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Abstract The electrical conductivities of alkali feldspar

solid solutions ranging in chemical composition from albite

(NaAlSi3O8) to K-feldspar (KAlSi3O8) were measured at

1.0 GPa and temperatures of 873–1,173 K in a multi-anvil

apparatus. The complex impedance was determined by the

AC impedance spectroscopy technique in the frequency

range of 0.1–106 Hz. Our experimental results revealed

that the electrical conductivities of alkali feldspar solid

solutions increase with increasing temperature, and the

linear relationship between electrical conductivity and

temperature fits the Arrhenius formula. The electrical

conductivities of solid solutions increase with the increas-

ing Na content at constant temperature. At 1.0 GPa, the

activation enthalpy of solid solution series shows strong

dependency on the composition, and there is an abrupt

increase from the composition of Or40Ab60 to Or60Ab40,

where it reaches a value of 0.96 eV. According to these

results in this study, it is proposed that the dominant con-

duction mechanism in alkali feldspar solid solutions under

high temperature and high pressure is ionic conduction.

Furthermore, since the activation enthalpy is less than

1.0 eV for the alkali feldspar solid solutions, it is suggested

to be a model where Na? and K? transport involves an

interstitial mechanism for electrical conduction. The

change of main charge carriers can be responsible for the

abrupt increase in the activation energy for Or60Ab40. All

electrical conductivity data were fitted by a general formula

in order to show the dependence of activation enthalpy and

pre-exponential factor on chemical composition. Combin-

ing our experimental results with the effective medium

theory, we theoretically calculated the electrical conduc-

tivity of alkali feldspar granite, alkali feldspar quartz sye-

nite, and alkali feldspar syenite with different mineral

content and variable chemical composition of alkali feld-

spar at high temperatures at 1.0 GPa, and the calculated

results are almost in agreement with previous experimental

studies on silicate rocks.
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Introduction

Electrical conductivity of minerals and rocks, which is one

of the most important physical properties, can be used to

explore the physical and chemical behavior of the Earth’s

interior (Omura et al. 1989; Constable 1990; Yoshino

2010; Yang et al. 2012; Yang 2012). On the other hand, the

laboratory measurement of conductivity for rocks and

minerals under high pressure and high temperature can

provide significant constraints on the results of the inver-

sion of magnetotelluric (MT) and geomagnetic depth

sounding (GDS) and allows us to go further to estimate

temperature, phase state, fluid content, and even mineral-

ogy. Further, the electrical conductivity of minerals can

help people to study the mineral microstructure, dynamics

of charge transport, defect chemistry, and other mineral

physical properties (Beekmans and Heyne 1976; Tyburczy

and Fisler 1995).

Feldspars play an important role due to their widespread

abundance in the Earth’s upper crust and comprise about
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50 wt% of the Earth’s crust (Liu and Gorsey 2007). Feld-

spars are the major rock-forming minerals in magmatic,

metamorphic, and sedimentary rocks; hence, their con-

ductivity is likely to have large influence on electrical

conductivity of rocks in the Earth’s crust. The studies on

the conductivity of alkali feldspar aid us to explore the

electrical properties of the whole feldspar family. So far,

laboratory electrical conductivity measurements on syn-

thetic as well as natural feldspar have been extensively

performed (Noritomi 1955; Khitarov and Slutskiy 1965;

Mizutani and Kanamori 1967; Maury 1968a, b; Piwinskii

and Duba 1974; Piwinskii et al. 1977; Guseinov and

Gargatsev 2002; Bakhterev 2008). However, most of these

previous studies on electrical conductivity of feldspar have

been carried out at room pressure and high temperature.

Only recently, Bagdassarov et al. (2004) estimated the

pressure dependence of the glass transition temperature

(Tg) from the pressure effect on the activation energy of

electrical conductivity in albite, haplogranite, anorthite,

and SiO2 glasses. Later, Ni et al. (2011) measured the

electrical conductivity of dry and hydrous albite glasses

and liquids at high pressure and high temperature. Never-

theless, both of these samples that they used were feldspar

glasses, not the natural crystalline feldspar commonly

existing in the crust. Recently, Yang et al. (2012), Yang

(2012) measured the electrical conductivity of dry and

hydrous plagioclase at high temperature and pressure on

both natural and pre-annealed samples from fresh mafic

granulite xenoliths. But their sample was not alkali feldspar

as we used. Most important of all, the influence of chemical

composition on the electrical conductivity of feldspar has

not been quantitatively evaluated. Although one important

finding from these previous studies is that the conduction

mechanism in feldspar is described as the migration of

alkali cations (Na?, K? and Ca2?), it is still ambiguous that

alkali cations transport by a vacancy process or by an

interstitial one, which is also a controversial issue for alkali

ions dynamics in the diffusion measurements of feldspar.

Moreover, though the electrical conductivity of albite has

been well studied in our previous work (Hu et al. 2011),

these problems mentioned above have not been completely

solved. Consequently, it is very important to clarify the

dynamics of charge transport in alkali feldspar under high

temperature. A systemic study of electrical conductivity of

alkali feldspar with different composition at high temper-

ature and high pressure is very significant.

In this study, we have measured the electrical conduc-

tivities of alkali feldspar solid solutions series (OrxAb100-x,

X = 20, 40, 60, 80, and 100) at temperatures of

873–1,173 K and up to 1.0 GPa in the frequency range of

0.1–106 Hz using in situ AC complex impedance spec-

troscopy and a multi-anvil apparatus. The effect of chem-

ical composition on electrical conductivity and activation

enthalpy of alkali feldspar solid solutions is discussed in

detail. Based on these results, we make a reasonable

explanation for the conduction behavior of alkali feldspar

under high temperature and high pressure.

Experimental procedures

Sample preparation

The natural low albite and K-feldspar, both from a large

open ore feldspar deposit in Hengshan Mountain, Hunan

province, China, were chosen to synthesize the solid

solutions series. Table 1 shows the chemical composition

of the two alkali feldspar end-members analyzed by

EPMA-1600 electron probe at the State Key Laboratory of

Ore Deposit Geochemistry, Institute of Geochemistry,

Chinese Academy of Sciences, using natural minerals for

standards. Standard operating conditions used were accel-

erating voltage of 25 kV and specimen current of 10 nA.

Detailed analysis procedure and process are described in

the (Zhong et al. 2009). The solid solutions series were

prepared in the following way: both albite and K-feldspar

were first ground into powder (\200 mesh) in an agate

mortar. According to the mole fractions of albite and

K-feldspar, the mixtures of two end-members were then

weighed, thoroughly mixed in an agate mortar, and heated

at 400 K for 12 h in order to remove the absorbed water.

Then, the mixture powder was sealed in a copper capsule

with a 0.025-mm-thick molybdenum (Mo) foil liner, which

can avoid interdiffusion between the mixture sample and

copper capsule at high temperature. The inner and outer

diameters of the copper capsule were 8 mm and 9.5 mm,

respectively, and the height was 20 mm, and the capsule

was placed in a 32.5-mm edged cubic pyrophyllite with

three-layer stainless steel sheets furnace. The temperature

Table 1 The chemical composition of the starting albite and

K-feldspar analyzed by electron microprobe analysis (wt%)

Oxide Albite K-feldspar

SiO2 68.54 64.57

Al2O3 19.40 18.28

Na2O 11.50 0.09

K2O 0.07 16.01

CaO 0.22 0

FeO 0.08 0.01

MgO 0.01 0

Cr2O3 0.11 0.22

TiO2 0.04 0.01

BaO 0.02 0.04

Total 99.99 99.23
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was controlled by a Pt-PtRh10 thermocouple. The solid

solutions synthesis was carried out at pressure of 1.0 GPa

and temperature of 1,123 K in the YJ-3000t cubic-anvil

high-press apparatus. The sintered time was about 48 h. At

the end of the experiment, the sample was quenched by

switching off the power to the heating circuit. Samples

were taken out from the capsule and then cut into cylinders

with the thickness of 3.0–6.0 mm and diameter of 6.0 mm

for subsequent in situ electrical conductivity measure-

ments. The powder X-ray diffraction of samples after the

synthesis was performed in order to confirm solid solution

phase. The chemical compositions of solid solutions sam-

ples after high-pressure synthesis are shown in Table 2 as

OrxAby, where x and y represent the mole fraction of

K-feldspar and albite, respectively, to within 1 %. The

preparation of K-feldspar for electrical conductivity mea-

surement is similar to our previous experiments (Hu et al.

2011), in which the hot-press for albite was performed at

1,123 K and 1.5 GPa for 1 h.

Experimental method

The sample assembly for the electrical conductivity

measurement is shown schematically in Fig. 1. The pressure-

transmitting media was a 32.5-mm edged cubic pyrophyl-

lite. To avoid the effect of pyrophyllite dehydration on the

electrical conductivity measurements, the cubic pyrophyl-

lite and end caps were heated at 1,173 K for 5 h in a muffle

furnace prior to sample assembly. The heater was made of

three-layer stainless steel sheets with a total thickness of

0.5 mm placed in the pyrophyllite block. The middle part

of the assembly mainly consisted of aluminum oxide

(Al2O3) and hexagonal boron nitride (HBN), which were

directly in contact with the sample, in order to maintain the

high degree of insulation under high temperatures and high

pressures. In addition, a Ni shield, which was in contact

with lead wire connected to ground, was installed between

the aluminum oxide and boron nitride to effectively block

external electromagnetic disturbance and to minimize the

Table 2 A summary of the

sample composition and

conditions for each impedance

measurement; the results fit to

rT ¼ Aexp � DH
kT

� �

Run Composition P (GPa) T (K) A (K�S/m) DH (eV) r2

N100 Ab100 1.0 873–1,173 12,930 0.84 ± 0.03 0.9932

H1064 Or20Ab80 1.0 873–1,173 12,414 0.86 ± 0.02 0.9961

H1623 Or40Ab60 1.0 873–1,173 9,897 0.87 ± 0.04 0.9909

H1706 Or60Ab40 1.0 873–1,173 21,037 0.96 ± 0.02 0.9969

H1707 Or80Ab20 1.0 873–1,173 21,365 0.99 ± 0.03 0.9962

K200 Or100 1.0 873–1,173 13,508 0.99 ± 0.01 0.9989

Fig. 1 Sample setup for

electrical conductivity

measurements
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temperature gradient in the sample (Xu et al. 2000; Dai

et al. 2008; Wang et al. 2010). The Pt disk electrodes with a

thickness of 0.5 mm and diameter of 6.0 mm were placed

on each end of sample, and a nickel–aluminum wire was

connected with each electrode. Temperature was measured

by a Pt-PtRh10 thermocouple, the end of which was welded

to a ball being in contact with the middle of the sample.

After completing the sample assembly, it is heated 373 K

in an oven overnight before electrical conductivity mea-

surements. The pressure and temperature calibrations of the

sample assembly are detailed in previous publications

(Li et al. 1999; Liu et al. 2003; Shan et al. 2007).

The impedance spectra of the sample were collected

using a Solartron 1260 Impedance/Gain Phase Analyzer in

the frequency range of 0.1–106 Hz with the applied voltage

of 1 V. The measurement procedure is as follows: the

pressure was first raised to the designed value of 1.0 GPa

with a compression rate of 0.2 kbar/min. The temperature

slowly increased to 1,173 K with a rate of 20 K/min and

held this temperature for 3 h in order to remove the

absorbed water of sample assembly and to make the

measurement system reach thermal transmission equilib-

rium in the sample cell. Then, the impedance spectra of the

sample were frequently measured when temperature did

not change any more; once it was reproducible, the

impedance spectra of the sample were collected with the

temperature interval of 50 K on cooling until temperature

falling to 873 K. At the each temperature interval point, the

system was stabilized for 15 min during which the ZPlot

program repeatedly recorded the impedance spectra until it

can overlap completely and no longer change any more. To

check the reproducibility of the experimental data, the

impedance spectra of K0.8Na0.2AlSiO4 sample (Or80Ab20)

were collected in a heating and cooling cycle so that we

can estimate whether the time interval before data collec-

tion was enough or not for the sample to reach its ther-

modynamic equilibrium. For most of the other samples, the

impedance spectra data were obtained in a cooling pro-

cess. During measurement procedure, the errors of tem-

perature and pressure in sample cell were about ±10 K

and ±0.1 GPa, respectively (Liu et al. 2003; Dai et al.

2008).

Results

A typical result of complex impedance spectra for

K0.4Na0.6AlSiO4 sample (Or40Ab60) is shown in Fig. 2.

The complex impedance spectra showed an ideal semicir-

cular pattern in the frequency range of 0.1–106 Hz at

experimental temperature. The semicircular arc represents

the grain interior conduction (Roberts and Tyburczy 1991),

but after the grain interior arc, neither a grain boundary arc

nor a sample–electrode interface arc, which is caused by

electrode polarization or by interaction between sample

and electrode (Roberts and Tyburczy 1993; Huebner and

Dillenburg 1995), appears in the plot. Consequently, grain

boundary conduction does not contribute markedly to the

electrical measurement, as previously reported for poly-

crystalline olivine, clinopyroxene, and garnet (Romano

et al. 2006; Yang and Heidelbach 2012). All other samples

with different composition in this study also exhibit the

similar characteristics. Consequently, the equivalent circuit

was composed of a resistor (R), and a capacitance (C) in

parallel was chosen to fit the impedance spectra in the

frequency range of 0.1–106 Hz, and all the errors of Zview

program fitting are no more than 1.5 %. Then, the electrical

conductivity of samples was calculated using the following

equation:

r ¼ 1

q
¼ l

RS
ð1Þ

where l, S, and q are the sample length (m), cross-sectional

area of the electrode (m2), and resistivity of the sample

(X m), respectively. The size of the sample was measured

before and after impedance measurement and did not

change during experimental process. Therefore, the error

was mainly due to the fitting of impedance spectra, and the

temperature error was due to the thermal gradient over the

sample cell. The electrical conductivity values of alkali

feldspar solid solution series, from the Zview program

fitting of the collected impedance spectra and according to

formula (1), are plotted in Figs. 3, 4, 5, and 6.

Fig. 2 Representative complex spectra of alkali feldspar solid

solution (Or40Al60) at temperatures of 873–1,173 K and 1.0 GPa in

the frequency range from 0.1 to 106 Hz. Z0 and Z00 are the real and

imaginary part of complex impedance, respectively
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Figure 3 displays the logarithmic electrical conductivity

of K0.8Na0.2AlSiO4 sample versus reciprocal temperature

in heating and cooling cycles at 1.0 GPa. We can see that

the electrical conductivity of alkali feldspar solid solution

in heating and cooling cycles is well reproducible, which

means that the stabilization duration, 15 min, before each

data collection was sufficient for both thermal transfer and

thermodynamic state of charge carriers inside the sample to

reach their respective equilibrium. Moreover, the back-

ground conductivity was measured in order to examine the

insulation of the alkali feldspar sample surroundings. We

used HBN to replace the sample and collected its imped-

ance spectra at the same pressure and temperatures as in the

alkali feldspar sample experiment. The result shows that

the electrical conductivity of HBN was two or more orders

of magnitude lower than that of the K0.8Na0.2AlSiO4

sample, which implies, by using HBN as insulation med-

ium, our alkali feldspar samples could acquire good insu-

lation surroundings in the impedance spectra measurement

experiments. In fact, as an ideal insulation medium (Eichler

and Lesniak 2008), BN has also been widely used by many

authors in electrical measurement experiments (Fuji-ta

et al. 2004, 2007; Ni et al. 2011; Yang et al. 2012; Yang

2012; Yang and Heidelbach 2012).

Fig. 3 Logarithm of electrical conductivity of alkali feldspar solid

solution (K0.8Na0.2AlSiO4) versus reciprocal temperature in heating

(open diamond) and cooling cycles (diamond) at 1.0 GPa. Shown

together is the conductivity of boron nitride at the same pressure

Fig. 4 Electrical conductivity (lg rT) of alkali feldspar solid solution

series plotted as a function of reciprocal temperature (1/K) at 1.0 GPa

Fig. 5 Electrical conductivity (lg rT) of alkali feldspar solid

solutions plotted as a function of Na/(Na ? K) under conditions of

873–1,173 K and 1.0 GPa

Fig. 6 Activation enthalpy for the electrical conductivity in alkali

feldspar solid solutions plotted as a function of Na/(Na ? K) at

1.0 GPa. Also shown are data for albite glasses (open triangle) from

Ni et al. (2011) and for natural alkali feldspar (open circle) from

Maury (1968a, b)
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The logarithms of the products of electrical conductiv-

ities and temperatures at 1.0 GPa and 873–1,173 K were

plotted against the reciprocal temperatures in Fig. 4.

Through linear fitting to the data points at different tem-

perature, we obtained the linear correlation coefficients no

less than 0.9909; hence, the electrical conductivity of alkali

feldspar solid solutions can be expressed by an Arrhenius

formula:

rT ¼ A expð�DH=kTÞ ð2Þ

where A, DH, k, and T are the pre-exponential factor (K S/

m), activation enthalpy (eV), Boltzmann constant (eV/K),

and absolute temperature (K), respectively. The Arrhenius

fitting parameters were obtained by calculating the slope

and intercept of the straight lines displayed in Fig. 4 and

are given in Table 2. In Fig. 4, the logarithmic conduc-

tivity of alkali feldspar linearly increases with the

decreasing reciprocal temperature. The electrical conduc-

tivity appears to be very sensitive to composition along the

albite–K-feldspar join and increases with the increase in

albite content at constant temperature. For example, the

electrical conductivity of albite (Ab100) is about 0.6 log

units higher than that of K-feldspar (Or100) at 1,173 K, and

the discrepancy becomes larger and larger with the

decrease in temperature.

Figure 5 shows the electrical conductivity of alkali

feldspar solid solutions as a function of Na/(Na ? K) over

the experimental temperature range at 1.0 GPa. The rela-

tive small variation in bulk chemical composition can

result in notable change in electrical conductivity for alkali

feldspar. Each data set at each given temperature shows a

near-linear increase in the electrical conductivity with the

increasing ratio of Na/(Na ? K), implying a positive

dependence of conductivity on the Na concentration in

alkali feldspar.

The activation enthalpy (Table 2) is plotted against

chemical composition in Fig. 6, in which some previous

results are also shown. Interestingly, the activation

enthalpy of alkali feldspar is strongly dependent on the

composition, and there is an abrupt increase in the acti-

vation enthalpy when the concentration of potassium ions

is higher than that of sodium ions in alkali feldspar.

Discussions

Comparison with previous studies

Since the present study is the first to provide data on the

electrical conductivity of alkali feldspar solid solutions, we

choose some representative data, in which the chemical

composition of alkali feldspar is similar to ours, to compare

as shown in Fig. 7. Khitarov and Slutskiy (1965) measured

the electrical conductivity of a polycrystalline albite

(An3Ab97) prior to melting at 0.28 GPa. Our results for the

Na-rich alkali feldspar are generally in agreement with

theirs; however, our activation enthalpy (0.84 eV) was

much lower than that (*1.02 eV) of Khitarov and Slutskiy

(1965). The discrepancy might be attributed to the different

chemical composition of samples. The sample (An3Ab97)

from Khitarov and Slutskiy (1965) contains a few calcium

ions, of which the ionic radius and charge are larger and

higher than those of sodium ions, respectively. Because of

the incorporation of calcium ions in framework structure,

the average Na–Na distance increases, and the energy

barrier for a jump of Na from one site to another also

increases, which results in the increase in the activation

enthalpy.

Mizutani and Kanamori (1967) measured the single

crystal alkali feldspar with the composition of 61 %

orthoclase, 34 % albite, and 5 % anorthite using DC

method at room pressure and high temperature. Their

results are obviously higher than ours, including the acti-

vation energy (1.65 eV). In addition, Guseinov and

Gargatsev (2002) also used DC method to measure the

electrical conductivity of two natural single crystal

microclines with a minor albite, and our results are obvi-

ously higher than theirs. The discrepancy in the results of

Guseinov and Gargatsev (2002) and ours could be mainly

due to the difference in respective measurement methods.

Fig. 7 Comparison of electrical conductivity of alkali feldspar by the

present work with that by previous studies. Solid line albite

(An3Ab97), 1.0 GPa, DC method, by Khitarov and Slutskiy (1965);

dotted line single-crystal alkali feldspar (61 % orthoclase, 34 %

albite, and 5 % anorthite), ambient pressure, AC method, by Mizutani

and Kanamori (1967); long-dashed line adularia (K0.84Na0.16Al-

Si3O8), ambient pressure, AC method, by Maury (1968a, b); dotted-
dashed line: natural microcline, ambient pressure, DC method, by

Guseinov and Gargatsev (2002); short-dashed line dry albite glass,

1.8 GPa, AC method, by Ni et al. (2011)
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The DC method usually leads to serious polarization of

sample due to the existence of a large number of lattice

defects and their orientation in the sample under the applied

direct-current field. Orientation polarization of lattice defects

would weaken the effective electrical field applied on the

charge carriers, and reduce the driving force of the charge

carriers and the total current of the measuring circuit;

therefore, the measured conductivity will be lower than the

true values. Another possible reason for the discrepancy is

the difference in sample preparation. Both Mizutani and

Kanamori (1967) and Guseinov and Gargatsev (2002) used

the natural single-crystal samples. By contrast, our samples

are solid solution samples, which can avoid the influence of

anisotropy on the results. A lot of experimental reports have

shown that the electrical conductivity of single crystal for

many minerals such as enstatite, quartz, and pyroxene is

highly anisotropic (Duba et al. 1973; Dvorák and Schloessin

1973; Dai and Karato 2009a; Wang et al. 2010). In addition,

according to the diffusion data of alkali feldspar obtained by

Christoffersen et al. (1983), the diffusion rates of alkali ions

are largely different in different crystallographic directions.

Therefore, it is suggested that the electrical conductivity of

alkali feldspar is also anisotropic.

Maury (1968a, b) determined the electrical conductivity

of natural albite and adularia (K0.84Na0.16AlSi3O8) at 673–

1,173 and ambient pressure using AC impedance spec-

troscopy method. The electrical conductivity of albite glass

with 0.02 wt% H2O, which was performed by Ni et al.

(2011) at 473–1,773 K and high pressure using the same

experimental method, is also compared to ours as shown in

Fig. 7. The obvious difference may be explained as fol-

lows: (1) The sample of Maury (1968a, b) was single-

crystal sample. As we discussed above, the crystallographic

directions have an important influence on the electrical

conductivity of minerals. (2) The different lattice structures

of respective samples can also explain the different con-

ductivities. Lattice structure is one of the important factors

that significantly affect the electrical conductivity of

materials. The single-crystal adularia is usually composed

of a mixture of monoclinic and triclinic crystalline domains

(Zhou et al. 2001), and the structure of glass including the

albite glasses is somewhat analogous to that of liquid and is

random networks and any long-distance periodicity is

lacking, whereas our samples are solid solutions. There-

fore, the different lattice structures among the respective

sample can lead to different experimental results. (3) A

small quantity of water content in the sample of Ni et al.

(2011) can also enhance electrical conductivity.

Conduction mechanisms of alkali feldspar

Since the plot of log rT versus T-1 yield one linear

response over the experimental temperature range, there is

only one conduction mechanism for alkali feldspar solid

solutions. The dominant conduction mechanism is ionic

conduction and the charge carriers are Na? and K?, as also

suggested for feldspar minerals and feldspar glasses in

previous electrical conductivity experiments and diffusion

experiments (Maury 1968a, b; Lin and Yund 1972;

Behrens et al. 1990; Eldin and Alaily 1998; Guseinov and

Gargatsev 2002; Bagdassarov et al. 2004; Ni et al. 2011;

Yang et al. 2012). Large numbers of studies show that the

migration of ions in minerals is controlled by many factors,

such as anion porosity of the structure, electrostatic site

energy, and size of the ion (Dowty 1980; Henderson et al.

1985). Feldspars have particular structure in which the

tetrahedrons of SiO4 and AlO4 connect at each corner to

other tetrahedrons forming an intricate, three-dimensional,

negatively charged framework, and these cations (K?,

Na?, Ca2?) occupy the voids in the structure; hence, the

anion porosity of feldspar is relatively higher than the

porosity of other minerals, for example, the anion porosi-

ties of albite and orthoclase are 49.7 and 53.8 %, respec-

tively, whereas those of calcite and forsterite are 48.9 and

46.4 %, respectively (Dowty 1980). As Dowty (1980)

mentioned that the increase in porosity in silicates with

increasing degree of linkage (polymerization) of silicon–

oxygen tetrahedral implies that the decrease in the average

coordination number of cations and the lower coordination

number usually results in looser packing. Consequently, the

looser structure of feldspars can provide advantage in the

migration of alkali cations (K?, Na?) in the crystal lattice.

Additionally, the site energy of Na? and K? is in the range

of 11–13 eV, which is far lower than that of O2- (50–

63 eV), Al3? (105 eV), Si4? (176–197 eV) (Ohashi 1976).

Although the ionic radius of alkalis is relatively larger than

that of other ions in the tetrahedron, the lower site energies

of alkalis and the higher porosities of feldspars evidently

compensate for the larger size of alkali ions. Therefore,

Na? and K? are extremely mobile elements compared with

other ions such as O2-, Al3? and Si4? normally located in

tetrahedral sites.

Other candidates that could act as charge carriers such

as electrons and protons are not likely to play a role in

electrical conduction. In general, electronic conductivity

occurs in iron-bearing minerals such as olivine, clinopy-

roxene, orthopyroxene, and garnet, through small polaron

hopping between ferrous and ferric ions (Dai and Karato

2009b, c; Yoshino et al. 2009, 2011, 2012; Farla et al.

2010; Poe et al. 2010; Yang et al. 2012; Yang 2012; Yang

and Heidelbach 2012). For our samples, the very low iron

content precludes any significant electronic conduction. It

is also impossible for protons to be the dominant charge

carrier in our sample, since the activation enthalpy displays

obvious dependency on the alkali ions content of alkali

feldspar as shown in Fig. 6. On the basis of above analysis,
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Na? and K? are the most likely candidates to act as charge

carriers in alkali feldspars due to their high diffusivity.

So far, the transport mechanism of alkali ions is still

controversial as to whether the migration of alkalis

involves a vacancy mechanism or an interstitial one. In a

conduction process, alkali ions jump from an initial site to

a nearby defect along the applied electrical field direction

by thermal activation. If the defects are interstitial positions

(not charged), the change in defect concentration with

temperature is negligible, and the measured activation

enthalpy is simply associated with the motion of mobile

species. Therefore, the activation enthalpy is

DH ¼ DHmi ð3Þ

where DHmi is the energy for charge carriers moving to the

interstitial position.

If the defects are vacancies (charged), the molar fraction

of defects Nv varies with temperature, and the measured

activation enthalpy consists of formation enthalpy for

vacancies DHf and vacancy motion enthalpy DHmv. Thus,

DH ¼ 1

2
DHf þ DHmv ð4Þ

since DHmi and DHmv have very similar values and DHf is

normally much larger than migration enthalpy (DHm); the

activation enthalpy for vacancy mechanism is far higher

than that of an interstitial mechanism. According to the

lower activation energies (less than 1.0 eV) obtained in this

study and previous studies as shown in Fig. 5, it is

proposed that the migration of Na? and K? involves an

interstitial mechanism in alkali feldspar. The formation of

Frenkel defects can be written as

NaX
A1
¼ Na�i þ V0A1

ð5Þ

Kx
A1
¼ K�i þ V0A1

ð6Þ

where Nax
A1

and KX
A1

are sodium and potassium ions located

in their normal lattice sties of A1, Na�i and K�i are sodium

and potassium ions occupying the interstitial sites,

respectively; and V0A1
is the vacancy of alkali ions in their

normal lattice sites of A1. At high temperatures, the Na?

and K? jump from their normal lattice sites to their adja-

cent interstitial sites along the electrical field direction and

leave vacancies behind them.

Combing the low activation energy in this study with the

theoretically calculated interstitial migration energy of

alkali ions in alkali feldspar, the interstitial mechanism is

also strongly supported. Jones et al. (2004) obtained the

interstitial migration energy for Na? and K? in albite and

K-feldspar by theoretical calculation, and the activation

energies of interstitial migration for K? and Na? are 1.86

and 1.31 eV in albite, respectively, and 0.99 and 0.70 eV in

K-feldspar, respectively. The activation enthalpy (0.84) of

albite in this study is much lower than that (1.31 eV) of

Jones et al. (2004). The discrepancy in the calculated

structure carried out by Jones et al. (2004) could account

for the difference between the experimentally determined

and calculated activation energy for albite. However, the

activation enthalpy of 0.99 eV for K-feldspar in our study

is identical to that of Jones et al. (2004). Consequently, our

activation enthalpy data can also provide significant evi-

dence to support the interstitial migration mechanism for

Na? and K? in alkali feldspar.

Therefore, the variation in activation enthalpy with

chemical composition as shown in Fig. 6 can be reasonably

explained. When the value of Na/(Na ? K) is no less than

0.6, the activation enthalpy is no more than 0.87 eV and

smoothly increases with the decreasing content of Na?.

Although a few K? are contained in Na-rich alkali feldspar

solid solutions, Na? is still suggested to be the major

charge carriers. The small increase in activation enthalpy is

due to the increase in average Na–Na distance with the

increasing concentration of K?, and the energy barrier for a

jump of Na? from one site to another increases. When the

content of K? is higher than that of Na?, the activation

enthalpy abruptly increases to 0.96 eV, and the likely

explanation is that K?, with relatively high activation

energy, takes part in the electrical conduction and becomes

a major charge carrier. However, Na? can also contribute

to the electrical conduction for alkali feldspar solid solu-

tions except the end-member K-feldspar.

Effect of chemical composition on electrical

conductivity

The present study shows that the electrical conductivities

of alkali feldspar solid solutions exhibit strong composition

(Na/(Na ? K)) dependence, as seen in studies concerning

electrical conductivity of iron-bearing silicates as a func-

tion of Mg/(Mg ? Fe) for olivine (Omura et al. 1989;

Hirsch et al. 1993; Yoshino et al. 2012), pyroxenes (Seifert

et al. 1982), garnet (Romano et al. 2006), and ringwoodite

(Yoshino and Katsura 2009). As shown in Fig. 6, activation

enthalpies were seen to decrease with the rise in Na/

(Na ? K), which is closely related to a decrease in average

Na–Na distance. Similar relation was also observed for

iron-bearing minerals as a function of Mg/(Mg ? Fe)

(Romano et al. 2006; Yoshino and Katsura 2009; Yoshino

et al. 2012). The relationship between activation enthalpy

and composition can be approximated at given pressure by

the following equation.

DH ¼ DH0 þ bðXNa=ðNaþKÞÞc ð7Þ

where DH is the activation enthalpy at a specific XNa/

(Na?K), DH0 is the activation enthalpy observed at very low

Na concentrations, XNa/(Na?K) is the ratio of Na/(Na ? K),
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and b and c are constants that account for geometrical

factors, respectively. In consideration of the discontinuous

variation in activation enthalpy (Fig. 6), the relationships

between activation enthalpy and XNa/(Na?K) are well fitted

by Eq. (7) for Na-rich (XNa/(Na?K) [ 0.5) and K-rich (XNa/

(Na?K) \ 0.5) compositions, respectively. The fitting

parameters are shown in Table 3.

Since the concentration of alkali ions controls the con-

ductivity variation in alkali feldspar solid solutions, and its

dependence on the pre-exponential factor, the resultant

electrical conductivity of alkali feldspar solid solutions,

excluding the end-member K-feldspar, can be described as

follow:

rT ¼ r0Xa
Na=ðKþNaÞ exp �

DH0 þ bXc
Na=ðNaþKÞ

kT

 !

ð8Þ

where r0 is the pre-exponential factor for ionic conduction

and a is a constant. According to Eq. (8), the present data

for Na-rich and K-rich alkali feldspar solid solutions are

separately fitted by using the global least-squares fitting,

and the relevant parameters for alkali feldspar solid solu-

tions are summarized in Table 3. Using these parameters

and Eq. (8), the calculated conductivity values and acti-

vation enthalpy are in good agreement with the experi-

mental values.

Geophysical implications

Laboratory electrical conductivity results of minerals at

high temperature and high pressure can provide reliable

database for establishing the electrical conductivity of

rocks by using the conduction models of mixture. So far,

a number of electrical conductivity models of binary solid

mixtures have been developed, such as the series and

parallel (SP) solutions (Schulgasser 1976), the geometric

mean (GM) model (Shankland and Duba 1990), the

Hashin–Shtrikman (HS) model (Hashin and Shtrikman

1962), the effective conductivity (EC) model (Del Rio

et al. 1998), and effective medium (EM) model (Landauer

1952). Since EM model is the only average to fit between

HS bounds which are the narrowest restriction as previous

publications reported (Xu et al. 2000; Dai et al. 2012), it

is chosen in this study to establish the electrical conduc-

tivity of rocks which mainly consist of alkali feldspar and

quartz. The EM model can be expressed as (Landauer

1952)

rEM ¼
1

4

�
rAð3fA � 1Þ þ rQð3fQ � 1Þ:

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rAð3fA � 1Þ þ rQð3fQ � 1Þ þ 8rArQ

q �
ð9Þ

in this study where rA and rQ are the electrical conduc-

tivities of alkali feldspar and quartz, respectively, and fA

and fQ are the their volume percentage, respectively.

The construction of electrical conductivity model of

rocks is based on the following assumptions: (1) The effect

of grain boundary on electrical conductivity of rocks,

which often has very small contribution at high pressure, is

assumed to be negligible; (2) the influence of water on the

bulk electrical conductivity of rocks must be not consid-

ered because our samples are dry; (3) the very little portion

of accessory minerals in rocks are neglected, as it has the

least possibility of affecting the bulk electrical conductivity

of rocks; (4) the two mineral phases, alkali feldspar and

quartz, are supposed to be randomly distributed in rocks.

On the basis of the rules above, we will establish the

electrical conductivity of alkali feldspar granite, alkali

feldspar quartz syenite, and alkali feldspar syenite, which

are the typical and important rocks in the upper crust, at

temperatures of 673–1,173 K and 1.0 GPa, and these rocks

are shown in the QAP diagram for plutonic rocks in Fig. 8.

Since the electrical conductivity of alkali feldspar in this

study satisfies the Arrhenius behavior as shown in Fig. 4,

we use the parameters in Table 2 to extrapolate the elec-

trical conductivity of alkali feldspar in temperature range

of 673–873 K. For the electrical conductivity of quartz,

although there have been many studies on the electrical

conductivity of quartz, the data of Bagdassarov and Delé-

pine (2004) are chosen because their experimental tem-

perature, pressure, and method (AC impedance

spectroscopy technique) are similar to ours. The most

importance is that the electrical conductivity of single-

crystal quartz shows very strong anisotropy as many pub-

lications reported (Verhoogen 1952; Jain and Nowick

1982; Wang et al. 2010). However, Bagdassarov and

Delépine used polycrystalline quartz sample, which effec-

tively avoids the effect of anisotropy. Additionally,

although there will be a phase transition for quartz in

temperature range of 673–1,173 K covered in our model, a

large number of studies show that the electrical conduc-

tivity of quartz exhibits no abrupt change near the alpha–

beta phase transition (Verhoogen 1952; Jain and Nowick

1982; Wang et al. 2010). Therefore, the effect of the a–b

Table 3 Fitting parameters

obtained from the Eqs. (7) and

(8) for electrical conductivity of

alkali feldspar solid solutions

XNa/(Na?K) r0 (K�S/m) DH0 (eV) a b c

\0.5 35,237 ± 721 1.00 ± 0.01 0.40 ± 0.06 -0.23 ± 0.02 1.87 ± 0.03

[0.5 18,321 ± 367 0.92 ± 0.01 1.37 ± 0.16 -0.08 ± 0.01 1.00 ± 0.02
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phase transition on the electrical conductivity of quartz is

not taken into account. Based on the assumption and

experimental data, we calculated the bulk electrical con-

ductivity of alkali feldspar granite, alkali feldspar quartz

syenite and alkali feldspar syenite. The results are shown in

Figs. 9 and 10.

Figure 9 shows the logarithmic conductivity of alkali

feldspar granite consisting of 70 % alkali feldspar with

different chemical compositions and 30 % quartz against

reciprocal temperature at 1.0 GPa. The results show that

(1) the model electrical conductivities of alkali feldspar

granite also satisfy the Arrhenius formula, namely, the

electrical conductivity of alkali feldspar granite linearly

increase with increasing temperature; (2) the electrical

conductivity of alkali feldspar granite decreases with the

decrease in albite content in alkali feldspar, which is sim-

ilar to that of alkali feldspar solid solutions as shown in

Fig. 4. Our calculated results are generally in accordance

with those of dry Westerly granite in high-temperature

region, but in low-temperature region, our results are

slightly higher than those of Olhoeft (1981). The discrep-

ancy can be attributed to the different mineralogical con-

stituents of two rocks. As far as we know, the natural

Westerly granite mainly consists of oligoclase, microcline,

quartz, and biotite with minor muscovite (Tullis and Yund

1977). By contrast, our samples are composed of alkali

feldspar (70 %) and quartz (30 %). In addition, the DC

electrical conductivity of natural granite measured by

Olhoeft (1981) is usually lower than the true values as we

discussed above.

The logarithmic conductivity of rocks with different

volume percentage of quartz and alkali feldspar with the

composition of Al60Or40 at 1.0 GPa is plotted against the

reciprocal temperature in Fig. 10. Since the electrical

conductivity of quartz from Bagdassarov and Delépine

(2004) is much lower than that of alkali feldspar in this

study, the bulk conductivity of rocks remarkably decreases

after quartz is added and reduces faster as the quartz con-

tent increases. However, in our model, the volume per-

centage of alkali feldspar in rocks is not less than 40 %

which has been enough for alkali feldspar to form inter-

connected conduction network; hence, the bulk electrical

Fig. 8 Chosen rocks to calculate their electrical conductivity are

shown in AQP diagram. The content of alkali feldspar and quartz in

rocks can be directly read from the AQP diagram

Fig. 9 Logarithmic conductivity (lg rT) of alkali feldspar granite

consisting of 70 % alkali feldspar with different compositions and

30 % quartz against reciprocal temperature (1/K)) at 1.0 GPa. The

dashed line shows the electrical conductivity of natural Westerly

granite at room pressure measured by Olhoeft (1981)

Fig. 10 Logarithmic conductivity (lg rT) of rocks with different

volume percentage of quartz and alkali feldspar with the particular

composition of Al60Or40 at 1.0 GPa against the reciprocal tempera-

ture (1/K). Also shown are data for Al60Or40 (dashed line) in this

study and for quartz (dotted line) from Bagdassarov and Delépine

(2004)

60 Phys Chem Minerals (2013) 40:51–62

123



conductivity of these rocks is theoretically controlled by the

more conductive alkali feldspar. Actually, our theoretical

calculation results are consistent with the experimental val-

ues. Alvarez et al. (1978) had once measured the electrical

conductivity of four igneous rocks with different composition

at high temperature and found the electrical conductivity

increases with the increase in the ratio of the albite to quartz.

Parkhomenko (1982) also had done a lot of work on the

relationship between the electrical conductivity of rocks and

their minerals, chemical composition, and structure. His

results showed that the electrical conductivity of acid and

intermediate rocks such as granite and diorite decreased with

the increasing content of quartz. His explanation is that the

increase in SiO2 content leads to the decrease in the sum of the

alkaline oxide (e.g., CaO, K2O, Na2O) and the oxide of iron

(FeO ? Fe2O3), namely, the contributions of cations to the

electrical conductivity reduce, which ultimately results in the

decrease in electrical conductivity of these rocks. Our cal-

culated results also show that the electrical conductivity of

rocks decreases with the increase in the content of quartz and

are in accordance with those of Alvarez et al. (1978) and

Parkhomenko (1982).
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