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Electrical conductivity measurements of synthetic anorthite were carried out as a function of pressure and
temperature by a Solartron-1260 Impedance/Gain phase analyzer in a multi-anvil apparatus. The impedance
spectroscopy was performed in a frequency range from 10–1 Hz to 106 Hz. The sample was synthesized at
1673 K in a high temperature furnace. Our experimental results show that (1) a dramatic increase in electrical
conductivitywith increasing temperature and a slightly decrease in conductivitywith increasing pressure at con-
stant temperature, however, the effect of pressure on the conductivity is less pronounced than that of tempera-
ture; (2) the activation enthalpy linearly increases with increasing pressure (1.86–1.91 eV) reflecting the
mobility of Ca2+ decreases as the anorthite framework becomes more compressed; (3) the activation energy
at atmospheric pressure and activation volume are 1.83 eV and 2.39 cm3/mol, respectively; (4) According to
these Arrhenius parameters, it is proposed that the possible dominant mechanism of the charge transport in
anorthite under experimental conditions is the hopping of Ca2+ fromonenear aluminumoxygen site to another;
(4) the diffusion coefficient of calcium was calculated from the present conductivity data using Nernst–Einstein
equation, and compared with previous experimental results.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Feldspars are the most abundant rock-forming minerals and consti-
tute 60% of the Earth's crust, and arewidely present in variety of igneous
and metamorphic rocks [1]. Anorthite, as one of end-numbers in feld-
spars, has a large stability field, which extend to 3 GPa in pressure and
to below 1000 °C in temperature [2–4]. Consequently, anorthite would
play an important role in the composition of the uppermost upper
mantle when it effectively plunge the continental slab into the mantle.

Electrical conductivity is one of the significant parameters to place
constraints on the thermal structure and composition of the Earth's
interior since it is highly sensitive to thermodynamic parameter such as
temperature, pressure and chemistry of the constituent materials [5–7].
Laboratory-based electrical conductivity of geomaterials can provide in-
dependent data to help the interpretation of the field magnetotelluric re-
sults and borehole data. The electrical conductivity of anorthite would
therefore make a significant contribution to the electrical structure of
the Earth's crust and the uppermost upper mantle. In addition, the
study on conduction behavior of anorthite at high temperature and pres-
sure can aid in understanding the charge transport mechanism, and is an
efficient probe of mass transfer processes for the diffusion. The electrical
properties of feldspars have been the subject of numerous studies for de-
cades [8–22], however, most previous studies are extensively concerning
in the electrical conductivities of alkali feldspar andplagioclasewith inter-
mediate composition. Extremely limitedpublications reported the electri-
cal conductivity of end-number anorthite. Maury [11] studied the
electrical conductivity of the whole feldspar family, both natural and syn-
thetic, at 672–1173 K and ambient pressure using impedance spectrosco-
py method, and the results indicated that the activation energies for all
feldspars vary in the range of 0.72–0.87 eV. Recently, Bagdassarov et al.
[15] investigated the variation of activation energy of electrical conductiv-
ity with pressure in order to determine the pressure dependence of anor-
thite glass transition, however, their aim was to discriminate glassy and
liquid states by measuring the electrical conductivity of anorthite glass
at high temperature, not focus on anorthite crystal over its stability
field. Notably, no study has yet reported the electrical conductivity of an-
orthite crystal simultaneously under high temperature and high pressure
condition.

As one of our systematic study on electrical property of feldspar fam-
ily which have been partly reported in Hu et al. [19–21], the electrical
conductivity of synthetic anorthite is measured at 1.0–3.0 GPa and
873–1173 K by means of complex impedance spectroscopy in a multi-
anvil high-pressure apparatus. We discuss the conduction mechanism
of anorthite at high temperature in details using the experimental
results, and the diffusion coefficient of calcium was calculated from
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Table 1
The chemical composition of synthetic anorthite by electron
microprobe analysis (wt.%).

Oxide Synthetic anorthite

SiO2 43.41
Al2O3 35.33
CaO 20.83
Cr2O3 0.04
Na2O 0.15
total 99.76
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the conductivity data by using Nernst–Einstein equation, and compared
it with previous Ca tracer diffusion coefficient.

2. Experimental procedures

2.1. Sample preparation

High-pure silicon dioxide (SiO2), aluminum oxide (Al2O3) and calci-
um carbonate (CaCO3) was used to prepare the starting material. The
preparation of the experimental sample is carried out by the following
two steps. (1) The oxide powders firstly were weighed, then mixed and
ground under acetone in an agate mortar for 2 h. In order to remove the
possible water, the mixtures were dried at 723 K for 4 h. The anorthite
subsequently was synthesized in a stepwise fashion, and then kept at
1673 K under ambient pressure for 3 h in high temperature furnace and
finally slowly cooled down to room temperature. The experimental prod-
ucts were confirmed to be anorthite crystals by the micro-focused X-ray
diffractometer. (2) In order to obtain the cylindrical sample, the synthetic
anorthite powder were ground again under ethanol in an agate mortar
and dried at 723 K in a muffle furnace, then loaded into a copper capsule.
The sample eventually was sintered at 573 K and 2.0 GPa for 1 h inmulti-
anvil apparatus in order to reduce porosity in the sample. The sintered
sample was then cut and polished into the cylinder with a diameter of
6.0 mm and a height of 6.0 mm for subsequent electrical conductivity
measurement. Finally, the sample was cleaned successively in acetone
and ethanol using an ultrasonic cleaner, and later keeping dry in an
oven before the sample assembly. The texture of the sample was exam-
ined using scanning microscope (SEM), which showed the foam texture
and the grain size was nearly uniform (Fig. 1). The chemical composition
was determined by EPMA-1600 electron probe (EMPA) operated at 25 kV
and 10 nA and the results were showed in Table 1.

2.2. Electrical conductivity measurements

Electrical conductivity measurements were carried out in an YJ-
3000t multi-anvil apparatus. The sample assembly for the conductivity
measurement resembles that in our previous studies [19–21]. The alu-
minum oxide (Al2O3) insulator, hexagonal boron nitride (HBN) sleeve,
cubic pyrophyllite pressure media and other parts were heated at
1023 K for 5 h in a muffle furnace prior to sample assembly. The cylin-
drical sample was placed in a HBN sleeve with an inner diameter of
6.0 mm, and sandwiched by two Pt electrodes with the same diameter
as HBN. After completing the assembly, it was further dried at 473 K
in an oven overnight before the electrical conductivity measurement.
In order to check the distortion of sample geometry during conductivity
Fig. 1. Cross-section of the recovered sample cell from an electrical conductivity measure-
ment. The original sample geometry was largely preserved.
measurement, the sample cell after measurement was polished to sec-
tion and the cross-section was shown in Fig. 2 in which the original
sample geometry was largely preserved. Therefore, the distortion of
sample dimension can be neglected during data processing.

Impedance spectroscopymeasurements were carried out in amulti-
anvil apparatus by a Solartron 1260 impedance gain-phase analyzer at
873–1173 K and 1.0–3.0 GPa, with the applied alternating current
voltage of 1 V in the frequency range of 10−1–106 Hz. Since water has
a significant effect on the conductivity measurement, two or three
heating and cooling cycles were undertaken to drive off any moisture
in cell assembly and sample. For each run, the sample was firstly
compressed to the desired pressure with a rate of 1.5 GPa/h. Then the
temperature was changed in 50 K steps and simultaneously the imped-
ance spectrawere collected in subsequent heating or cooling cycles. The
experimental results showed that the conductivity data from the first
heating cycle obviously deviated from other cycles, therefore, only the
reproducible data were chosen for the analysis process.

Impedance spectra showed that one semicircular arc and one small
tail in the high and low frequency range, respectively. As the tail follow-
ing the arc corresponds to grain boundary transport or sample-
electrode interface process (discuss below), the semicircular arc
representing the bulk conduction property is fitted by using an equiva-
lent circuit of resistor and capacitor in parallel to obtain sample
resistance. The conductivity was then calculated from the sample
resistance and dimensions using the equation, σ = L/SR, where σ is
the electrical conductivity, L and S are the sample length and cross-
section area of electrode, respectively, and R is the sample resistance.
Experimental errors are mainly from (1) the fitting error of impedance
arcs that are no more than 5%, and (2) the uncertainty of temperature
which is less than 10 K due to the thermal gradient along the length
of sample cell. The error arising from the distortion of sample dimension
can be neglected since the sample after conductivity measurement
reserved its original geometry as shown in Fig. 2. Therefore, the total un-
certainty of electrical conductivity is not more than 5%.

3. Results

Fig. 3 shows the typical impedance spectra of sample at 1.0 GPa. Each
impedance spectrum shows one semicircular arc at high frequencies
Fig. 2. Backscattered electron image of themicrostructure of the sample after the conduc-
tivity measurements.



Fig. 3. Complex impedance spectra of anorthite from 0.1 to 106 Hz at 1.0 GPa and
873–1173K. Z′ and Z″ are the real and imaginary part of complex impedance, respectively.
An equivalent circuit of a single resistor (R) and capacitor (C) in parallel was used to fit the
impedance arc in the high frequency region. The solid semi-circular lines are the fitting
results of impedance arcs.

Fig. 4. The logarithm of electrical conductivity versus reciprocal temperature for anorthite
in different heating/cooling cycles at 1.0 GPa. Data from the first heating cycle were pre-
cluded during the analysis process.

Fig. 5. Electrical conductivity of anorthite as a function of reciprocal temperature at
1.0–3.0 GPa. The solid lines indicate the fitting results from this study. The red dashed
line and the dotted line denote the conductivity data of anorthite glass at 3.0 GPa and
4.5GPa, respectively [15]. The blue dot-dashed line shows theprevious result for synthetic
anorthite at ambient pressure from Maury [11].
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and an additional part appearing at lower frequencies. The semi-circular
arc of a center that falls on the real axis corresponds to the grain interior
conduction process. The tail following the arc in complex impedance
plane is usually attributable to grain boundary transport or sample-
electrode process. Generally, the complete arc representing grain
boundary conduction occurs at the intermediate frequency range
of 0.01–200 Hz, and has a different characteristic relaxation time [23,
24], whereas the grain boundary arc was not observed after the grain
interior arc as shown in Fig. 3. Accordingly, the electrode response can
appear as a separate or as a straight line which is a characteristic of
diffusion process at the sample-electrode interface [25, 26], so the low
frequency tail in this study reflects an effect of the electrodes. Therefore,
the bulk sample resistance was determined from the first arc by model-
ing the electrical response with an equivalent circuit of resistor and
capacitor in parallel as shown in Fig. 3.

Since the linear relation of the logarithmic conductivity against the
reciprocal temperature, the electrical conductivity can be expressed by
Arrhenius's formula:

σ ¼ A exp −ΔH
kT

� �
ð1Þ

where A is a pre-exponential factor (S/m), k is the Boltzmann constant
(eV/K), T is the absolute temperature (K) and ΔH is the activation
enthalpy (eV), the pressure dependency of which could be expressed
by ΔH = ΔE0 + PΔV, where ΔE0, ΔV and P are correspondent to the
activation energy at atmospheric pressure, activation volume and
pressure, respectively. The electrical conductivity from different cy-
cles at 1.0 GPa and the reproducible data at 1.0–3.0 GPa are illustrat-
ed in Figs. 4 and 5, respectively. Accordingly, the parameters from
fitting Eq. (1) to the data are shown in Table 2, in which the activa-
tion energy and activation volume are 1.83 eV and 2.39 cm3/mol,
respectively.

As shown in Fig. 4, the conductivity data from first heating cycle are
apparently higher than these from subsequent heating and cooling
cycles. The moisture in cell assembly or the absorbed water in sam-
ple probably gives rise to the deviation of electrical conductivity,
which is also observed in previous studies [18]. On the basis of the re-
producibility from the second cycle in Fig. 4 and the high activation
enthalpy (N1.80 eV) shown in Table 2, it is implied that water doesn't
play a significant role on electrical conductivity in this study.
Therefore, in order to obtain the reproducible data, the same
heating/cooling cycle measurements are performed at 2.0 GPa and
3.0 GPa and the data from the first heating cycle are excluded during
data analysis process.

As shown in Fig. 5, the electrical conductivity increase by about 2.5
order of magnitude with increasing temperature from 673 to 1173 K
at constant pressure. Conversely, the electrical conductivity decreases
by nearly 0.5 log unit from 1.0 GPa to 3.0 GPa at a constant temperature,
and accordingly the activation enthalpy slightly increases from 1.86 eV
to 1.91 eV as shown in Table 2,which indicate that the ionicmobility de-
creases as the anorthite framework becomesmore compressed. Accord-
ingly, the lattice parameters decrease and the internal energy increases
with pressure. As a result, the pathways of carriers could become
narrower andmore energy is required for carriers across the energy bar-
rier, which ultimately reflects the reduction of electrical conductivity
and the rise of activation enthalpy. The amount of increase in activation
enthalpy is reflected by the sum of pressure and activation volume
(2.39 cm3/mol) obtained in our present studies.



Table 2
Fitting parameters for electrical conductivity of synthetic anorthite in present study together with previous results. An, anorthite.

Run no. P (GPa) T (K) Log A A (S/m) ΔH (eV) ΔE0 (eV) ΔV (cm3/mol) References

A103 1.0 873–1173 4.62±0.26 41687 1.86±0.03 1.83±0.01 This study
A113 2.0 873–1173 4.43±0.23 26915 1.88±0.02 2.39±0.28
A127 3.0 873–1173 4.36±0.23 18621 1.91±0.04
Synthetic An 10–4 673–1173 −0.20 – 0.87 – Maury [11]
Anorthite 3.0 1000–1250 – – – 1.22 – Bagdassarov et al. [15]

4.5 1.50
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4. Discussion

4.1. Comparison with previous results

Since the electrical conductivity data on anorthite are very scarce,
only two sets of similar data are chosen to compare with our results as
shown in Fig. 5. Maury [11] performed the systematic measurements
on the electrical conductivity feldspar including synthetic anorthite at
673–1173 K and ambient pressure. Their data indicated that at lower
temperature (b750 K) the electrical conductivities are apparently
higher than our results, but in a higher temperature region (N750 K)
they are slightly lower. This is attributed to the smaller temperature de-
pendence (activation energy) of electrical conductivity compared to
ours. These differences can be explained by the difference in the
experimental pressures. In this study the electrical conductivity was
measured at pressures of 1.0–3.0 GPa, whereas Maury [11] performed
the conductivity measurement at ambient pressure. According to the
effect of pressure on the electrical conductivity in this study, it is reason-
able that our results are lower than that of Maury's [11]. The discrepan-
cy of the activation energy between these two studies can be attributed
to the different sample synthetic methods, since the variation in activa-
tion energy for samples with the same composition may depend on the
different preparation methods [6]. Owing to the absence of information
about sample synthetic process by Maury [11], it is difficult to distin-
guish the exact difference in sample synthetic method between these
two studies.

Bagdassarov et al. [15] reported the glass transition temperature
from the pressure effect on the activation energy of electrical conductiv-
ity in alkali, alkaline earth (anorthite) silicate and SiO2 glasses using AC
impedance spectroscopy method. The electrical conductivity of anor-
thite before phase transition at 3.0 and 4.5 GPa was chosen to compare
with our results as shown in Fig. 5. Noticeably, at 3.0 GPa their conduc-
tivity data are by more than 0.5 order of magnitude higher than the
present results at the same pressure, and the activation enthalpies
(e.g., 1.17 eV at 3.0 GPa and 1.22 eV at 4.5 GPa) are much lower than
our result (1.91 eV). However, the decrease of electrical conductivity
and the increase of activation enthalpy with increasing pressure from
their data resemble in this study. The discrepancy in electrical conduc-
tivity and activation energy can be explained by the difference of
respective sample. The sample used by Bagdassarov et al. [15] is anor-
thite glass which is quite different from our crystalline sample used by
us. Generally, many of physical properties including electrical conduc-
tivity are intimately related to the structure of material, depending on
the working temperature [27]. For the silicate glass, the silicon–oxygen
tetrahedra (SiO4) are connected irregularly and form a disordered
three-dimensional network. Alkali and alkaline–earth elements as the
network modifiers are filling the holes in this random network, and
bonded with non-bridging oxygens (NBOs) and participating in net-
work depolymerization [28, 29]. In the case of anorthite glass, calcium
can play different structural roles either as modifiers, participating in
network depolymerization and bonded with non-bridging oxygens, or
as charge compensators, near the (AlO4)— tetrahedra and bonded
with bridging oxygens, ultimately, perturbing the polymerized network
[28]. Accordingly, the less stronger linkage of Ca ions to the glass
network would cause that the free energy required to move the defect
across the energy barrier in glass may be smaller compared to
crystalline due to the lower degree of polymerization, which implies
that the higher electrical conductivity and the lower activation enthalpy
as investigated by Bagdassarov et al. [15].

4.2. Conduction mechanism

The electrical conductivity of a material is the sum of the conduction
of each charge carrier (or defect) type acting in parallel

σ ¼
X

Niqiμ i ð2Þ

whereNi is the density of the i-th type of charge carrier, qi is its effective
charge (qi = ziei), and μi is its mobility. Owing to the dependence of the
activation energies for each conduction mechanism on those of the
chargemobility, all conductionmechanisms can bedistinguished bydif-
ferent slop (activation energy) defined in a specific temperature region
on the Arrhenius plot. In the case of synthetic anorthite in the present
study the Arrhenius plot showed that there is only a linear relation be-
tween electrical conductivity and temperature, which implied that only
one conduction mechanism can be identified.

Generally, conduction by diffusion of ions is characterized by a
high activation energy (N2 eV) and a positive activation volume
(i.e., conductivity decreases with increasing pressure) due to the
difficulty for formation and migration of cation vacancies at high
pressures [30]. The present study demonstrated that the activation
enthalpy is nearly 2.0 eV and the activation volume is a positive
value (2.39 cm3/mol), therefore, the hopping of ions in lattice can be
made a significant contribution to the electrical conductivity of anor-
thite under our experimental condition. In anorthite crystal structure,
calcium ions are proposed to be the dominant charge carriers due to
their relatively higher mobility in comparison with other component
elements such as oxygen, silica and alumina ions, which comprise an
aluminosilicate framework of corner sharing Si- and Al-tetrahedra.
According to the previous diffusion studies, the activation energy for ox-
ygen diffusion in anorthite (An97) under anhydrous condition is
2.45 eV at ambient pressure and in the temperature region of
850–1300 °C [31], and the activation energy for Si diffusion in anorthitic
feldspar (An93)was 4.82 eV under dry and low pressure condition [32].
Although the aluminum diffusion data in anorthite is scarce, one could
expect for aluminum diffusion an activation enthalpy of nearly that of
Si diffusion due to the substitution of anAl3+ for a Si4+ in a tetrahedron.
Consequently, we suggest that calcium ions in anorthitemake the dom-
inant contribution to the electrical conduction at high temperature and
high pressure, as pointed out by Bagdassarov et al. [15] for the anorthite
glass although the activation energy (~1.20 eV) they obtained is much
lower than ours (~1.90 eV).

Other conduction mechanisms, such as proton and small polaron
conduction which is the hopping of electron holes between ferrous
and ferric iron, are not likely to make an important role in conduction
for anorthite. Proton conduction is considered to be an important
conduction mechanism when nominally anhydrous minerals contain a
certain amount of structural water. Because the proton is an extremely
small ion, the activation enthalpy for such a fast migration process of
extrinsic impurities is expected to be much lower than that for ion.
The experimentally determined activation enthalpy is around 0.9 eV,
which is extensively reported in silicate minerals such as hydrous



Fig. 6. The calculated Ca2+ diffusion coefficient in synthetic anorthite inferred from elec-
trical conductivity data using the Nernst–Einstein relation under experimental conditions.
The dotted line illustrates that the self-diffusion coefficients of Ca in natural anorthite
(An95) at atmospheric pressure and 1200–1400 °C from LaTourrette and Wasserburg
[56]. The dashed line represents that the experimental 45Ca2+ diffusivity data in plagio-
clase (An60) normal to (001) at 1 bar and 1000–1300 °C from Behrens et al. [57].
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olivine and its high-pressure polymorphs [33–37], orthopyroxene [38,
39], garnet [40] and enstatite [39]. For small proton conduction, it is
proposed as a main conduction mechanism in the main iron-bearing
minerals, e.g., olivine, garnet, ferro-periclase, silicate perovskites
[41–51]. These studies have been shown that small polaron conduction
is characterized by a negative activation volume and a relative low acti-
vation energy (1~1.5 eV). Thus, the positive activation volume
(2.39 cm3/mol), the higher activation energy (~1.90 eV) and the iron-
free sample in this study rule out any significant contribution of proton
and small polaron to the conduction. Calcium ions are the best candi-
dates acting as charge carriers in anorthite, and hop in lattice along
the applied electric field direction.

4.3. Calculation of the Ca diffusion coefficient

Basically the electrical conductivity is the diffusion of charge-
carrying species. For our anorthite sample, only calcium ions are sug-
gested to make a significant contribution to the bulk conductivity,
thus its diffusion coefficient can be calculated through Nernst–Einstein
equation [52]:

D ¼ HrσkT=nq2 ð3Þ

where D is the diffusion coefficient, Hr is the Haven ratio related to the
correlation factor, k and T are the Boltzmann constant and absolute tem-
perature, respectively, q is the charge, n is the number of charge carrier
per volume unit expressed as n = NAρL/M, where NA is the Avogadro's
number, ρ is the density of anorthite,M is themolecularweight, and L is
the number of calcium atoms in a molecule. The Haven ration Hr gener-
ally has a value in the range of 0.1 to 1.0 depending on the nature of dif-
fusion mechanism. For the interstitial mechanism, the Haven ratio
usually equals to 1.0, but for the vacancy or interstitially mechanism, it
is less than 1.0 [53]. According to previous diffusion experiments on al-
kali feldspar, Na+diffusion is primarily by an interstitialmechanismdue
to the smaller ionic radius, whereas K+ and alkali cations with large
ionic size are proposed to move mainly by vacancy mechanisms or
others [54,55]. Although the Ca self-diffusion coefficient in natural anor-
thitewas reported by LaTourrette andWasserburg [56], the Ca diffusion
mechanism has not yet been discussed in detail. One would expect that
the Ca diffusion is by a vacancymechanism or other strongly correlated
movement owing to the much larger ionic radius compared to that of
Na+ and K+. Because the accurate Haven ratio is unavailable for
anorthite, Hr = 0.1 was assumed in order to simplify the calculation.
Using Eq. (3) and assuming only Ca ions are involved in the transport
process, we calculated its diffusion coefficient from the conductivity
data of synthetic anorthite under the present experimental conditions,
and the results are illustrated in Fig. 6 together with the diffusion coef-
ficient measured by way of Fick's law.

As demonstrated in Fig. 6, the calculated Ca diffusion coefficients fall
in a range of 10–19–10–15 m2/s at temperatures of 873–1173 K and
high pressure. Comparison with previous diffusion results is very diffi-
cult because experimental diffusion data of pure anorthite unfortunate-
ly have heretofore been unavailable at temperature below 1000 °C. The
diffusion data at high temperature are also very limited, and only two
sets of data for plagioclase are available to compare with our calculated
results as indicated in Fig. 6. LaTourrette and Wasserburg [56]
performed the measurement on the self-diffusion coefficients of Ca in
natural anorthite (An95) parallel to both b and c-direction at
1200–1400 °C and ambient pressure using a diffusion couple method.
Behrens et al. [57] measured the Ca diffusion coefficient in plagioclase
(An60) at 1 bar and 1000–1300 °C by residual activity method using
the radioactive isotope 45Ca. Obviously, the calculated results in this
study are much higher than both of those from LaTourrette and
Wasserburg [56] and Behrens et al. [57] if both of their data are extrap-
olated to lower temperature (b1000 °C). By contrast, the slopes of the
Arrhenius plots (the activation energy) in the present study are
markedly smaller than these previous experimental results: this study,
1.83 eV; LaTourrette and Wasserburg [56]: ~2.60 eV; and Behrens
et al. [57]: 3.25 eV. These discrepancies in diffusion coefficient and acti-
vation energy can be attributed to the difference in the experimental
method, temperature, pressure and samples in respective measure-
ment. The experimental method used by us is completely different
from these of LaTourrette and Wasserburg [56] and Behrens et al. [57].
The calculated Ca diffusion coefficient in the present study is the basis
on many assumptions, for instance, the value of HR, only Ca ions
contribution to conductivity, thus it does not correspond to thediffusion
coefficient directly measured by way of Fick's law. However, we note
that the calculated diffusion coefficient has the dimensions of a tracer
diffusion coefficient, therefore, our results can provide a significant in-
dependent constraint on the experimentally determined values.
Calcium is a major constituent element of plagioclase, the diffusion of
which is important in understanding high-temperature processes such
as metamorphic reactions, exsolution kinetics, creep, and phase trans-
formation [32, 58], therefore, more studies on Ca diffusion measure-
ments performed under low temperature and high pressure are
required.

5. Conclusion

The electrical conductivity measurement on dry synthetic anorthite
was performed at 1.0–3.0 GPa and 873–1173 K inmulti-anvil apparatus
using complex impedance spectroscopy. The effect of pressure and tem-
perature on the electrical conductivity was observed, and the electrical
conductivity of anorthite dramatically increases with increasing tem-
perature, and decreases with the increase of pressure, but temperature
greatly influences the electrical conductivity much more than pressure
under our experimental conditions. The linear increase in activation
enthalpy with increasing pressure was investigated. According to the
Arrhenius parameters, e.g., the high activation energy (1.83 eV) and
the positive activation volume (2.39 cm3/mol), it is proposed that the
possible dominant conduction mechanism in anorthite at high temper-
ature is ionic conduction, and calcium ions are considered to be charge
carriers hopping in lattice under electric field. On the other hand, the
Ca diffusion coefficient was calculated from electrical conductivity
data based on the Nernst–Einstein equation, and compared with earlier
experimental data. Our calculated results can provide an independent
constraint on the direct measuring results.
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