldspar exhibits a positive
dependence on the water content (Yang et al., 2012; Amulele et al.,
2022; Hu et al., 2022). Although water in plagioclase and K-feldspar
could exist in several species with varying content, structural OH™ is
likely to be the primary species contributing to the electrical conduc-
tivity of the hydrous feldspars, and the content of these waters is re-
ported to be <915 ppm (Johnson, 2006; Amulele et al., 2022). As it is
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(Dai et al., 2014).

not yet determined how water partitions between quartz and feldspar in
granitoids, in the present study it is assumed that the plagioclase and K-
feldspar are both able to incorporate a maximal concentration of water
(915 ppm). The highest conductivities of plagioclase and K-feldspar in a
granitoid were calculated using the relationship between the water
content and the conductivity as proposed by Yang et al. (2012):

6 = A-C," exp(-AH/KT) 3

Log o (Sim)
-2.600

-2622
-2.743
-2 865
-2.986
-3.108

K-feldspar

Plagioclase

where C,, is the water content (wt%). The pre-exponential term (A), the
activation energies (AH) of plagioclase (AnggAbs20rs) and K-feldspar
(Org7Abs3) were adopted from Yang et al. (2012) and Han et al. (2021),
respectively. Here, we use the Hashin-Shtrikman (HS) model to provide
the upper and the lower bounds for the conductivity of a granitoid
(Hashin and Shtrikman, 1961):
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Fig. 11. The electrical conductivity of a granitoid at 700 °C combined by varying the modal compositions of quartz, K-feldspar, and plagioclase with the highest
water content (915 ppm. H,0) (a) and the maximal electrical conductivity vs depth (b). The upper bound of Hashin-Shtrikman model is used to model the highest
conductivity of each composition in (a). The temperature as a function of depth (dashed black line) represents a typical geothermal gradient for a continent adopted
from Winter (2013). The red solid line represents the conductivity calculated based on a typical geothermal gradient of the continental crust, while the blue dotted
line is calculated based on the geothermal gradient of an old craton (Rudnick and Nyblade, 1999). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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where s is either the maximal or minimal conductivity for the plagio-
clase, K-feldspar, and quartz. The o; and f; are the conductivity and the
volume fraction of the ith components, respectively. Tonalites consisting
of 20 vol% quartz and 80 vol% plagioclase (Q20Pgo) show the highest
electrical conductivity (Fig. 11a). The conductivity of quartzite and sy-
enite in the calculation was excluded because these granitoid types
occur only in specific geological settings, such as hot spot and/or con-
tinental rifting (Winter, 2013). The tonalite with a composition of
Q20Pgo was used to calculate the maximal electrical conductivity of a
granitoid at a depth from 25 to 60 km, shown in Fig. 11b, subject to the
geotherms in different geological settings. The maximal conductivity
can be as high as about 0.004 + 0.0001 S/m (250 Q-m) at 60 km under
orogenic regions where the typical geothermal gradient applies. The
maximal conductivity provides the upper limit for the conductivity of
the most undeformed granitoids without partial melt or aqueous liquid.
The lower geothermal gradient under a stable continental craton leads to
a significantly lower conductivity, although the geotherms of cratons are
dependent on the ages and the concentration of radioactive elements
(Artemieva, 2006). A geothermal gradient of 10 °C/km was used to
calculate the conductivity under an old stable craton (Fig. 11b) (Rudnick
and Nyblade, 1999). The dehydration melting of a granitoid is not likely
to occur in an old cratonic setting, as the crustal thickness of a craton is
normally 40 + 5 km corresponding to 400 £ 50 °C, a temperature much
less than the dehydration temperature of muscovite (~700 °C/973 K) at
1.2 GPa (Rudnick and Nyblade, 1999).

The maximal conductivity of a granitoid is compared with the
magnetotelluric (MT) observations from different geological settings to
constrain the interpretation of crustal structures (Fig. 12). The felsic
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purple dash-dot line is the calculated electrical conductivity profile under the
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gneisses under the Mesoarchaean-Palaeoproterozoic North Gawler
Craton, South Australia, shows conductivities (Selway et al., 2011) well
below the maximal conductivity. The old subduction-related St. Peter
Suite in South Australia has conductivity lower than the maximal con-
ductivity although higher than those under the cratonic crust (Thiel and
Heinson, 2010). Although the chemical composition of a granitoid may
be altered by old arc magmatisms and recycling of crustal sediments to
introduce water or form conductive phases (Swain et al., 2008), they are
not necessarily required to explain the conductivity characteristics. The
Curnamona Province show higher conductivity (Robertson et al., 2016)
than the maximum in the crustal regime, indicating alternative causes
rather than the structural water in a granitoid. The absence of an abrupt
increase in conductivity also refutes the possibility of dehydration
melting in the middle-to-lower crust of the Curnamona Province. The
geothermal gradient under the Curnamona Province is abnormally high
(~92 mW/m?2), probably due to the prolonged high thermal gradient
metamorphism e between 1600 and 1580 Ma and the radiogenic granite
thickened the crust (Van Leeuwen et al., 2022; Neumann et al., 2000).
We calculated the electrical conductivity profile under the Curnamona
Province based on the composition in Fig. 11, and the resultant con-
ductivity is lower than the MT observation above 40 km. This implies
that the high conductivity could be linked to the formation of fertile
veins or the abundance of accessory minerals during the metamorphism
(Van Leeuwen et al., 2022; Ozaydin et al., 2022). The conductivity under
the orogenic Lhasa Terrane in Tibet (Wang et al., 2014a) starts to in-
crease below the middle crust (>20 km) and surpasses the maximal
conductivity of a granitoid below 45 km. This increase in conductivity is
likely attributed to a high geotherm (850-1000 °C at a depth of 50 km)
under the Lhasa Terrane, which allows the dehydration melting of bio-
tite and amphibole to form an interconnected melt system in the gran-
itoids, consistent with the low velocity imaged from the seismology and
volcanic activities (Wang et al., 2016; Nelson et al., 1996). Alternatively,
the upwelling of melts or volatiles could also induce the conductive
anomaly under the Tibet (Liang et al., 2018). Therefore, the conductivity
higher than the maximal conductivity under granitic crust hardly
resulted from the hydrous accessory minerals and water in minerals,
indicating other geological process such as fertilization, partial melting
due to biotite and amphibole, and infiltration of aqueous fluid.

5. Concluding remarks

The electrical conductivity of two undeformed granites from Hartley,
NSW, Australia and Rocklin, California, USA was studied at various
temperatures and pressures. Hydrous accessory minerals were found to
barely affect the conductivity of granite until an interconnected melt
system at grain boundaries is formed. The structural water content in the
feldspars could significantly affect the electrical conductivity of the
granite. The maximal conductivity of granitic rocks (granitoids), com-
bined with the effect of water on the minerals and the modal composi-
tion, provides the upper limit of granitoid conductivity for the
interpretation of crustal structures from MT observations. This upper
limit was applicable to different geological settings, including a cold
craton of the North Gawler Craton, an old subduction arc of the St. Peter
Suit, the tectonically reworked Curnamona Province and an active
orogen of the Lhasa Terrane. This maximal conductivity of a granitoid
could also be applied to alternative crustal regions; however, careful
examination of the lithology and the representativity is required.
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