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[11 AC measurements of the electrical conductivity of synthetic quartz along various
orientations were made between 0.1 and 1 MHz, at ~855~1601 K and at 1.0 GPa.

In addition, the electrical conductivity of quartz along the ¢ axis has been studied at
1.0-3.0 GPa. The impedance arcs representing bulk conductivity occur in the frequency
range of 10°~10° Hz, and the electrical responses of the interface between the sample
and the electrode occur in the 0.1~10° Hz range. The pressure has a weak effect on the
electrical conductivity. The electrical conductivity experiences no abrupt change near
the o — 3 phase transition point. The electrical conductivity of quartz is highly anisotropic;
the electrical conductivity along the ¢ axis is strongest and several orders of magnitude
larger than in other directions. The activation enthalpies along various orientations are
determined to be 0.6 and 1.2 eV orders of magnitude, respectively. The interpretation
of the former is based on the contribution of alkali ions, while the latter effect is attributed
to additional unassociated aluminum ions. Comparison of determined anisotropic
conductivity of quartz determined with those from field geophysical models shows that the
quartz may potentially provide explanations for the behavior of electrical conductivity
of anisotropy in the crust that are inferred from the transverse magnetic mode.

Citation: Wang, D., H. Li, L. Yi, T. Matsuzaki, and T. Yoshino (2010), Anisotropy of synthetic quartz electrical conductivity at
high pressure and temperature, J. Geophys. Res., 115, B09211, doi:10.1029/2009JB006695.

1. Introduction

[2] Electrical conductivity is an important geophysical
parameter that is used to infer physical and chemical prop-
erties in the Earth’s interior, such as temperature, melt and
water content, and anisotropic fabric [Waff, 1974; Evans
et al., 2005; Simpson and Tommasi, 2005; ten Grotenhuis et
al., 2005; Karato, 1990; Wang et al., 2006, 2008; Schock et
al., 1989; Wanamaker and Duba, 1993; Du Frane et al.,
2005]. On the one hand, geophysical observations from mag-
netotelluric (MT) and geomagnetic depth sounding (GDS)
may provide information on distributions of electrical con-
ductivity in the Earth’s interior; on the other hand, to inter-
pret these field observations, laboratory measurements of
electrical conductivity of minerals are conducted extensively
at high pressure and temperature.

[3] Quartz is one of most abundant minerals in the Earth’s
crust; hence, evaluation of the conductivity distribution in
the crust required more detailed information, primarily about
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quartz. Electrical conductivity measurements on synthetic
as well as natural quartz have been conducted extensively
[Verhoogen, 1952; Wenden, 1957; Kats, 1962; Nowick and
Jain, 1980; Jain and Nowick, 1982; Kronenberg and Kirby,
1987; Lazzari et al., 1988; Campone et al., 1995; Calleja et
al., 2001; Wang et al., 2002; Bagdassarov and Delépine,
2004]. These studies revealed that the electrical conductiv-
ity of quartz is ionic at temperatures above 500 K. The the-
oretical model of the ionic conductivity of quartz was first
suggested by Nowick and Jain [1980] and later modified by
Jain and Nowick [1982] and Lazzari et al. [1988]. One
important finding from these studies is that the conduction
mechanism is influenced by the presence of (AI’'-M")~
centers, likely substituting for Si*" and ionic impurities M",
composed of Na, K, or H. However, discrepancies have
been found both in the absolute values of electrical con-
ductivity and activation energies for conductivity in previ-
ous studies. Most previous studies on electrical conductivity
of quartz have been performed at 1 atm and temperatures
below 773 K. Xu et al. [2000a] argued that the measure-
ments of electrical conductivity at 1 atm may underestimate
the absolute values of half orders of magnitude compared
to measurements taken at high pressure. In addition, few
studies determined the hydrogen content in their samples
before and after the experiment, which may be found as a
trace impurity; thus, it is still unclear whether hydrogen
influences the electrical conductivity of quartz. Recently,
a few measurements have been investigated at high pressure
and temperature. In particular, Bagdassarov and Delépine
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[2004] studied electrical conductivity of polycrystalline
quartz in the pressure range of 0.5 to 2.5 GPa. However,
this study provides the isotropic electrical conductivity and
ignores the electrical conductivity anisotropy of quartz.
Previous studies [Kolodieva and Firsova, 1969] indicated
that the electrical conductivity of quartz is anisotropic; with
oy/o, > 10°, where || and L refer to directions parallel and
perpendicular to the ¢ axis. Unfortunately, there are several
flaws in these studies. First, these measurements were taken
using a DC method at 1 atm. Second, such studies are
limited to orientations along the ¢ axis or perpendicular to
the ¢ axis, and there is little knowledge about the conduc-
tivity at intermediate directions. Thus far, a systemic study
of the anisotropy of electrical conductivity of quartz at high
temperature and pressure has not been reported. Finally,
although it is well known that alkali ions move in the
channel parallel to the ¢ axis, one remaining question in the
previous studies is identification of the conduction mecha-
nism in the quartz along directions other than the ¢ axis.

[4] The high-low quartz transition from trigonal to hexag-
onal has been fully studied [Coe and Paterson, 1969; Dolino,
1990; Cohen and Klement, 1967; Mirwald and Massonne,
1980]. This transition may influence many physical proper-
ties of quartz-bearing rocks, such as elastic wave velocity
and Poisson ratio. Kern [1979] investigated the effect of
high-low quartz transition on compressional wave veloci-
ties in rock under high pressure; the study’s results indi-
cated that the compressional velocities of quartz decrease
markedly when approaching the transition and increase
markedly with temperature increase after the transition. This
study concluded that the alpha-beta transition may create a
low-velocity layer in the crust. In contrast, the effect of this
transition on electrical conductivity remains controversial.
Gao et al. [1998] indicated that this transition significantly
affects the electrical conductivity of quartz-bearing rocks;
however, some researchers have determined that this tran-
sition has little effect on the electrical conductivity. The
available data under high pressure are extremely limited.

[5] In this study, we measured the electrical impedance
of quartz cut at various angles to the ¢ axis at 1 GPa and
~855~1601 K. We also analyzed the impedance spectra
within the frequency range from 10° to 0.01 Hz and attempted
to provide a clue to the anisotropy of the crust.

2. Experimental Procedures

2.1.

[6] The starting materials were synthetic quartz crystals,
which were prepared by the Bright Corp. Ltd. in China. A
series of quartz cylinders were cut at various angles relative
to the ¢ axis, such as 0°, 20°, 35°, 49°, 57°, and 66°. The
orientations of these quartz samples were determined
through the use of X-ray methods and corrected to within
15" of the desired direction during polishing. The samples
were ~6.0 mm in diameter with thicknesses of ~5.0 mm.

[7] Chemical analysis of these crystals was determined
by atomic absorption spectrograph, which found that the
chemical compositions of impurities in quartz (by weight of
atoms) are 520 ppm for AI**, 250 ppm for K, 310 ppm for
Na', and 24 ppm for Li". The water content dissolved in the
structure of the crystal was determined by infrared spectra
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both before and after experiment at the Institute for Study of
the Earth’s Interior, Okayama University, Misasa, Japan. The
water content was calculated using Paterson’s [1982] cali-
bration from FTIR absorption. The water content calculated
in our samples was quite low, just a few parts per million.

2.2. Experiment Methods

[8] The assembly method of samples for conductivity
measurements is shown in Figure 1. The cubic pyrophyllite
(32 mm x 32 mm X 32 mm) used as the pressure medium
was sintered at 1173 K to eliminate the potential effects
of its dehydration in the experiment process. The Al,O;
insulating tube was placed at the center of the heater to
avoid the effect of the temperature gradient. The furnaces
were made of three layers of stainless steel foils connected
to the ground to shield them from outer electromagnetism
noise. Pt and Au electrodes were used in the experiments.
A Mo shield was also used to minimize leakage currents
through the pressure medium, shield the samples from
electrical disturbances, and reduce temperature gradients.

[9] All the experiments were carried out in the YJ-3000
cubic-anvil high-pressure apparatus at the Institute of Geo-
chemistry, Chinese Academy of Sciences. The apparatus
has been described in detail elsewhere [Xu et al, 1994;
Wang et al., 2008]. The temperatures of the samples were
monitored by a Pth;o-Pt thermocouple placed against the
sample. The complex impedance measurements were per-
formed using a Solartron 1260 impedance phase analyzer.
The 1 V sine signal was applied in the frequency range of
0.1 to 10° Hz in high temperature and pressure experiments.
The semicircle that occurs in the high-frequency range in the
impedance plane can be modeled using an equivalent cir-
cuits composed of a resistor in parallel with a capacitor.

3. Results and Discussion

[10] The real and imaginary elements of impedance for
quartz at high pressure and temperature are acquired from
amplitude and phase measured at a given frequency using
the following equations:

Z' =|Z| cos b, (1)

Z" = |Z|sin0. (2)

A typical set of complex impedance measurements is shown
in Figures 2 and 3. Figure 2 shows the results of the mea-
sured parameter modules and phase angles plotted against
frequency for different temperatures. The phase angles dis-
play a strong dependence on frequency, while the imped-
ance modules decrease across the entire frequency spectrum.

[11] A complex plane plot, which is a plot of the imagi-
nary part against the real part of the complex impedance,
is shown in Figure 3. At a given temperature, the complex
impedance plot maps out an arc at high frequencies and
becomes linear at lower frequencies. The arched and linear
regions correspond to two separate conduction mechanisms
that are dominant at different frequency ranges and exhibit
different relaxation times (7 = R x C). In the complex
impedance plane, the electrode response appears as an arc or
straight line at low frequency, which is characteristic of dif-
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Figure 1. Sample assembly for electrical conductivity measurements at high pressure. (1) Pyrophyl-
lite (baked to 1073 K); (2) Pyrophyllite sleeve (baked to 1273 K); (3) Mo shield; (4) Thermocou-
ple; (5) Furnace; (6) Electrode; (7) Al,O5 sleeve; (8) Sample; (9) Electrical wire; (10) Pyrophyllite

cylinder (baked to 1273 K).

fusion processes at the sample-electrode interface. Previous
studies [Tyburczy and Roberts, 1990; Roberts and Tyburczy,
1991, 1993a, 1993b, 1994; Huebner and Dillenaurg, 1995;
Xu et al., 2000b] have indicated that a high-frequency arc
represents bulk properties of the sample.

[12] The bulk direct current conductivity of the sample is
calculated according to the following equation:

L
Toulk = 5> (3)
where S is the cross-sectional area, L is the sample thick-

ness, and R is the bulk DC resistance of the sample.
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Figure 2. Modules and phase angles plotted against fre-
quency along Z35 at various temperatures at 1.0 GPa. These
symbols represent modules, 1Zl, and angles, 6, at various
temperatures.

[13] To test the effect of types of electrodes used on the
absolute electrical conductivity values, Au electrodes and
Pt electrodes were used, respectively. The results are shown
in Figure 4. The results show good reproduction in both
experiments, which implies that the electrical electrodes
have only a weak effect on bulk electrical conductivity of
quartz in this study.

[14] Figure 5 shows the electrical conductivity along the
c axis at 1-3 GPa. It can be seen that the pressure has a
weak effect on electrical conductivity. The results agree
well with previous research [Xu ef al., 2000b; Bagdassarov
and Delépine, 2004; Katsura et al., 2007]. The activation

-4.0x10* . .
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o % 1308K
e g —o— 1385K
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Figure 3. Complex impedance arcs along Z35 at various
temperatures at 1.0 GPa. These symbols represent imped-
ance arcs at different temperatures at 1.0 GPa. The fre-
quency of each data point increases from right to left along
each trajectory.
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Figure 4. Logarithm of electrical conductivity as a function
of reciprocal temperature for quartz parallel to the ¢ axis
using different electrodes at 1.0 GPa.

energy and activation volume were calculated through
polybaric fitting to all the electrical data at various pressures
according to the following equation:

oT = Aexp(—AH/xT), (4)

where A4, the preexponential factor, and AH, the activation
enthalpy, are experimentally determined quantities; AH =
AU + PAV, where AU is activation energy and AV is
the activation volume; « is the Boltzmann constant; and
T is the absolute temperature. The determined activation
energy and activation volume are 0.71 = 0.01 eV and 0.59 +
0.14 cm’/mole, respectively.

[15] The electrical conductivity of quartz across various
orientations at 1.0 GPa was investigated. The results are
summarized in Figure 6. In the same figure, we have also
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indicated the temperature 7 = 1099 K, at which point the
transition from « to B quartz at 1.0 GPa is predicted to
occur, according to the following equation [Mirwald and
Massonne, 1980]:

T = 847.3 + 271.084P — 23.607P* + 3.91P%, (5)

where T is measured in kelvins and P is measured in giga-
pascals. The activation enthalpies and preexponential fac-
tor 4, in accordance with equation (4), are listed in Table 1.

[16] From Figure 6, we can see that the electrical con-
ductivity of quartz exhibits no abrupt change near the alpha-
beta phase transition. This result is in accordance with that
found by Bagdassarov and Delépine [2004] when poly-
crystalline samples were pressed from powder of natural
SiO, quartz at 0.5-2.5 GPa. However, our results are not
consistent with the results reported by Gao et al. [1998].
These researchers studied electrical conductivity of quartz-
bearing rocks in the middle-lower crust, such as gneiss,
granulite, and eclogite, and their results showed that quartz
can lead to a decrease in electrical conductivity among these
rocks with the values of 0.1-0.001 S/m due to the alpha- to
beta-phase transition in quartz under the pressure and tem-
perature conditions of the lower crust. We argue that the
electrical conductivity has no abrupt change near the alpha-
to beta-phase transition, since the cross section of the
channels along the c axis at the inversion temperature only
changes slightly (~3.4%) [Bagdassarov and Delépine, 2004].
This result is consistent with the fact that this transition does
not produce a significant change in the radius of the ¢ axis.

[17] From Figures 6 and 7, it can be seen that electrical
conductivity is greatest in the ¢ axis at a given tempera-
ture; the electrical conductivity drops significantly with the
increase in the angle to ¢ axis, suggesting that the electrical
conductivity of quartz is influenced by the radius of the
channel along the optical axis. The slopes of the electrical
conductivity curves along 49°, 57°, and 66° increase signif-
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Figure 5. Logarithm of electrical conductivity versus reciprocal temperature for quartz parallel to the

c axis at 1.0, 2.0, and 3.0 GPa.
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Figure 6. Logarithm of electrical conductivity as a function of reciprocal temperature for quartz along
various orientations at 1.0 GPa. Z denotes the c axis; 220, Z35, Z49, Z57, and Z66 represent the directions
inclined 20°, 35°, 49°, 57°, and 66° relative to the ¢ axis, respectively. The short-dashed lines show the
temperature 7 = 1099 K, where the transition from alpha to beta quartz occurs at 1.0 GPa [Mirwald and
Massonne, 1980].The dotted lines and dash-dotted lines indicate the electrical conductivity of quartz
parallel and perpendicular to the ¢ axis [Lazzari et al., 1988]. Long-dashed lines show the electrical
conductivity of polycrystalline quartz at 1.0 GPa [Bagdassarov and Delépine, 2004].

icantly, showing that at least two conduction mechanisms
are operative. Figure 7 shows the anisotropy of the elec-
trical conductivity at different temperatures; we can see that
the electrical conductivity of quartz shows high anisotropy
and that the maximum degree of anisotropy is as high as
10,000. The anisotropy of the electrical conductivity is
temperature dependent and decreases with increasing of
temperature. For example, the electrical conductivity along
the ¢ axis is about 1.5 and 4.0 times larger than that along
the Z66 direction at 800 and 1600 K, respectively. Previous
studies [Kolodieva and Firsova, 1969] on the electrical
conductivity of quartz have indicated that the conductivity
parallel to the open channels is three times larger than that
perpendicular to the ¢ optical axis. However, our results
indicate that the anisotropy of the electrical conductivity in
quartz is more complicated. Specifically, the anisotropy of
electrical conductivity depends on both orientations and
temperatures.

[18] In comparison with previous measurements of natural
single-crystal synthetic samples oriented along the ¢ axis,
which have been done at atmospheric pressure, the data of
the electrical conductivity obtained from previous studies
are half orders of magnitude lower than that obtained on a
single crystal oriented along the ¢ axis and are similar to
the electrical conductivity data in the Z20 orientation. The
previous measurements [Lazzari et al., 1988], which have
been done on a synthetic sample oriented perpendicular
to the ¢ axis at high temperature, are close to the electrical
conductivity results in the Z57 and Z66 orientation in this
study. The recent studies on polycrystalline samples, which
were pressed from powdered SiO,, show isotropic electrical

conductivity, which is a half order of magnitude higher than
that in the Z57 orientation. Thus, we conclude that the dif-
ferences in electrical conductivity between natural and
samples are smaller than the anisotropy of electrical con-
ductivity in quartz.

[19] The activation enthalpies obtained in this study are
0.6-1.2 eV (Table 1); obviously, they can be divided into
two groups, suggesting that there are at least two kinds of
conduction mechanisms (Figure 6) corresponding to each of
the activation enthalpies of 0.6 and 1.2 eV (see Table 1).

[20] Theoretical models on the conduction mechanism in
quartz parallel to the ¢ axis at 7< 773 K and 800 K < T'<
1200 K have been presented by Jain and Nowick [1982] and
Lazzari et al. [1988], respectively. They suggest the elec-
trical conductivity of quartz is governed by the reaction

(APT —M") & Al + M;, (6)

Table 1. Results for Activation Enthalpies and Pre-exponential
for Synthetic Quartz at Various Orientations

Orientations T (K) logio o9 oo (S/m) AH (eV)
Z 886-1601 4.11 £0.04 12,891 0.63 + 0.01
720 925-1589 3.48 +0.05 3,046 0.64 + 0.01
735 856-1571 3.59 £ 0.02 3,952 0.69 + 0.01
749 887-1598 457 +£0.22 37,257 1.18 £ 0.05
757 855-1498 442 £0.11 26,144 1.28 = 0.02
766 887-1409 432 +0.25 20,892 1.27 £ 0.05

Note: Z denotes the ¢ axis; Z20, Z35, Z49, Z57, and Z66 represent the
directions inclined 20°, 35°, 49°, 57°, and 66°, respectively, relative to
the ¢ axis.
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Figure 7. Logarithm of electrical conductivity as a function of angles inclined to the ¢ axis from 800 K
to 1600 K. These symbols represent electrical conductivities at various temperatures.

where M, is free-interstitial alkali, and Al is an unassoci-
ated AI’" substitutional. The quantity of alkali ions (¢;) is
controlled by the mass-action relation:

cics/cp = (1/2) exp(—Hy /KT), ()
where H; is the enthalpy for Al-M pair formation, while
¢, ¢ and, ¢, are the concentrations of free alkali ions,
interstitial unassociated aluminum ions, and Al-M" pairs,
respectively. It can be seen that the Al-M pair dissociation
equilibrium can be affected by the presence of additional
unassociated substitutional Al. Two forms for the depen-
dence of electrical conductivity on temperature were pro-
posed in previous studies [Jain and Nowick, 1982; Lazzari
et al., 1988] due to the ratio between ¢; and cg; (1) If ¢; = ¢y,
the conduction mechanism is governed by the alkali ions,
and electrical conductivity can be expressed as

1
ol =4 exp{— (EH/ + HM> /HT}.

Accordingly, the activation enthalpy in equation (4) becomes
AH = Hy+ H,,. (2) If ¢, > c¢;, the conduction mechanism
is controlled by additional unassociated aluminum ions;
thus, the electrical conductivity can be expressed as

(®)

oT = Aexp{—(H; + Hy)/xT}, 9)
and the activation enthalpy in the equation (4) is AH =
Hy + H,,.

[21] In our case, under conditions of 1.0 GPa, activation
enthalpy of the bulk conduction for charge carriers in quartz
parallel to the ¢ axis is 0.63 eV. This value is similar to the
experiments (0.67 eV) of Lazzari et al. [1988] on activation
enthalpy of synthetic quartz along the ¢ axis, which was

obtained at 1 atm and between 800 and 1200 K. This
agreement between our experiments and previous studies
is quite good. Indeed, the agreement suggests that our
observations can be interpreted through equation (8); there-
fore, the conduction mechanism is the alkali ion moving in
channels parallel to the ¢ axis. Since the activation enthalpies
oriented along the ¢ axis, Z20, and Z35 are similar, we con-
clude that conduction mechanisms among these orienta-
tions are similar. Based on the experimentally measured
activation enthalpy values (shown in Table 1) and assuming
migration enthalpy of 0.14 eV [Jain and Nowick, 1982], we
calculated formation enthalpies using equation (8); they are
0.49, 0.50, and 0.55 eV in the orientations of the ¢ axis, Z20,
and Z35, respectively. Along the open channels, we calcu-
lated activation enthalpies of 0.6-0.7 eV.

[22] However, the activation enthalpies in the present
study are smaller than the results (>1.2 eV) from both Jain
and Nowick [1982] and Xu et al. [1989] on synthetic single
quartz and amorphous SiO, under conditions of 1 atm and
450-773 K, and the results (>1.2 eV) of Bagdassarov and
Delépine [2004] on polycrystalline quartz under conditions
of 0.5-2.5 GPa and 800-1000 K. These differences between
our results and previous studies [Jain and Nowick, 1982;
Bagdassarov and Delépine, 2004; Wang et al., 2002] were
caused by the fact that the narrow and lower temperature
ranges were used to determine the activation enthalpy in the
experiments of single crystals by Jain and Nowick [1982]
and Wang et al. [2002], and that the polycrystalline crys-
tals with random orientations were measured in the study by
Bagdassarov and Delépine [2004]. In addition, previous
studies on olivine single-crystal conductivity [Du Frane
et al., 2005] show that the activation enthalpy in different
orientations is very different. Hence, we argue that the con-
duction mechanism is controlled by the temperature range
and orientations.
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Figure 8. Several geothermic gradient models for different regions. The solid line indicates the expe-
riential geothermic gradient with 25°C/km. The dotted lines are geothermal models constructed
for Australia consistent with seismic refraction data suggested by Cull [1989] assuming 60, 75, and
90 mW/m?* heat flow, respectively. The dashed line is geotherms for an old continental lithosphere
assuming a 50 mW/m? surface heat flow by Pollack and Chapman [1977]. The dotted-dashed line is
geotherms for an old oceanic lithosphere assuming a 50 mW/m? surface heat flow by Stein and Stein

[1992].

[23] The higher activation enthalpies in the Z47, Z59, and
Z66 orientations with values of 1.27-1.37 eV have not
been reported previously. These values are close to the value
(1.3 eV) along the c-axis obtained by the Jain and Nowick
[1982] at low temperature. We attempted to interpret our
results by virtue of equation (9), since alkali ions may not
move freely because there are no open channels among
these orientations. According to equation (9), we determined
Hy to be ~1.04, 1.14, and 1.13 €V, respectively. In this case,
we suggest that the electrical conductivity is controlled by
the remaining unassociated aluminum ions and is no longer
controlled by the alkali ions.

[24] Tt should be considered whether hydrogen dissociated
from aluminum centers contributes to the ionic conductivity
of quartz. It is well known that hydrogen influences the
electrical conductivity of silicate mineral [Karato, 1990,
2003, 2006; Huang et al., 2005; Wang et al., 2006, 2008].
In this case, however, the typical FTIR spectra [Kats, 1962;
Paterson, 1982] of samples at the 3000 to 4000 cm ' wave
number were not found; this means that our samples are dry.
Since the slope of the electrical conductivity did not change
throughout the whole temperature region at a fixed orien-
tation, we concluded that the hydrogen has a weak effect on
the electrical conductivity of quartz. The other supporting
evidence for the above results can be found in previous
experiments. Campone et al. [1995] pointed out that hydro-
gen is not a charge carrier in quartz because of the low con-
ductivity of H-rich electrodiffuse quartz. Several researchers
[dines et al., 1984; Newton-Howes et al., 1989] also indi-

cated the dominant hydrogen impurity in synthetic quartz is
molecular water.

4. Geophysical Implication

[25] Electrical anisotropy beneath mid-ocean ridges, sub-
duction zones, and cratons has been extensively observed
using a magnetotelluric method [Simpson, 2002; Eaton et al.,
2004; Evans et al., 2005; Heinson and White, 2005]. Mag-
netotelluric results show that electrical anisotropy factors are
as high as 100 in the mantle [Bahr and Simpson, 2002] and
perhaps up to 1000 in the lower crust [Cull, 1985]. More
recently, Heinson and White [2005] suggested that the lower
crust beneath the North Australian Craton is strongly
anisotropic in resistivity, with anisotropy of more than 100
over depths of 2040 km across at least 300 km of the survey
line. Electrical conductivity is sensitive to factors such as
orientation and temperature. Anisotropy of electrical con-
ductivity as a result of orientation induced at high pressure
and temperature is expected to provide a significantly sci-
entific basis for interpreting these field-observed results.

[26] Figure 8 shows several geothermal gradient models.
The North Australian Craton was subject to extensive
continental back-arc extension between 1.8 and 1.6 Ga; the
heat flow values around this region are in the range of 60—
90 mW/m? (for details see Cull [1989]). Cull [1989] pre-
sented several geothermal models constructed for Australia
consistent with seismic refraction data. We selected three
temperature-depth profiles derived by Cull [1989] that
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Figure 9. Comparison of laboratory-based conductivity depth with geophysically inferred electrical con-
ductivity for the crust. Transverse electric (TE) and transverse magnetic (TM) were obtained by Heinson
and White [2005]. Solid lines show the electrical conductivity of quartz along the ¢ axis as a function of
depth for geothermal models suggested by Cull [1989]. Short-dashed lines show the electrical conductivity
of quartz perpendicular to the c axis. The electrical conductivity of quartz perpendicular to the ¢ axis was
calculated using the parameters for Z66 in Table 1. The numbers with lines indicate the heat flow values.

assume the heat flow values are 60, 75, and 90 mW/m?>.
We calculated the electrical conductivity of quartz parallel
and perpendicular (assuming that the perpendicular direc-
tion is equivalent to Z66) to the ¢ axis according to these
temperature-depth profiles and compared the results with
geophysical observation of the crust by Heinson and White
[2005]. Figure 9 shows a comparison between electrical con-
ductivity of quartz parallel and perpendicular to the ¢ axis
along geothermal profiles and that inferred from MT observa-
tions. Obviously, electrical conductivity values of quartz
both parallel and perpendicular to the ¢ axis derived from
laboratory data are much lower than those inferred from the
transverse electric (TE) mode (currents flowing parallel to
geologic strike). In this case, to interpret higher conductivity
values, some conductive materials may be considered, such
as fluid-filled or grain boundary graphite. The electrical
conductivities of quartz parallel to the ¢ axis are consistent
with the lower limit of the transverse magnetic mode (cur-
rents flowing perpendicular to their geologic strike) at the
depth of 15-40 km. We conclude that quartz may be used to
interpret the observation data inferred from the TM mode in
some regions. It should be noted, however, that the dis-
crepancy between our model and geophysical observations
may arise from the fact that other phases coexist in the
continental crust but are neglected in our model.

5. Conclusions

[27] We have presented the electrical conductivity of
quartz at 1.0 GPa in various orientations, and we have

discussed conduction anisotropy and geophysical implica-
tion. Our major conclusion may be summarized as follows:

[28] 1. Electrical conductivity of quartz is influenced by
temperatures and orientations. Electrical conductivity of quartz
is highly anisotropic, with the maximum degree of anisotropy
as high as 10,000, and the degree of the anisotropy of elec-
trical conductivity decreasing with increases in temperature.

[20] 2. At least two conduction mechanisms occur in
quartz. In higher-temperature regions and open channels,
the carrier is the alkali ions corresponding to the small
activation enthalpy, while in lower-temperature regions and
narrow channels, the electrical conductivity is governed by
the presence of the additional unassociated aluminum ions
that correspond to the larger activation enthalpy.

[30] 3. Pressure plays a minor role in affecting the elec-
trical conductivity of quartz in both the alpha and beta pha-
ses. The transition between alpha and beta cannot cause the
decrease in electrical conductivity. Therefore, the transition
may not offer a reasonable explanation for the occurrence
of the lower conductivity layer in the lower crust.

[31] 4. Electrical conductivity of quartz parallel and per-
pendicular to the ¢ axis along geothermal profiles is com-
pared to that inferred from MT observations. Electrical
conductivity models of quartz derived from laboratory data
along geothermal gradient are generally lower than those
inferred from geophysical observations.
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