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Magnetotelluric measurements reveal the presence of high conductivity anomalies (up to ∼1 S/m) in 
both the forearc and backarc regions of subduction zones as well as the continental middle–lower 
crust. Such anomalies are commonly interpreted as a consequence of aqueous fluid released from the 
dehydration of hydrous minerals. Amphibole is an important constituent of the continental mid-crust 
and a major hydrous phase in subduction zones, such that its dehydration at high temperature has 
been suggested to provide a significant source of aqueous fluid. We performed electrical conductivity 
measurements of a natural Fe-bearing amphibole at 623–1173 K and 0.5–2.0 GPa using a multi-anvil 
apparatus and an impedance spectroscopy. Our results show that pressure has a very weak effect 
on conductivity compared with temperature. An abrupt variation of the impedance semicircular arc 
followed by a remarkable increase of electrical conductivity is observed at temperature of 843 ± 20 K. 
However, the enhancement in conductivity is not attributed to conductive aqueous fluid but rather to 
amphibole oxidation–dehydrogenation, as confirmed by infrared spectroscopy and optical microscopy 
observations. A slight decrease in activation enthalpy from ∼0.80 eV to ∼0.70 eV suggests that the 
conduction mechanism does not change before and after dehydrogenation, and small polaron conduction 
(electron holes hopping between Fe2+ and Fe3+) is considered to dominate the conductivity of amphibole 
over the entire temperature range. Although amphibole dehydrogenation at high temperature cannot 
serve as a principal source of aqueous fluid, the enhanced electrical conductivity of amphibole after 
dehydrogenation is sufficient to account for the high conductivity anomalies observed in slab–mantle 
wedge interfaces and the continental lowermost mid-crust, particularly in local regions with high heat 
flow.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Magnetotelluric (MT) sounding results reveal that high conduc-
tivity anomalies are widely present both in the continental mid-
crust as well as backarc and forearc regions of subduction zones, 
characterized by conductivity values of 0.01–1 S/m (Leibecker 
et al., 2002; Wannamaker et al., 2009; Worzewski et al., 2011;
Evans et al., 2014; McGary et al., 2014). These anomalies are gen-
erally explained by the presence of NaCl-bearing aqueous fluids 
(Hyndman and Shearer, 1989; Sinmyo and Keppler, 2017), par-
tial melts (Schilling et al., 1997; Glover et al., 2000), and in-
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terconnected highly conductive minerals such as graphite film 
(Glover and Vine, 1994), Fe/Ti-oxides, or sulfides (Duba et al., 
1994; Kawano et al., 2012). Among these explanations, aqueous 
fluid is usually considered to be the most likely cause of the 
observed high-conductivity anomalies because fluids are formed 
during heating of the continental mid-crust by underlying man-
tle plumes or released from dehydration of hydrous phases in 
subduction zones (Wannamaker et al., 2009; Worzewski et al., 
2011). However, the non-unique inverse problem of magnetotel-
lurics hardly provides an accurate interpretation of MT field data, 
while laboratory-based electrical conductivity measurements of ge-
omaterials can significantly constrain the geophysical observations. 
Recent experimental measurements of the conductivity on hydrous 
minerals indicate that dehydration provides a crucial source of 
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Table 1
The chemical composition of sample before electrical conductivity measurement (wt.%).

Sample SiO2 Al2O3 CaO MgO TiO2 MnO FeO Na2O Total

Am 50.56 3.66 20.43 14.29 1.00 0.21 8.16 0.38 98.69
aqueous fluid that may be responsible for the high conductivity 
anomalies, particularly in subduction zones where a large amount 
of hydrous minerals are stable at a range of depths (Manthilake et 
al., 2015, 2016; Chen et al., 2017; Hu et al., 2017).

According to the generalized mineralogical composition model 
of continental crust given in Christensen and Mooney (1995), am-
phibole content reaches up to 35–40 vol.% at depths of 15–30 km, 
corresponding to the average continental mid-crust. Similarly, am-
phibole is an important water carrier with abundances up to 
50 vol.% in epidote-amphibolite and amphibolite facies in subduc-
tion zones (Schmidt and Poli, 1998). Consequently, the dehydra-
tion of amphibole containing 2.1 wt.% H2O may make a significant 
contribution to the source of aqueous fluid, both in the continen-
tal mid-crust and subduction zones. However, numerous crystallo-
graphic studies on Fe-bearing amphibole have demonstrated that 
extensive dehydrogenation takes place at high temperature (T ), si-
multaneously associated with the oxidation of Fe2+ into Fe3+, such 
that H2 is released instead of molecular water (Phillips et al., 1988; 
Della Ventura et al., 2017). Thus, the electrical conductivity and 
conduction behavior of amphibole under relevant pressure (P ) and 
T conditions are of critical importance for understanding the ori-
gin of highly conductive anomalies observed in continental crust 
and subduction zones.

The electrical conductivity of amphibole or amphibolite has at-
tracted considerable attention in recent decades. Most previous 
data were obtained at low T (<923 K) (Tolland, 1973; Zhou et 
al., 2011), while a small number of studies were performed out-
side the amphibole stability field (Glover and Vine, 1994, 1995; 
Schmidbauer et al., 2000; Wang et al., 2012), and some reported 
the occurrence of dehydration or oxidation–dehydrogenation pro-
cesses inferred from the dramatic variation of conductivity and 
activation energy when sample was heated to the temperature 
of dehydrogenation (TD). Schmidbauer et al. (2000) reported that, 
above 873 K, conduction processes are characterized by a low acti-
vation energy (<1.0 eV) and suggested the occurrence of dehydro-
genation or some sort of initial amphibole decomposition without 
the influence of H2. In contrast, Wang et al. (2012) showed that 
at T above ∼800 K, where dehydration occurs, the conductivity 
abruptly increases and activation enthalpies are anomalous high 
(up to 3.32–3.94 eV) but the conduction behavior remains un-
clear. The widely inconsistent activation energies and ambiguity 
regarding the conduction mechanism reported in previous studies 
demands further investigation to meticulously measure the con-
ductivity of amphibole under well-controlled P –T conditions to 
constrain the influence of oxidation–dehydrogenation on conduc-
tivity and the corresponding conduction behavior.

In this study, impedance spectroscopy measurements were per-
formed over the P –T range of 623–1173 K and 0.5–2.0 GPa in 
a multi-anvil apparatus to investigate the effect of oxidation–
dehydrogenation on the conductivity of Fe-bearing amphibole. We 
discuss the conduction mechanisms before and after amphibole 
dehydrogenation in detail according to Arrhenius parameters (e.g., 
activation enthalpy) characterizing conduction behavior, and the 
probable effect of Fe content on conductivity based on the present 
and previous data. Finally, a conductivity–depth profile from the 
amphibole results is established, and principal implications for the 
origin of the anomalously high conductivity observed in the conti-
nental mid-crust and subduction zones are comprehensively eval-
uated.
2. Experimental methods

2.1. Sample preparation

The starting materials were dark green, prism-shaped amphi-
bole single crystals from Sichuan province, China. The samples 
contain very small amounts of accessory minerals (e.g., plagioclase, 
quartz, and rutile) and appear as isolated pocket shapes in the am-
phibole matrix, as observed by the scanning electron microscope 
(SEM) analysis, and would therefore have a negligible influence on 
the bulk conductivity of amphibole. Sample chemical composition 
was determined using an electron microprobe analyzer (EPMA-
1600) operated at the State Key Laboratory of Ore-Deposit Geo-
chemistry, Institute of Geochemistry, Chinese Academy of Sciences 
(CAS). Analytical results are listed in Table 1. Amphibole crystals 
were cut parallel to the c-axis using a diamond slicer and polished 
into cylindrical shapes with a diameter of 6.0 mm and lengths of 
3.0–6.0 mm. Samples were then cleaned successively in acetone 
and ethanol using an ultrasonic cleaner and kept dry in a muffle 
furnace at 423 K until the sample was assembled.

2.2. In situ electrical conductivity measurements

Electrical conductivity experiments were performed at the Key 
Laboratory of High-Temperature and High-Pressure Study of the 
Earth’s Interior, Institute of Geochemistry, CAS, China and at the 
Mineral Physics Institute (MPI), Department of Geosciences, Stony 
Brook University, USA. Since oxygen fugacity in subduction zones 
is estimated to be several log units more oxidized than the sur-
rounding mantle (relative to FMQ) (McCammon et al., 2004), two 
symmetric Ni electrodes and a Ni foil shielding case were cho-
sen to fix oxygen fugacity close to the nickel–nickel oxide (NNO) 
buffer. The sample was placed in an Al2O3 capsule and sand-
wiched by the Ni electrodes separately connected with two nickel–
aluminum (Ni97Al3) wires that were insulated from the stainless 
steel furnace by Al2O3 insulation sleeve. A cylindrical MgO sleeve 
was used outside the Al2O3 capsule to maintain thermal insula-
tion. The Ni foil shielding case was grounded by a wire between 
the MgO and Al2O3 capsule to shield external electromagnetic 
disturbance and minimize the temperature gradient across the 
sample. The heater was constructed of three layers of stainless 
steel sheets that were installed inside the pyrophyllite pressure 
medium. A welded Ni90Cr10–Ni97Al3 thermocouple was placed in 
direct contact with the middle of the sample to monitor the 
temperature. The temperature gradient was roughly estimated to 
5 K in this sample cell. The cell design for conductivity mea-
surement resembles that in our previous work (Dai et al., 2016;
Hu et al., 2017). After the completion of sample assembly, it was 
stored in muffle furnace at 423 K until the electrical conductivity 
measurement in order to avoid moisture.

High pressures and temperatures were generated using a 
YJ-3000t multi-anvil apparatus at the Institute of Geochemistry, 
CAS. Complex impedance spectra of the samples were mea-
sured over 623–1173 K and 0.5–2.0 GPa by a Solartron-1260 
Impedance/Gain-Phase analyzer. The 1 V amplitude of the ap-
plied voltage for the alternating current over a frequency range 
of 10−1–106 Hz was adopted to determine the sample resistance. 
Two sets of conductivity measurements were initially performed 
separately to observe both the temperature of oxidation–dehydro-
genation, TD and the time required to reach a steady resistance 
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Fig. 1. The electrical conductivity of sample as a function of time at 873 K and 
1.0 GPa during dehydrogenation process.

at TD. A continuous heating–cooling cycle mode was employed: 
when pressure was increased to a designed value, impedance 
spectra were collected in the first heating–cooling cycle below 
923 K at 50 K steps to attain the reproducible conductance within 
the amphibole stability field. After that, impedance spectra were 
then collected continuously in several heating–cooling cycles at 
623–1173 K with the same step until reproducibility of resistance 
values was achieved. Variation of impedance spectra and con-
ductivity with temperature indicate that the onset of oxidation–
dehydrogenation in amphibole occurs at 843 ± 20 K. A subsequent 
individual conductivity measurement was carried out at 873 K to 
monitor the time required to achieve steady state from the on-
set to completion of sample dehydrogenation. The plot of electrical 
conductivity versus elapsed time shown in Fig. 1 indicates that at 
least 200 min are required to attain a steady impedance value at 
873 K.

In light of the results above, the electrical conductivity mea-
surements of amphibole at different P (0.5–2.0 GPa) were per-
formed by a discontinuous heating–cooling mode. After the sample 
was compressed to the desired pressure, the first heating–cooling 
cycle was repeated below 923 K in the same manner as in the 
continuous mode. The sample was then heated to 873 K and held 
for 200 min. While the resistance reproducibility was confirmed at 
this T . The sample was then heated again to 1173 K. The subse-
quent heating and cooling cycles were repeated in the T range of 
623–1173 K to verify reproducibility after sample dehydrogenation. 
The temperature was continuously varied at each 50 K interval and 
impedance spectra were achieved accordingly. After completion of 
the conductivity measurements, samples were quenched and de-
compressed to ambient pressure. The experimental conditions are 
listed in Table 2.
2.3. Post-experiment sample characterization

Recovered samples from the continuous and discontinuous 
heating–cooling cycles were polished for micro-textural analyses 
and phase identification. Analyses were performed by virtue of the 
optical microscope and scanning electron microscope (JSM-7800F) 
with a typical acceleration voltage and beam current of 20 kV and 
2.0 nA, respectively. The images are displayed in Fig. 2. Microfrac-
ture and cleavage were observed to be more abundant in samples 
from the discontinuous mode measurements compared to those 
made using the continuous mode. No new phases were detected 
except that the sample color varied from dark green to brown and 
fractures were observed.

The water contents of samples before and after conductivity 
measurements were analyzed using a Fourier transform vacuum 
infrared (FTIR) spectrometer (Vertex-70V, Hyperion-1000 infrared 
microscope). Samples for IR analysis were polished to a thick-
ness of less than 100 μm. The IR absorption of samples was 
measured by unpolarized radiation with mid-IR light sources, a 
CaF2 beam splitter, and an MCT detector with a 100 × 100 μm 
aperture. Spectra were collected from the total absorbance of OH 
between wavenumbers of 3000–3800 cm−1 with 512 scans ac-
cumulated for each sample. Several main absorption bands were 
present prior to the conductivity measurements (Fig. S1 in sup-
plementary material), similar to previous high-T studies on syn-
thetic and single crystals with the principal OH-stretching region 
between 3600–3800 cm−1 (Della Ventura et al., 2017). The main 
band intensity dramatically decreased after conductivity measure-
ments, which confirmed the occurrence of dehydrogenation and 
the loss of hydrogen during the high P –T experiments.

3. Results

Two sets of typical complex impedance spectra measured 
from the amphibole samples in the continuous and discontinu-
ous heating–cooling cycles are shown in Fig. 3. At T below 873 K 
(i.e. before dehydrogenation), all the measured impedance spectra 
display an almost ideal semicircle centered on the real axis (Z ′) in 
the high frequency range and a small low-frequency tail. The semi-
circular arc represents the bulk conduction of the single crystal 
sample, and the tail in the low frequency regime is characteris-
tic of electrical processes occurring at electrode–sample interface 
and is unrelated to the electrical properties of the sample (Roberts 
and Tyburczy, 1991), thus it was precluded in the fitting pro-
cess of impedance spectra. For the continuous mode at T ≥ 873 K
(Fig. 3a(2)), however, the impedance arcs show the presence of an 
induction loop in the low-frequency regimes with a part of the 
positive imaginary axis Z ′′ , which is generally attributed to chem-
ical reaction at the sample–electrode interface (Macdonald, 1978). 
We hypothesize that the appearance of induction loops at high 
T reflects the occurrence of oxidation–dehydrogenation processes 
within the sample. The similar behavior has also been reported 
Table 2
Experimental conditions and the Arrhenius fitting parameters before and after complete dehydration of sample in this study and previous results.

Run no. P
(GPa)

T1 T2 σ01

(S/m)
�H1

(eV)
σ02

(S/m)
�H2

(eV)
Refs.

before DHY after DHY

Am2101 0.5 623–873 923–1173 162 0.81 154 0.70 This study
Am2105 1.0 623–873 923–1173 111 0.79 82 0.67
Am2112 1.5 623–873 923–1173 187 0.83 69 0.67
Am2117 2.0 623–873 923–1173 120 0.81 75 0.68
hornblendite 0.5–1.0 373–800 800–900 37 0.68 – 3.56 WGYK12
amphibolite 1.0 523–973 – 53 0.71–0.75 – – ZFLX11
calcic amphiboles 0 573–873 573–1058 – 0.73 – 0.62 SKFH00

References: WGYK12: Wang et al. (2012); ZFLX11: Zhou et al. (2011); SKFH00: Schmidbauer et al. (2000).
Abbreviation: DHY, dehydrogenation.
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Fig. 2. The images of (a) optical and (b) scanning electron microscope for the samples after conductivity measurements in the continuous (left side) and discontinuous (right 
side) heating–cooling cycle modes, respectively. Abbreviations: Am, amphibole; Pl, plagioclase; Qtz, quartz; Rt, rulite.
for other hydrous minerals (e.g., talc, chlorite, and epidote) dur-
ing dehydration (Wang and Karato, 2013; Manthilake et al., 2016;
Hu et al., 2017). In contrast, after the sample maintained at 873 K 
for an extended time, impedance spectra collected above 873 K 
(Fig. 3b(2)) demonstrate a shape very similar to that measured 
below 873 K: a grain interior impedance arc and low-frequency 
tail. It is likely that the sample has reached equilibrium status, 
and the dehydrogenation reaction has possibly been completed 
according to the observation of FTIR. Sample resistance was de-
termined by fitting impedance semi-circle arcs using an equivalent 
circuit consisting of a parallel resistor (R) and capacitor (C ); the 
low-frequency tails representing the electrical processes at the 
sample–electrode interface were excluded during this fitting pro-
cess.

The sample conductivity can be calculated from the resistance 
and a geometric factor according to σ = L/S R , where L/S , the geo-
metric factor, is the sample length to electrode area ratio, and R is 
the resistance of sample obtained by fitting the impedance spec-
tra to an equivalent parallel circuit consisting of a resistor and a 
capacitor. Experimental errors mainly include the (1) fitting error 
of impedance arcs that are no more than 5%; (2) uncertainty from 
the precision of T measurement (±5 K) due to the thermal gra-
dient along the length of sample cell; (3) Errors from geometric 
distortion can be almost negligible. Firstly, the sample dimension 
in this study was designed to be as large as possible so as to re-
duce or eliminate the effect of geometric change on conductivity. 
Besides, the sample geometry was essentially well preserved by 
measuring the sample dimension after conductivity measurements 
(Fig. S2 in supplementary material); (4) pressure uncertainty in 
sample cell was less than 0.1 GPa according to the previous pres-
sure calibration in YJ-3000t multi-anvil apparatus from Shan et al.
(2007). In summary, the total uncertainty of the final conductivity 
is estimated to be less than 10%.

The conductivities of Fe-bearing amphibole measured in the 
two different heating–cooling modes are shown in Fig. 4. At T <

873 K, the conductivity demonstrates good reproducibility in both 
modes and the logarithmic conductivity increases with tempera-
ture. Once sample was heated above 873 K, electrical conductivity 
increases moderately with temperature and a distinct change of 
slope is observed around 873 K (Fig. 4a). For subsequent heating 
and cooling cycles, the electrical conductivities at T > 873 K fluc-
tuates slightly, which likely arises from the non-equilibrium in the 
sample due to the incompletion of the oxidation–dehydrogenation. 
Previous experimental studies report that the dehydrogenation 
temperature, TD, ranges between ∼773 and 1073 K depending on 
several factors including the heating conditions of equilibrium or 
non-equilibrium, amphibole composition, sample shape (e.g., bulk 
or fibrous), and crystalline morphology (e.g., single crystal or pow-
der) (Schmidbauer et al., 2000; Zema et al., 2012; Della Ventura et 
al., 2017). A distinct variation of the conductivity and FTIR observa-
tions verify the TD in this study at 843 ±20 K. In the discontinuous 
heating–cooling modes, the conductivity was well reproducible af-
ter the sample was kept at 873 K for more than 200 min (Fig. 4b), 
and increases by ∼0.5 log units after dehydrogenation.

Electrical conductivities measured in this study exhibit a linear 
relationship with temperature both before and after dehydrogena-
tion, and can therefore be expressed by the Arrhenius equation;

σ = σ0 exp

(−�H

kT

)
, (1)

where σ0 is a pre-exponential factor (S/m), k is the Boltzmann 
constant (eV/K), and �H is the activation enthalpy for conduction 
(eV). Conductivity data obtained before and after dehydrogena-
tion were fitted separately by Eq. (1), and the fitting parameters 
are summarized in Table 2. Fig. 5 shows the electrical conductiv-
ity of amphibole before and after dehydrogenation at 0.5–2.0 GPa. 
The temperature dependence of conductivities behaves similarly at 
varying pressure. At low T (i.e., prior to dehydrogenation), the in-
fluence of pressure on conductivity almost can be negligible. After 
sample dehydrogenation, the electrical conductivity shows a weak 
negative pressure dependence that is far smaller than that of tem-
perature. Additionally, activation enthalpy and the pre-exponential 
factor are also insensitive to the change of pressure, as listed in 
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Fig. 3. Complex impedance spectra of Fe-bearing amphibole measured in the continuous (left) and discontinuous (right side) heating−cooling cycle modes, respectively. At 
temperatures below 923 K, all the complex impedance spectra shown in a(1) and b(1) exhibited a single impedance arc in high frequency regime plus a tail in the low 
frequency range for both of the heating modes. The impedance arcs measured by the continuous mode shown in a(2) indicate inductive loops in the low frequency regime at 
T ≥ 873, reflecting the likely occurrence of an oxidation−dehydrogenation reaction, whereas the impedance arcs shown in b(2) are similar to those before dehydrogenation 
implying the probable completion of dehydrogenation reaction. An equivalent circuit of a single RC/CPE in parallel is used to fit these impedances arcs measured in the 
discontinuous modes.
Table 2. The pressure effect on electrical conductivity is there-
fore not taken into account in the discussion below. Nevertheless, 
�H values obtained before dehydrogenation are slightly higher 
(0.79–0.83 eV) than those obtained after dehydrogenation (approx-
imately 0.70 eV). The small change in activation energy is related 
to the conduction mechanism of amphibole that is discussed in 
detail below.

4. Discussion

4.1. Conduction mechanism

Owing to the presence of two linear slopes in the Arrhenius 
plot before and after dehydrogenation, there are probably two 
different thermally activated conduction mechanism respectively 
controlling the conductivity, whereas the very small variation in 
activation energy at the two stages more likely arises from the 
tiny adjustment of crystal structure rather than the change of con-
duction mechanism. It is assumed that only one type of charge 
carriers dominates the electrical conductivity in whole experimen-
tal process. Ionic conduction generally occurs at relatively high T
and is characterized by a high activation energy (>2 eV); hence it 
is impossible to be the dominant charge migration mechanism due 
to the lower �H values (<1.0 eV) achieved by this study. Proton 
(H) conduction is commonly proposed to be the dominant con-
duction mechanism in hydrous minerals at low T due to its small 
ionic radius and high mobility of H, and �H values are relatively 
low (<1 eV), such as 0.56–0.72 eV for brucite (Guo and Yoshino, 
2014), 0.59–0.67 eV for talc, 0.68–0.74 eV for serpentinite (Guo et 
al., 2011), and 0.64–0.67 eV for epidote (Hu et al., 2017). Although 
activation enthalpy values in this study are very close to that for 
proton conduction, the smaller values (∼0.70 eV) determined at 
higher temperature after dehydrogenation imply that H is unlikely 
to control the bulk conductivity over the full temperature range 
because proton conduction is generally the dominant conduction 
mechanism at relatively low temperatures.
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Fig. 4. Electrical conductivity of Fe-bearing amphibole as a function of reciprocal temperature in different repeated heating−cooling modes. (a) In the continuous mode, the 
remarkable change of slope of conductivity versus temperature occurs at around 843 K, and the electrical conductivities in the high temperature range (923–1173 K) exhibit 
a slight fluctuation where the dehydrogenation reaction occurs. (b) In the discontinuous mode, a continuous increase of conductivity is observed in the 2nd heating cycle 
when sample was kept at 873 K. After dehydrogenation in sample, the electrical conductivities are reproducible well in the 3rd heating–cooling cycle. The dashed lines 
denote the best fitting results by Equation (1).
Fig. 5. Logarithm of electrical conductivity versus reciprocal temperature for Fe-
bearing amphibole at variable confining pressures of 0.5–2.0 GPa. The solid lines 
indicate the fitting results of electrical conductivity by Equation (1). Pressure has 
a very small influence on the measured electrical conductivity of the amphibole, 
and even overlap at low temperature before dehydrogenation. The error bar is the 
assumed 10% relative uncertainty.

In contrast, hopping (small polaron) conduction, which oc-
curs through the electron transfer between ferrous and ferric 
ions, is considered the dominant charge transport mechanism in 
Fe-bearing silicate minerals including nominally hydrous miner-
als such as pyrophyllite (Hicks and Secco, 1997) and serpentine 
(Reynard et al., 2011). Reynard et al. (2011) showed that the elec-
trical conductivity of serpentine is dependent on Fe concentration 
with reported �H values of ∼1.3 eV. Although the �H values 
obtained here from Fe-bearing amphibole are slightly lower than 
those reported for other Fe-bearing hydrous minerals, small po-
laron conduction is likely to be the dominant charge transport 
mechanism because the activation energy for small polaron con-
Fig. 6. Activation enthalpies for electrical conductivity in amphibole and amphibo-
lite from present and previous studies. The dark blue and red symbols denote the 
activation enthalpies obtained before and after dehydrogenation, respectively, and 
correspondingly the blue and red dashed lines indicate their respective trend of ac-
tivation enthalpies with total iron content. (For interpretation of the colors in the 
figure(s), the reader is referred to the web version of this article.)

duction spans a wide range of values in light of previous experi-
mental results of Fe-bearing nominally hydrous minerals (Yoshino 
et al., 2012; Zhang and Yoshino, 2016).

Previous studies on Fe-bearing amphibole reveal that charge 
transport occurs mainly through electron hopping between Fe2+
and Fe3+. Correspondingly, the �H activation enthalpies are rela-
tively low (<1.0 eV) both before and after dehydrogenation (Fig. 6) 
(Schmidbauer et al., 2000; Zhou et al., 2011; Wang et al., 2012). 
Activation enthalpies obtained from our amphibole sample with 
8.16 wt.% FeO at different pressure also fall within the range 
(0.79–0.83 eV). More importantly, it is found that there is a distinct 
negative dependence of Fe content on �H (i.e., higher Fe content 
tends to yield lower �H) based on previous and present data both 
of before and after dehydrogenation. The relationship in amphibole 
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is similar to that in Fe-bearing nominally anhydrous minerals such 
as olivine and its high-pressure polymorphs (Yoshino et al., 2012)
as well as orthopyroxene (Zhang and Yoshino, 2016), in which 
small polaron conduction dominates the bulk conductivity. Con-
sequently, electron hopping (small polaron) between ferrous and 
ferric ions is suggested to dominate the bulk conductivity in Fe-
bearing amphibole both before and after dehydrogenation.

The reaction of amphibole dehydrogenation produces H2 rather 
than molecular water, and simultaneously accompanies the initial 
oxidation of Fe2+, ultimately resulting in the formation of an oxy-
amphibole component (Phillips et al., 1988),

Fe2+ + OH− = Fe3+ + O2− + 1
2 H2. (2)

Previous studies report that extensive dehydrogenation com-
monly occurs within a period of several hours (Hu et al., 2017;
Manthilake et al., 2015; Sun et al., 2017). The process of Fe2+
oxidation, however, is much slower and allows oxidation to con-
tinue even after complete dehydrogenation of sample in which the 
initial Fe2+ content is greater than H content (Ungaretti, 1980). 
Our experiments also show that electrical conductivity reaches a 
steady value after keeping the sample at 873 K for more than 
three hours, which reflects the possibly complete dehydrogena-
tion of sample. Additionally, the very slight variation of �H from 
∼0.80 eV before dehydrogenation, to ∼0.70 eV after dehydrogena-
tion, suggests that the conduction mechanism for charge transport 
remains unchanged during the two stages. Small polaron conduc-
tion continues to dominate the bulk conductivity after amphibole 
dehydrogenation even at temperatures above 873 K.

The modest increase in conductivity and weak decrease in �H
after dehydrogenation is likely to be associated with an increase 
in Fe3+ concentration due to the oxidation of Fe2+, as well as 
structural adjustments. In the amphibole crystal structure, Fe2+
may occupy all octahedral M sites with the predominant order 
pattern of M(3) > M(1) > M(2) > M(4) (Zema et al., 2012). Ex-
periments on heat-treated amphibole show that Fe2+ at the M(1) 
and M(3) sites oxidizes during the oxidation–dehydrogenation pro-
cess, which produces Fe3+ and one electron. Some Fe2+ ions on 
the M(2) and M(4) sites exchange with Mg at the M(1) and M(3) 
sites and are then oxidized in a similar fashion (Ishida, 1998). As 
a consequence, the oxidation of Fe2+ during dehydrogenation not 
only results in increased Fe3+ content but also leads to a substan-
tial decrease in bond strength at O(3), to which H predominantly 
bonds, that is compensated by shortening of the M(1)–O(3) and 
M(3)–O(3) bonds (Phillips et al., 1988). Accordingly, a decrease in 
the O(3) bond strength and M(1)–O(3) and M(3)–O(3) bond lengths 
leads to a decrease in the average Fe3+−Fe2+ distance, which ulti-
mately reduces the energy required for electron hopping between 
Fe2+ and Fe3+ on M sites, analogous to ferromagnesian mantle 
minerals (Yoshino et al., 2012). The increase in conductivity and 
slight decrease in �H activation enthalpy after dehydrogenation 
are therefore attributed to increased Fe3+ concentration and asso-
ciated structural adjustments rather than a change of conduction 
mechanism.

4.2. Comparison with previous studies

In early period, the electrical conductivity of basic amphibolite 
saturated with saline fluids was reported at high temperature and 
high pressure by Glover and Vine (1994, 1995) using DC method. 
As shown in Fig. 7, the conductivity of amphibolite dominated by 
electrolyte is distinctly much higher than all of other data, how-
ever, the values gradually approach our results with increasing 
temperature, and even overlap with our data at highest temper-
ature. It is likely that pore fluid in rock matrix progressively es-
caped with increasing temperature, and the intrinsic conduction 
Fig. 7. Comparison of electrical conductivity of amphibole and amphibolite from 
present and previous studies. The numbers denote the total iron content (in wt.%) 
in samples. The red solid line denotes the result of amphibolite saturated with 
0.5 M NaCl from Glover and Vine (1994). The green dotted and solid lines repre-
sent respectively the data of amphibole samples with different iron content before 
and after dehydrogenation from Schmidbauer et al. (2000). The blue and orange 
solid lines show the conductivity of amphibolite along different structural direc-
tions measured by Zhou et al. (2011) and Wang et al. (2012), respectively. Note that 
electrical conductivity seems to increase with increasing the total iron content in 
amphibole/amphibolite.

from major minerals (e.g., amphibole) began to play a role in the 
electrical conductivity of amphibolite. Thenceforth, with the appli-
cation of AC impedance spectroscopy technique in geomaterials, 
the electrical conductivity of amphibole minerals were extensively 
measured by this method. Most conductivity experiments however 
were performed above the TD of amphibole, except for the data 
from Zhou et al. (2011), as indicated in Fig. 7. Based on these data, 
electrical conductivity appears to slightly increase with increasing 
Fe content prior to dehydrogenation. Our results are almost consis-
tent with previous results from samples with similar Fe contents 
(Zhou et al., 2011; Wang et al., 2012). The effect of Fe concentra-
tion on the activation enthalpies (Fig. 6) and the electrical conduc-
tivity (Fig. 7) in amphibole/amphibolite further supports that small 
polaron conduction dominates the bulk conductivity, as total Fe 
content is an important controlling factor for hopping conduction 
(Yoshino et al., 2012). The discrepancies in conductivity reported 
in the literatures are therefore mainly attributed to the different 
Fe content in respective samples.

However, although the Fe content in amphibole from Schmid-
bauer et al. (2000) is a little higher (8.76 wt.%) than that in the 
present study (8.16 wt.%), they report conductivities about 0.5 log 
units lower than those found here, which may be due to the possi-
ble differences of Fe3+/�Fe between these samples. Another factor 
leading to differences between our data and previous results may 
be the anisotropy of electrical conductivity of amphibole. Zhou et 
al. (2011) and Wang et al. (2012) measured the conductivity of am-
phibolite along different structural directions under high P –T con-
ditions and reported an apparent conductivity anisotropy. Although 
the anisotropy of conductivity in amphibole was not measured in 
the present study, it is reasonable for our data to lie within previ-
ous conductivity values measured along different crystallographic 
axes.

The variation of conductivity and weak decrease of �H after 
dehydrogenation observed in this study are generally consistent 
with that reported by Schmidbauer et al. (2000), as shown in 
Fig. 7 and Fig. 6. In contrast, the conductivity values measured by 
Wang et al. (2012) increase abruptly when exceeding the sample 
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Fig. 8. (a) Comparison of laboratory-based conductivity profiles established from the present data of Fe-bearing amphibole with geophysically observed conductivity anomalies 
at depth of 20–40 km in stable continental mid-crust and Tien Shan. The blue and green lines represent the electrical conductivity (EC) profiles of amphibole based on 
average heat flows of 65 mW/m2 in continental crust and 60 mW/m2 in Tien Shan, respectively. The black line denotes the electrical conductivity profile of amphibolite 
saturated with 0.5 M NaCl from Glover and Vine (1994). (b) Comparison of laboratory-measured electrical conductivity of hydrous minerals with anomalous high conductivity 
(10−2–1 S/m) in forearc area and slab–mantle wedge interface. The gray region corresponds to the high conductivity (HC) from geomagnetic observations. Data sources: 
Fe-bearing amphibole (this study), chlorite before and after dehydration (Manthilake et al., 2016), brucite perpendicular to the c axis at 3.7 GPa (Guo and Yoshino, 2014), 
antigorite (Reynard et al., 2011), talc aggregates (Wang and Karato, 2013). Abbreviation: HCL, high conductivity layer.
TD (above ∼800 K), while �H the activation enthalpies values are 
anomalously large (up to 3.32–3.94 eV), far higher than those in 
Schmidbauer et al. (2000) and the present study (<1 eV). Wang 
et al. (2012) proposed that the high �H values may be related 
to a dehydration reaction associated with the oxidation–reduction 
reaction, however, they provided no further evidence to support 
this hypothesis. In addition, the conduction mechanism responsi-
ble for the anomalously high �H values was not identified. It is 
thus worth noting that caution should be taken when using these 
anomalously large conductivity data to interpret the high conduc-
tivity anomalies obtained from MT measurements.

4.3. Geophysical implications for highly conductive anomalies

4.3.1. High conductivity in the continental crust
Experimental conductivity data combined with petrological 

models can provide independent and important constraints on the 
inversion results of MT soundings, which therefore improve our 
understanding of the Earth’s interior (e.g., composition, structure, 
thermal state). We have constructed a conductivity–depth pro-
file based on laboratory results of amphibole in this study and 
available geothermal data. Because high-conductivity anomalies are 
observed in both stable and tectonically active regions in the con-
tinental crust, and geothermal structures can vary significantly in 
different geotectonic environments, we adopt two sets of typical 
geothermal data from the stable continental crust (Pollack et al., 
1993), and the Tien Shan (Vermeesch et al., 2004), corresponding 
to heat flows of 65 mW/m2 and 60 mW/m2, respectively. Con-
ductivity as a function of depth were then constructed to compare 
directly with MT sounding results from the stable continental crust 
(Glover and Vine, 1994) and the Tien Shan region (Vanyan and 
Gliko, 1999). The effect of pressure on the conductivity–depth pro-
file is neglected due to its very weak influence on the conductivity 
of amphibole determined from our data. In addition, the average 
pressure usually does not exceed 1.0 GPa at the base of Earth’s 
crust.

As shown in Fig. 8a, an abrupt increase of conductivity at 
depths of ∼35 km is displayed for both conductivity–depth pro-
files due to the oxidation–dehydrogenation of amphibole. For the 
stable continental crust, the amphibole conductivity–depth curve 
intersects the bottom of the highly conductive anomalies at ap-
proximately 30 km depth, that is, the conductivity of amphibole 
after oxidation–dehydrogenation almost reaches that of the high 
conductivity layers (HCLs) at the lowermost mid-crust where the 
value is about 0.01 S/m. Despite the conductivity of NaCl elec-
trolyte saturated amphibolite from Glover and Vine (1994) can ac-
count for the MT observed mid-crustal conductivities, H-deficient 
amphibole formed by oxidation–dehydrogenation can provide an 
alternatively plausible explanation for the anomalously high con-
ductivity observed in lowermost mid-crust of stable continent.

The mid-crustal conductivity anomaly in the Tien Shan is 
greater than that of stable continental crust while the heat flow is 
even lower than expected. Correspondingly, the conductivity–depth 
profile of amphibole is far below the HCL in the mid-crust beneath 
the Tien Shan, as shown in Fig. 8a. As a consequence, the enhanced 
conductivity of amphibole after oxidation–dehydrogenation can 
hardly account for the observed high conductivity anomaly in the 
Tien Shan. A previous study on the Tien Shan however attributed 
the HCL in the mid-crust to aqueous fluids released by dehydration 
of amphibole-bearing rocks occurring at 923–973 K (Vanyan and 
Gliko, 1999). Nevertheless, according to the present results, the 
dehydrogenation reaction would take place in amphibole at this 
temperature rather than dehydration, simultaneously producing 
hydrogen instead of water. The dehydrogenation reaction in am-
phibole at high temperature has also been extensively investigated 
in crystal chemical and petrological studies (Phillips et al., 1988;
Zema et al., 2012; Della Ventura et al., 2017). Besides, the sub-
solidus decomposition of amphibole is reported to occur within 
the range of 1323–1373 K at 1 kbar, and the melting tempera-
ture is higher than 1398 K (Popp et al., 1995). Therefore, under 
the P –T conditions prevailing in the mid-crust of Tien Shan, am-
phibole dehydration is unlikely to occur during heating of the 
mid-crust and is furthermore impossible to provide a significant 
source of aqueous fluid. The electrical conductivity of 0.5 M NaCl 
electrolyte-saturated amphibolite rocks are also insufficient to ex-
plain the anomalously high conductivity observed in the mid-crust 
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beneath the Tien Shan. Aqueous fluids contain higher NaCl concen-
tration from dehydration reaction of other hydrous minerals (Guo 
et al., 2015; Hyndman and Shearer, 1989) or other highly conduc-
tive materials, e.g., graphite films (Glover and Vine, 1992, 1995), 
Fe/Ti oxides or sulfides (Duba et al., 1994), partial melting (Glover 
et al., 2000) may therefore be required to account for the HCL in 
the mid-crust beneath Tien Shan. Nevertheless, in some tectoni-
cally active regions with anomalously high heat flow, e.g., Tibet 
Plateau, with 90 mW/m2 (Hu et al., 2000), the MT observed high 
conductivity (Unsworth et al., 2005) is likely to be interpreted by 
the enhanced conductivity of dehydrogenated amphibole.

4.3.2. High conductivity in subduction zones
Electro-magnetic results from various subduction zones reveal 

a high conductivity anomaly in the forearc region at a depth of 
10–40 km (Wannamaker et al., 2009; Worzewski et al., 2011;
McGary et al., 2014; Pommier, 2014), which is usually interpreted 
as the presence of aqueous fluid released from the descending slab. 
Slab-derived H2O may migrate upwards and hydrate the upper-
mantle peridotite in mantle wedge at shallow depths, thus gener-
ating large amounts of hydrous minerals including serpentine, talc, 
brucite, chlorite, and amphibole (Schmidt and Poli, 1998; Hyndman 
and Peacock, 2003). The temperature in forearc mantle is inferred 
to be below 873 K such that these hydrous minerals are stable 
in the forearc region where the physical properties (e.g., conduc-
tivity, seismic velocity) can be affected by these minerals. Previ-
ous experimental studies (Guo et al., 2011; Reynard et al., 2011;
Wang and Karato, 2013) have shown that the conductivities of talc 
and serpentine is much lower than the high electrical conductors 
(10−1–1 S/m) in forearc regions, as shown in Fig. 8b. Although 
the conductivity of chlorite shows a considerable increase after 
dehydration and subsequent enhancement of conductivity up to 
7 × 10−1 S/m (Manthilake et al., 2016), which is dominated by 
magnetite, the initial reaction occurs at 923 K (i.e., hotter than a 
cool forearc) and chlorite dehydration is therefore unlikely to oc-
cur. The presence of amphibole is also insufficient to explain highly 
conductive anomalies in forearc settings (T < 873 K), despite its 
high conductivity compared with other hydrous minerals. A saline 
aqueous fluid seems to be the best candidate for interpreting the 
global high conductivity anomalies in forearc areas even though 
the fluid volume fraction and salinity have not been given the uni-
form and accurate values from experiments (Sinmyo and Keppler, 
2017) or simulation calculations (Sakuma and Ichiki, 2016) on the 
conductivity of NaCl–H2O fluid.

Another highly conductive zone also exists extensively at 
depths beyond 70 km; identified as the slab–mantle wedge in-
terface from MT surveys (Wannamaker et al., 2009; Worzewski et 
al., 2011) where temperature usually exceeds 873 K (Currie and 
Hyndman, 2006). Worzewski et al. (2011) proposed the conduc-
tivity anomaly to be associated with de-serpentinization of the 
oceanic mantle, while the anomaly beneath New Zealand is at-
tributed to fluids derived from amphibole–zoisite breakdown at 
75–100 km depth near the subduction interface (Wannamaker 
et al., 2009). For the cool subduction zone in New Zealand, 
the dehydration of zoisite would take place at deeper depth 
(>100 km) based on the conductivity results of epidote/zoisite 
minerals (Hu et al., 2017). Petrological studies (Peacock, 1996;
Ono, 1998) suggest that a hydrous layer composed of amphi-
bole/chlorite-saturated peridotite exists at the base of the mantle 
wedge, formed from the dehydration of the underlying slab in-
cluding subducting oceanic crust and serpentinized oceanic man-
tle. These hydrous phases are stable in peridotite up to 120 km 
depth, even deeper in cool subduction zones. Even if amphibole 
dehydrogenation and chlorite dehydration both occur due to the 
relatively high temperature at the slab–mantle wedge (>873 K), 
the enhanced conductivity of amphibole after dehydrogenation is 
comparable to that of chlorite after dehydration. The presence of 
H-deficient amphibole can therefore provide another reasonable 
explanation for high conductivity anomalies at the depths >70 km 
in the slab–mantle wedge interface.

The HCLs in the continental mid-crust, including the Tien 
Shan and subduction zones (e.g., forearc region, slab–mantle 
wedge interface), often present seismic wave attenuation anoma-
lies (Roecker et al., 1993; Schurr et al., 2003; Chen and Clayton, 
2009; Yang et al., 2012). Although seismic wave attenuation and 
Poisson’s ratio are sensitive to the presence of fluid and tempera-
ture, a small amount of fluid fraction has only a rather small effect 
on seismic velocities (Ishikawa and Matsumoto, 2014), whereas 
it (e.g., 1 vol.% fluid with 5 wt.% NaCl) is sufficient to enhance 
the bulk conductivity to values that are expected in HCLs (Sinmyo 
and Keppler, 2017). In the forearc region, a large amount of fluid 
released from the subducting slab migrates upward by channel 
networks or deep fracture zones (Tauzin et al., 2017), resulting in 
the formation of fluid accumulation zones. Therefore, both high 
conductivity anomalies and low seismic velocities in the forearc 
region can be interpreted as the presence of a large quantity of 
slab-derived fluid. Nevertheless, aqueous fluid hardly seems to ac-
cumulate in comparable abundance in the continental mid-crust 
and slab–mantle wedge interface with that of the forearc regime. 
By contrast, elastic wave velocity data of amphibolite indicate both 
V p and V s gradually decrease with temperature and drop sharply 
around 923–973 K (Ito and Tatsumi, 1995), which sufficiently ex-
plains the low-velocity layer observed at the slab–mantle wedge 
interface where the velocity drop is ∼5%–6% compared with the 
surrounding rocks. Combining the enhanced conductivity of am-
phibole at similar temperature due to dehydrogenation in this 
study, the high conductivity and low velocity anomalies observed 
both in the lowermost continental mid-crust (particularly in lo-
calized regions with high heat flow) as well as the slab–mantle 
wedge interface are therefore likely due to the presence of dehy-
drogenated amphibole.

5. Conclusion

The influence of temperature on conductivity is much more 
pronounced than that of pressure. An abrupt change of impedance 
spectra and distinct enhancement of conductivity were observed 
around 843 ± 20 K. Post-experimental observations including op-
tical and scanning electron microscopy, as well as FTIR analysis, 
demonstrate that these changes can be attributed to the oxidation–
dehydrogenation reaction rather than dehydration-generated aque-
ous fluid. A slight variation of activation enthalpy from ∼0.80 eV 
before dehydrogenation to ∼0.70 eV after oxidation–dehydro-
genation suggests that the conduction mechanism remains un-
changed, and that small polaron conduction dominates amphibole 
conductivity, as further confirmed by the dependence of conduc-
tivity and activation enthalpy on Fe content of amphibole based on 
present and previous studies.

The laboratory-based conductivity–depth profile constructed 
from the amphibole conductivity data suggests that the pres-
ence of amphibole after dehydrogenation provides a reasonable 
explanation for the high conductivity anomalies in the continental 
lowermost mid-crust, particularly in some local regions with high 
heat flow. In contrast, the greater conductivity anomaly in the mid-
crust of the Tien Shan is insufficient to be explained by H-deficient 
amphibole, although its conductivity is enhanced after oxidation–
dehydrogenation. Moreover, the anomalous high conductivity of 
>10−2 S/m observed in the slab–mantle wedge interface at depth 
>70 km where temperature is usually higher than 873 K, can be 
likely interpreted by the presence of dehydrogenated amphibole, 
whereas large amounts of slab-derived aqueous fluid may be the 
origin of the high conductivity anomalies in the forearc areas at 
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20–40 km depth. In combination with previous elastic wave veloc-
ity data, amphibole after dehydrogenation can simultaneously be 
responsible for the high conductivity and low velocity anomalies 
observed in both the lowermost mid-crust of stable continent and 
slab–mantle wedge interface.
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