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S U M M A R Y
In situ measurements of elastic wave velocities and electrical conductivities in the three struc-
tural directions (normal to foliation Z, perpendicular to lineation in foliation Y and parallel to
lineation X ) for an amphibolite collected from southwestern margin of the Tarim Basin, north-
west China, were carried out in the laboratory. The elastic wave velocity was measured with
the combined transmission–reflection method at pressures up to 1.0 GPa (at room temperature)
and temperatures up to 700 ◦C (at 1.0 GPa) and the electrical conductivity was measured with
the impedance spectroscopy from 250 to 700 ◦C at 1.0 GPa. The experimentally determined
data included compressional (V p) and shear wave velocities (V s), velocity anisotropy (Av),
intrinsic pressure and temperature derivatives of V p and V s, electrical conductivity (σ ), elec-
trical conductivity anisotropy (Aσ ) and the parameters of the Arrhenius relationship. Elastic
wave velocities increase in the structural directions Z, Y , X , with V p of 6.63, 6.78 and 6.95
km s−1 and V s of 3.75, 3.82 and 3.96 km s−1 for Z, Y and X , respectively, at pressure of 1.0
GPa. Elastic wave velocities increase linearly with pressure at room temperature and pressures
between 0.25 and 1.0 GPa and decrease linearly with increasing temperature at 1.0 GPa. The
pressure coefficients of the sample are in the range of 0.1883–0.2308 km s−1 GPa−1 for V p

and 0.1149–0.1678 km s−1 GPa−1 for V s. The temperature coefficients are in the range of
2.09–2.35 × 10−4 km s−1 GPa−1 for V p and 1.28–1.68 × 10−4 km s−1 GPa−1 for V s. The
electrical conductivity increases with increasing temperature, consistent with the Arrhenius
relationship. Activation energies for the three structural directions of the amphibolite are in
the range of 0.71–0.75 eV. The amphibolite shows velocity anisotropy (4.15–4.86 per cent
for V p and 5.29–5.84 per cent for V s at 0.25–1.0 GPa) and electrical conductivity anisotropy
(11.1–25.2 per cent). Based on the regional crust model and geothermal gradient, velocity and
electrical conductivity-depth profiles were calculated for the sample. These profiles were then
compared with those derived from seismic reflection/refraction data and from electromagnetic
data. Our results showed that the amphibolite sample has V p and V s in agreement with those
of the middle and lower crust obtained from seismic reflection/refraction data, and σ in accord
with that of the lower crust deduced from electromagnetic data. The lower crust of the electro-
magnetic crust model is roughly equivalent to the middle and lower crust layers of the seismic
crust model. Therefore, it is suggest that the amphibolite may be one of the constituents of the
present middle and lower crust in the Tarim Basin.

Key words: Electrical properties; High pressure behaviour; Acoustic properties.

1 I N T RO D U C T I O N

In situ laboratory measurements of elastic wave velocity and elec-
trical conductivity of the crust rocks at high pressure and high
temperature in combination with velocity- and conductivity-depth

profiles of the crust derived from geophysical investigation provide
important constrains on the composition and deep structure of the
crust (Frost et al. 1989; Christensen and Mooney 1995; Christensen
1996; Kern et al. 1996, 1999; Behn & Kelemen 2003; Freund 2003;
Fuji-ta et al. 2004, 2007; Wang et al. 2005a,b). Over the past several
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1394 W. Zhou et al.

Figure 1. Schematic geological map of the southwestern margin of the Tarim Basin and adjacent regions (modified after Shao et al. 1997; Li et al. 2001;
Xiao et al. 2002; Zhang et al. 2002). NKL, North Kunlun terrane; SKL, South Kunlun terrane; TSH, Tianshuihai terrane; MKF, Mazar–Kangxiwar fault; QHF,
Qiertianshan–Hongshanhu fault.

decades, both elastic wave velocities and electrical conductivities
for a variety of rocks have been investigated at high pressure and
high temperature extensively (Birch 1960; Simmons 1964; Chris-
tensen 1965, 1966, 1995; Kern & Richter 1981; Ji et al. 1993; Ito
& Tatsurmi 1995; Kariya & Shankland 1983; Shankland & Ander
1983; Glover & Vine 1992; Schilling et al. 1997; Partzsch et al.
2000; Freund 2003; Fuji-ta et al. 2004, 2007) to constrain the crust
composition and structure (Christensen & Fountain 1975; Chroston
& Evans 1983; Kern & Schenk 1988; Burke & Fountain 1990; Kern
et al. 1993, 1996, 1999, 2009; Müeller 1995; Rudnick & Fountain
1995; Gao et al. 1998; Zhao et al. 2001; Aizawa et al. 2002; Ki-
tamura et al. 2003; Wang et al. 2005a,b). However, a combination
of the elastic wave velocity with electrical conductivity to confine
the composition and structure of the crust is rare (Schmeling 1985;
Hyndman & Klemperer 1989; Sato et al. 1989; Siegesmund et al.
1991). Furthermore, whether the crust composition model induced
by the elastic wave velocity measured at high pressure and high
temperature is consistent with that induced from the electrical con-
ductivity is an open question.

In this study, we measured the elastic wave velocity and electrical
conductivity for an amphibolite from southwestern margin of the
Tarim Basin, northwest China, at 1.0 GPa and up to 700 ◦C. As
a case study, we compared the experimental data with the field
geophysical results, and confirmed that the composition model of
crust deduced from the elastic wave velocity is consistent with that
inferred from the electrical conductivity.

2 E X P E R I M E N T S

2.1 Geological setting and sample

The Tarim Basin is situated in northwest China. Its southwestern
margin is a part of the Western Kunlun Orogen (WKO), which is
located along the northern periphery of the Tibetan plateau (Fig. 1).

The WKO is generally interpreted as the result of the collision be-
tween the Tarim and Qiangtang blocks in Early Mesozoic time (Li
& Xiao 1999), and is divisible into the North Kunlun, South Kun-
lun and Tianshuihai domains, separated by the Akaz and Mazar-
Kangxiwar faults, respectively. The southwestern margin of the
Tarim Basin includes the northwestern part of the North Kunlun
and the South Kunlun domains. The North Kunlun domain rep-
resents the basement of the Tarim block, and the South Kunlun
domain is mainly composed of the Buziwan (Kudi) ophiolite, the
Yixieke arc, the Kudi gneiss and the Xiananqiao arc (Xiao et al.
2002). Our sample was collected from the Kudi gneiss complex
which is composed of hornblende/biotite gneisses and amphibolite
(Fig. 1). The gneiss complex has been interpreted as a Proterozoic
microcontinent derived from the Tarim block (Ding et al. 1996).
The estimated peak metamorphic condition of the gneiss complex
was 500–600 ◦C and 0.92–0.95 GPa (Ren & Gao 2002).

The experimental sample is an amphibolite. The amphibolite is
massive, dark grey in colour, lacking secondary mineral alteration
and fractures. It exhibits pronounced banding defined by plagioclase
and amphibolie + biotite layers (Fig. 2a) and has a foliation and
lineation defined by aligned amphibolie and biotite crystals. The
foliation plane is parallel to the small-scale compositional banding.
The sample is composed of amphibole (58.4 vol. per cent), plagio-
clase (32.3 vol. per cent), biotite (9.2 vol. per cent) and epidote +
magnetite + sphene + apatite (<1.0 per cent), which is obtained
by point counting analysis. The grain size of the amphibole, pla-
gioclase and biotite is usually less than 0.6 mm. The grain size
of the epidote, magnetite, sphene and apatite is less than 0.3 mm.
The grains have the average aspect ratios of 1.6:1.3:1.0 for amphi-
bole, 1.3:1.1:1.0 for plagioclase, 1.9:1.2:1.0 for biotite in the three
structural directions. Major elements of the rock and minerals are
presented in Table 1.

Two kinds of cylinder samples of the three structural directions,
corresponding to normal to foliation Z, perpendicular to lineation
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Physical properties of an amphibolite 1395

Figure 2. Micrographs of the sample perpendicular to the foliation before (a) and after (b) experiment in plane-polarized light. Foliation is defined by the
alignment of amphibolite and biotite (indicated by the arrow in a). Amp, amphibole; Pl, plagioclase; Bi, biotite.

in foliation Y and parallel to lineation X, were prepared. One kind
of cylinder sample with 6.0 mm in height and 10.0 mm in diameter
was used for the elastic wave velocity measurement. The other with
4.0 mm in height and 6.0 mm in diameter was used for the electrical
conductivity measurement. The cylinder samples were immersed
in acetone for half an hour, and then cleaned in acetone by an
ultrasonic cleaning instrument. The cleaned samples were wiped
with filter paper. After dried in an oven at 50 ◦C for 3 h, the samples
were stored in the same oven at 150 ◦C for more than 12 h. The
temperature was increased at a very slow rate of 1 ◦C min−1 from
50 to 150 ◦C to prevent the emergence of additional cracks.

2.2 Elastic wave velocity and electrical conductivity
measurement

The experiments were performed in a multi-anvil pressure apparatus
(YJ-3000t), at the Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang, China. The apparatus has been described by Xie
et al. (1993) in detail. The pressure of the apparatus is calibrated
with the melting curve of copper determined by the differential

thermal analysis method and from the quartz-coesite transition.
The pressure is considered accurate to 1.5 per cent (Xie et al. 1993;
Xue et al. 1994). The temperature is calibrated with a NiCr–NiSi
thermocouple. The uncertainty in temperature measurement is less
than ±5 ◦C.

We measured the elastic wave velocities (V p and V s) of the
amphibolite with the combined transmission–reflection method
by using the 5077PR ultrasonic square wave pulsar/receiver unit
(PANAMETRIC-NDT Incorporation, USA), TDS784A digital os-
cilloscope (Tektronix Corporation, USA) and LiNiO3 transducer
operating at 1 MHz for V p and 2 MHz for V s. Detailed descrip-
tions of the ultrasonic system have been given by Liu et al. (2000,
2002). The combined transmission–reflection method is briefly pre-
sented here. For the elastic wave velocity of samples (Fig. 3a), we
measured the traveltime t between the upper ultrasonic transducer
and the lower one by the transmission method at first. The round-
trip time t1 between the upper probe and upper interface (upper
buffer/sample) and t2 between the lower probe and lower interface
(lower buffer/sample) was measured by the reflection. Using the
corresponding phases to determine traveltime, the phase velocity

Table 1. Whole rock analysis and chemical compositions of minerals in the amphibolite.

Oxides Amphibolite Amphibole (8) Biotite (5) Plagioclase (5)

XRF EMP SD EMP SD EMP SD

SiO2 47.75 47.59 2.58 41.60 0.25 58.61 1.28
TiO2 1.00 0.95 0.54 1.35 0.02 0.01 0.02
Al2O3 15.78 8.21 3.39 15.55 0.06 25.41 0.46
FeO∗ 9.78 12.70 1.75 15.28 0.22 0.41 0.58
MnO 0.20 0.24 0.08 0.34 0.03 0.06 0.09
MgO 7.65 12.25 1.64 14.99 0.29 0.02 0.02
CaO 11.25 12.16 0.79 0.04 0.00 6.68 0.72
Na2O 2.48 1.33 0.60 0.12 0.04 8.92 0.56
K2O 1.09 0.60 0.29 5.88 0.11 0.18 0.04
P2O5 0.26 – – – – – –
LOI 2.00 – – – – – –

Total 99.24 96.08 1.32 95.19 0.20 100.30 0.31

Mineralogical composition:
58.4 per cent amphibole + 9.2 per cent biotite + 32.3 per cent plagioclase + epidote +
magnetite + sphene + apatite (<1 per cent), by point counting analysis (1500 points).
Amphibole 60.8 wt. per cent + biotite 7.7 wt. per cent + plagioclase 31.5 wt. per cent, by
mass balance calculation (Fisher 1993).
Density: 2.876 g cm−3. Porosity: <1.0 per cent.
Note: XRF, X-ray fluorescence analysis; EMP, electron microprobe analysis; SD, standard of
deviation; LOI, loss on ignition; –, no detection. All the values are in wt. per cent. The
number in the parentheses behind the mineral is points analysed.
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1396 W. Zhou et al.

Figure 3. Schematic cross-sections of the sample assembly for elastic wave velocity (a) and electrical conductivity measurements (b). The dash lines indicate
the traveltime t between the upper ultrasonic transducer and the lower one, the round-trip time t1 between the upper probe and upper interface (upper
buffer/sample) and t2 between the lower probe and lower interface.
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Figure 4 Wave velocities in the amphibolite. As a function of (a, c) pressure at room temperature and (b, d) temperature at 1.0 GPa. The lines represent linear
fits to V p and V s versus P data in the range of 0.25–1.0 GPa and extrapolations to zero pressure in a and c, and versus T data in b and d. X is the sample parallel
to lineation, Y is the perpendicular to lineation in foliation and Z is the normal to foliation.

was obtained. The precision of timing measurement is ±2 ns. The
traveltime of the sample (ts) was calculated from the formula ts =
t − t1/2 − t2/2 − tc, in which tc is the correction time for two 0.1
mm molybdenum foils. The correction time was calculated after
the thermoelastic equation of state of molybdenum at atmosphere
(Zhao et al. 2000).

The length correction of the sample at pressure was based on the
method of Cook (1957) by using the formula L/L0 = 1 − (p/(3K0)),
in which L is the length of the sample at pressure, L0 is the length
at atmosphere, p is the pressure and K0 is the bulk modulus (51.0
GPa). Finally, the V p and V s was calculated by the formula V p(V s) =
L/ts. The maximum error of this method is less than 1.2 per cent
(Liu et al. 2002).

We determined the electrical conductivities (σ ) in the amphibolite
with the impedance spectroscopy. For impedance spectroscopy, we
used a Solartron 1260 impedance/gain phase analyser with 1 V
applied voltage over the frequency range 1.0 MHz to 0.05 Hz.
The sample assemblage for electrical conductivity measurements
is shown in Fig. 3(b). Mo electrodes and an Mo shield connected
to ground were used for keeping the oxygen fugacity closed to
the Mo–MoO2 buffer and reducing the leakage currents. Detailed
descriptions of the conductivity measurement have been given by
Zhu et al. (2001), Wang et al. (2008) and Dai et al. (2008). The
method used here is also similar with the method of Xu et al. (1998).

In all experiments, the pressure was raised at a rate of 4×105

Pa s−1. For elastic wave velocity, measurements were taken at room

temperature for high pressure at 0.05–0.10 GPa steps firstly. After
these measurements were finished, the pressure was kept at 1.0 GPa
for 20 min and then the temperature was increased at a rate of 0.6
◦C s−1 to the desired temperature. The elastic wave velocities were
taken at 50 ◦C step from 50 to 700 ◦C. At each temperature, the
annealing time was 30 min. For electrical conductivity, the measure-
ments were performed at 1.0 GPa. The sample assembly was kept
at 1.0 GPa and 700 ◦C for more than 10 h to obtain the stabilized
resistance before the impedance spectroscopy were taken at 50 ◦C
step from 700 to 250 ◦C. At each temperature, the annealing time
was 1 h. The oxygen fugacity during the experiments is believed
to close to the Mo–MoO2 buffer (Xu et al. 1998). We checked the
recovered samples (Fig. 2b) and no mineral reactions were found.

3 R E S U LT S A N D D I S C U S S I O N

3.1 Elastic wave velocity

In Fig. 4(a) and (c), the V p and V s in the three directions of amphi-
bolite are showed as a function of pressures in the range of 0.05–1.0
GPa at room temperature, respectively. In Fig. 4(b) and (d), both
the V p and V s are showed as a function of temperatures from room
temperature to 700 ◦C at 1.0 GPa, respectively. As showing in Fig. 4,
elastic wave velocities increase in the structural directions Z, Y , X .
At room temperature, elastic wave velocities increase rapidly with
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Table 2. Elastic wave velocities (V p0 and V s0) and bulk and shear modulus of the crack-free amphibolite
at zero pressure, and the pressure and temperature derivatives of elastic wave velocities.

(∂V/∂p)T (∂V/∂T )p

Direction V 0 (km s−1) (km s−1 GPa−1) P (GPa) (km s−1 ◦C−1) T (◦C)

V p

X 6.719 0.2308 0.25–1.00 −0.000211 20–700
Y 6.610 0.1915 0.25–1.00 −0.000235 20–700
Z 6.462 0.1883 0.25–1.00 −0.000209 20–700
Average 6.599 0.1975 0.25–1.00 −0.000218 20–700

V s

X 3.859 0.1149 0.25–1.00 −0.000143 20–700
Y 3.682 0.1488 0.25–1.00 −0.000168 20–700
Z 3.608 0.1678 0.25–1.00 −0.000128 20–700
Average 3.716 0.1438 0.25–1.00 −0.000147 20–700

Bulk modulus (K, GPa) 72.3 Shear modulus (μ, GPa) 39.7

increasing pressure at pressures lower than 0.25 GPa (Fig. 4a and
c). At pressures range from 0.25 to 1.0 GPa, elastic wave veloci-
ties increase linearly with pressure, which is thought to reflect the
intrinsic pressure sensitivity of the crack-free material (Kern et al.
1999; Zhao et al. 2001). The velocities at 1.0 GPa in the three
structural directions of the amphibolite are 6.63 km s−1 (Z), 6.78
km s−1 (Y ) and 6.95 km s−1 (X ) for V p, and 3.75 km s−1 (Z), 3.82
km s−1 (Y ) and 3.96 km s−1 (X ) for V s. The pressure coefficients of
the sample, obtained by the linear regression based on the data of
0.25–1.0 GPa, are in the range of 0.1883–0.2308 km s−1 GPa−1 for
V p and 0.1149–0.1678 km s−1 GPa−1 for V s (Table 2). The pressure
coefficients of V s are consistent with the results of Kern et al. (1993,
1996, 1999), who got the pressure coefficients of V s in the range of
0.0721–0.1990 km s−1 GPa−1 at room temperature and pressures up
to 0.7 GPa. However, the pressure coefficients of V p are lower than
the results of Kern et al. (0.282–0.659 km s−1 GPa−1) (Kern et al.
1993, 1996, 1999). Perhaps, the difference in experimental pressure
range is responsible for such an inconsistency. Elastic wave veloc-
ities (V p0 and V s0) of the crack-free amphibolite at zero pressure
were calculated according to the linear regression formula (Table 2).

Elastic wave velocities in the amphibolite decrease linearly with
increasing temperature at 1.0 GPa (Fig. 4b and d). The temperature
coefficients obtained by the linear regression are in the range of
2.09–2.35×10−4 km s−1 GPa−1 for V p and 1.28–1.68×10−4 km
s−1 GPa−1 for V s (Table 2). The results are consistent with those of
previous studies (Kern et al. 1993, 1996, 1999).

The amphibolite exhibits pronounced velocity anisotropy. The
velocity anisotropy can be calculated with velocities in the three
structural directions (X , Y , Z). The coefficient of anisotropy (Av) is
calculated with the formula of Av=(V max−V min)/V mean (Birch 1961).
Fig. 5 presents velocity anisotropies (AVp and AVs ) for the amphi-
bolite as functions of pressure and temperature for V p and V s. It is
widely accepted that the seismic anisotropy of rock is controlled by
(1) the lattice preferred orientation (LPO), (2) the shape preferred
orientation (SPO), (3) the preferred orientation of microcracks and
(4) the thin mineral layers of different properties (Kern et al. 2001).
Anisotropy is higher at pressures lower than 0.25 GPa. The pressure-
dependent rapid increase of anisotropy results from the progressive
close of oriented microcracks in this pressure range. Increasing pres-
sure reduces the effect of oriented microcracks (Fig. 5a). At pressure
higher than 0.25 GPa, the effect of oriented microcracks is almost
eliminated and the residual (intrinsic) anisotropy may be mainly
due to the LPO, SPO and thin mineral layers (Siegesmund et al.
1989; Kern & Wenk 1990; Ji & Salisbury 1993; Barruol & Kern
1996). In our amphibolite, the aspect ratios of amphibole, plagio-

clase and biotite are about 1.6:1.3:1.0, 1.3:1.1:1.0 and 1.9:1.2:1.0
in the three structural directions. The aspect ratios of amphibole
and plagioclase are relatively small. Although biotite grains have
the relatively large aspect ratios, the modal composition of biotite
is only about 7.7–9.2 per cent. Therefore, we believed that the SPO
may not be an important reason for the seismic anisotropy of the
amphibolite at pressure of 0.25–1.0 GPa. The amphibolite also ex-
hibits pronounced banding defined by plagioclase− and amphibolie
+ biotite layers. The results of Sigesmud et al. (1989) and Ji et al.
(1993) indicated that the mineral banding may have little effect on
the anisotropy. Almost all previous studies showed that the measured
P-wave anisotropy of the amphibolite is roughly comparable to that
calculated data, based on the LPO and the single crystal velocities
of the mineral constituents in the amphibolite. Kern et al. (2001),
for example, observed similar velocity–pressure relations on the
biotite-hornblende gneiss sampled in the Kola superdeep borehole.
They showed that experimentally determined intrinsic velocities
observed in the three structural directions X , Y , Z, and resulting
anisotropies (22.5 per cent) compare fairly well with corresponding
calculated data (25.6%). Therefore, we believed that the LPO of
the mineral constituents in the amphibolite is a major contribution
to the intrinsic seismic anisotropy. The residual anisotropy at room
temperature in the pressure range of 0.25–1.0 GPa is 4.15–4.86%
for V p and 5.29–5.84% for V s. At 1.0 GPa, AVs showed a slight de-
crease (from 5.29 to 5.10 per cent) and AVp showed a slight increase
(from 4.69 to 4.81 per cent) with temperature (Fig. 7b) because the
confining pressure of 1.0 GPa is high enough to prevent thermal
cracking (Kern & Richter 1981).
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Figure 5. Anisotropy of elastic wave velocity in the amphibolite. As a
function of (a) pressure at room temperature and (b) temperature at 1.0 GPa.
AVp , anisotropy of compressional wave velocity; AVs , anisotropy of shear
wave velocity. Error bar corresponds to the maximum error.
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In Fig. 6, we plotted the Poisson ratio against pressure at room
temperature and temperature at 1.0 GPa. At pressures lower than
0.25 GPa, the Poisson ratio decreases markedly with increasing
pressure. In the pressure range of 0.25–1.0 GPa, the Poisson ratio

shows a small variation. At pressure of 1.0 GPa, the Poisson ratio
increases slowly with increasing temperature. The Poisson ration
for the amphibolite is consistent with the results of previous studies
(0.262–0.316, Kern et al. 1993, 1996, 1999; (0.260–0.265) ± 0.017,
Christensen 1996).

3.2 Electrical conductivity

Fig. 7 shows the complex impedance curves for the structural direc-
tion X in the amphibolite at 1.0 GPa and 250–700 ◦C, together
with the equivalent circuit in the inset of Fig. 7(a). The com-
plex impedance curve shows a semicircular arc and a small tail
in our experimental temperature and frequency ranges. The com-
plex impedance curves for the structural directions Y and Z are
similar. It is observed that the intercept of these semicircles on real
axis shifts towards origin at higher temperatures. Also the centre
of these semicircles is depressed below the real axis. According
to Roberts & Tyburczy (1994) and Huebner & Dillenaurg (1995),
the semicircular arc in Fig. 7 is due to grain interior processes and
can characterize the intrinsic conduction mechanism of the sample
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Figure 8. Electrical conductivity versus 1/T at 1.0 GPa in the amphibolite.
The lines are the Arrhenius plots. X is the sample parallel to lineation, Y is
the perpendicular to lineation in foliation and Z is the normal to foliation.

and the diameter of the semicircular arc stands for the DC intrinsic
resistance of the sample. The tail is interpreted as the interaction
between the sample and the electrode. Therefore, in present ex-
periments, grain interior mechanism is dominant in the electrical
conductivity. Fitting the impedance spectroscopy in Fig. 7 with the
equivalent circuits with parameters of sample resistance (Rs), sam-
ple constant phase element (CPEs), interaction resistance between
the sample and the electrode (Ri) and interaction constant phase ele-
ment between the sample and the electrode (CPEi) (inset in Fig. 7a)
by using Z-view program software, we worked out the Rs. The con-
ductivity was then calculated using the sample dimensions. Fitting
errors are less than 1 per cent for each resistance at a given tem-
perature. The dimensional change of the sample and electrode is
negligible in our experimental pressure and temperature range. Es-
timated maximum error for electrical conductivity is less than 2 per
cent.

The logarithm of electrical conductivity in the amphibolite at
1.0 GPa is displayed as a function of reciprocal temperature in
Fig. 8. The three samples show similar conductivity behaviour and
the conductivity increases in the structural directions Y , X and Z.
The electrical conductivity increases with increasing temperature,
which is consistent with the Arrhenius relationship. The Arrhenius
relationship is in the form of σ = σ 0 exp(−�E/(kT)), where σ

is the electrical conductivity (S m−1), σ 0 is the pre-exponential
factor approximately independent of temperature (S m−1), �E is the
activation energy (eV), k is the Boltzmann constant (eV K−1) and
T is the absolute temperature (K). We acquired parameters for the
electrical conductivity of the amphibolite by fitting the conductivity
data to Arrhenius relationship formula (Table 3).

Activation energies for the three structural directions of the am-
phibolite are similar and in the range of 0.71–0.75 eV, which is
closed to the activation energy of gabbro (0.67 eV, Wang et al.
2002). However, the activation energy is higher than that of gneiss

Table 3 Parameters of the Arrhenius formula.

Direction p (GPa) T (K) σ 0 (S m−1) �E (eV)

X 1.0 523–973 61.67 ± 0.40 0.75 ± 0.03
Y 1.0 523–973 30.59 ± 0.33 0.74 ± 0.02
Z 1.0 523–973 83.06 ± 0.17 0.71 ± 0.01
Average 1.0 523–973 53.91 ± 0.29 0.73 ± 0.02

(0.24–0.27 eV, Fuji-ta et al. 2007) and is lower than that of granulite
(1.40 eV, Partzsch et al. 2000) and lherzolite (1.46 eV, Duba et al.
1993).

The amphibolite shows electrical conductivity anisotropy. The
electrical conductivities for the three structural directions show a
maximum difference of about 0.6 log units. The electrical con-
ductivity anisotropy was calculated after the method used in the
calculation of velocity anisotropy. The formula for calculating the
coefficient of anisotropy (Aσ ) is Aσ = (logσ max−logσ min)/logσ mean.
Fig. 9 presents electrical conductivity anisotropies for the amphibo-
lite as a function of temperature at 1.0 GPa. Electrical conductivity
anisotropy increases with increasing temperature, which is 11.1 per
cent at 250 ◦C and 25.2 per cent at 700 ◦C. Why the data point at 500
◦C is out of the error range is not clear. There is not a firm conclusion
for the electrical conductivity anisotropy. Siegesmund et al. (1991)
inferred that the anisotropy of electrical conductivity in the my-
lonitic clinopyroxene amphibolite and epidote–muscovite–quartz
ultramylonite can be explained by the geometry of crack system,
rock fabric and interaction between the fluid pore electrolyte and the
solid mineral phase. The results of Glove & Vine (1992) indicated
that the anisotropy of electrical conductivity in the carbon-bearing
granulite depends on the orientation of the carbon-bearing folia-
tion. Fuji-ta et al. (2007) believed that in neither pore fluid nor
saturated saline water rock, the electrical conductivity anisotropy
was due to the alignment of the relatively conductive minerals in
certain orientations. In the case of our experiments, we used dried
samples and did not find any graphite among mineral grains, so the
electrical conductivity anisotropy was not due to the orientation of
fluid and graphite. The alignment of the amphibole and biotite may
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Figure 9. Anisotropy of electrical conductivity in the amphibolite (Aσ ) as
a function of temperature at 1.0 GPa.
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Table 4. Thermal parameters, layer thickness and boundary conditions of the four-layer crust model
for the Tarim Basin.

Thickness Heat production rate Thermal conductivity Density
No. Layer (z, km) (A, μW m−3) (κ , Wm−1K−1) (ρ, g cm−3)

1 Sediment 10a 1.30b 2.32b 2.30e

2 Upper crust 15a 1.17c 2.80d 2.81e

3 Middle crust 10a 0.48c 2.6d 2.86e

4 Lower crust 10a 0.22c 2.0d 3.05e

a Shao & Zhang (1994), Shao et al. (1997), Zhang et al. (1998), Lu et al. (2000), Li et al. (2001),
Gao et al. (2000), 2001.
bQiu (2002).
cWang et al. (1996).
dSeipold (1992).
eHe et al. (2001).

be prominent in the electrical conductivity anisotropy. Whether it is
true needs further investigation.

3.3 Calculation of velocity–depth profiles

The experimentally derived pressure and temperature derivatives,
along with the zero-pressure velocities V p0 and V s0 (Table 2), were
used to calculate velocities at various depths according to (Kern et
al. 1999):

V (z) =V0+(∂V/∂p)T p+(∂V/∂T )pT ,

where p=ρgz, p is pressure (GPa), ρ is density of rock (103

kg m−3), g is gravitational acceleration (ms−2), z is depth (m);
T=T0+z/κ×(q0−A×z/2), T is temperature (◦C), T0 is the tempera-
ture of the regional surface (◦C), κ is specific thermal conductivity
of rock (W m−1 K−1), q0 is regional surface heat flow (mW m−2)
and A is radiogenic heat production rate of rock (μW m−3).

Several (wide-angle) reflection/refraction profiles pass through
the western, middle and eastern Tarim Basin (Fig. 1). From west to
east, they are Taxkorgan-Akqi profile (AA’ in Fig. 1, Zhang et al.
2002), Aksu-Yecheng profile (BB’ in Fig. 1, Shao et al. 1997), Aral-
Quanshuigou profile (CC’ in Fig. 1, Li et al. 2001; Gao et al. 2001)
and Kuqu-Tanan profile (DD’ in Fig. 1, Shao et al. 1997). These
profiles revealed a similar crustal structure model for the Tarim
Basin (Shao et al. 1997; Li et al. 2001; Gao et al. 2001; Zhang et
al. 2002), which is composed of four layers: a sediment layer with
thickness of 3–15 km, an upper crust layer with thickness of 5–18

km, V p of 5.90–6.20 km s−1 and V s of 2.8–3.30 km s−1, a middle
crust layer with thickness of about 10 km, V p of 6.20–6.70 km s−1

and V s of 3.40–3.80 km s−1, and a lower crust layer with thickness
of about 10 km, V p of 6.70–7.30 km s−1 and V s of 3.60–4.00 km
s−1. The lateral variations of the thickness are very large for the
sediment and the upper crust layers but small for the middle and
lower crust layers.

The four layers crust model for the Tarim Basin was accepted in
this calculation (Shao & Zhang 1994; Shao et al. 1997; Zhang et al.
1998), in which the crust is composed of a sediment layer (10 km),
an upper crust layer (15 km), a middle crust layer (10 km) and a
lower crust layer (10 km). The regional surface temperature is set
to 15 ◦C. The regional surface heat flow is 45 mW m−2 (Wang et
al. 1995; Liu et al. 2004; Wang et al. 2001). The other parameters
applied in the model are given in Table 4.

We calculated the average elastic wave velocities versus depth
profiles of the amphibolite. Fig. 10 shows the experimentally de-
rived velocity-depth profiles, along with the velocity–depth profile
for the crust, obtained by the seismic survey (Shao & Zhang 1994;
Shao et al. 1997). The V p of the amphibolite passes through the
lower boundary of middle crust velocity range and the upper bound-
ary of lower crust velocity range. The V s of the amphibolite also
passes through the lower boundary of middle crust velocity range.
However, it traverses the middle of lower crust velocity range. Based
on the comparison, it is reasonable to speculate that the amphibolite
is probably one of the constituents in middle or lower crust of the
Tarim Basin.
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Figure 10. Elastic wave velocity versus depth profiles for the amphibolite based on the experimental data, along with the velocity profiles obtained by seismic
survey (Shao & Zhang 1994; Shao et al. 1997). (a) P-wave velocity versus depth profiles and (b) S-wave velocity versus depth profiles.
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Figure 11. Electrical conductivity versus depth profiles for the amphibolite
based on the experimental data, along with the electrical conductivity profiles
obtained by magnetotelluric survey (Qin et al. 1994; Lu et al. 1997).

3.4 Calculation of electrical conductivity–depth profile

We calculated the average electrical conductivity–depth profile of
the amphibolite by using the Arrhenius relationship formula, the
temperature–depth relationship described earlier.

Two magnetotelluric sounding profiles, the Aksu-Yecheng (BB’
in Fig. 1) and the Aral-Quanshuigou (CC’ in Fig. 1), pass through
the Tarim Basin (Qin et al. 1994; Lu et al. 1997). The thin sheet
modelling method has been used to construct a 2-D model. A three
layers crust model was revealed by magnetotelluric sounding pro-
files for the Tarim Basin: a sediment layer with thickness of 3–12
km and log σ = −1.3 to −1.9 S m−1, an upper crust layer with
thickness of 6–22 km and log σ = −2.56 to −3.83 S m−1 and a
lower crust layer with thickness of 15–25 km and log σ = −2.40
to −3.40 S m−1. Between the upper crust layer and the lower crust
layer, there is a high-conductive layer with thickness of 2 km and log
σ = −0.64 to −0.99 S m−1. The sediment and upper crust layers of
the Tarim Basin derived from the magnetotelluric sounding data is
roughly consistent with that with seismic data. However, the middle
crust and lower crust layers obtained from seismic data cannot be
resolved with the magnetotelluric sounding data.

Compared with the crust model of the Tarim Basin revealed by
magnetotelluric sounding profiles (Qin et al. 1994; Lu et al. 1997),
the three layers crust model used in this calculation did not take the
high-conductive layer into account. The three layers crust model is
composed of a sediment layer (10 km), an upper crust layer (15 km)
and a lower crust layer (20 km). Thermal parameters and densities
of the sediment and upper crust layers are the same as used in
the velocity–depth calculation. The heat production rate, thermal
conductivity and density of the lower crust are 0.35 μW m−3, 2.3
W m−1 K−1, and 2.96 g cm−3, respectively. We ignored the effect
of pressure on the electrical conductivity during the calculation,
because the pressure has little effect on the electrical conductivity
at pressures lower than 1.0 GPa (Nover 2004). Fig. 11 shows the
experimentally derived electrical conductivity–depth profile, along
with the electrical conductivity–depth profile for the crust obtained
by the magnetotelluric survey (Qin et al. 1994; Lu et al. 1997).
The electrical conductivity of the sample increases with increasing
depth. At the depth of 10 km corresponding to the top of upper
crust in the three layers crust model, the electrical conductivity of

the sample is −6.3 log units. At the depth of 45 km, the bottom
of lower crust, the electrical conductivities of the sample is −2.4
log units. As showing in Fig. 11, the electrical conductivity is in
the electrical conductivity range of the lower crust, which may
indicate that the amphibolite is probably one of the constituents of
the lower crust. Because the lower crust of the three layers crust
model is roughly equivalent to the middle and lower crust layers of
the four layers crust model used in the velocity–depth calculation,
the conclusion is consistent with the deduction derived from the
comparison of experimental velocity with the seismic survey.

4 C O N C LU S I O N

We have measured the elastic wave velocities and electrical con-
ductivities in three structural directions (normal to foliation Z, per-
pendicular to lineation in foliation Y and parallel to lineation X )
of an amphibolite exposed in the southwestern margin of the Tarim
Basin, northwest China, as a function of pressure and temperature.
Both of the experimental elastic wave velocities and electrical con-
ductivities are compared with the field geophysical investigation.
We obtained the compressional (V p) and shear wave velocities (V s),
velocity anisotropy (Av), electrical conductivity (σ ) and electrical
anisotropy (Aσ ) of the amphibolite at pressures to 1.0 GPa and tem-
peratures to 700 ◦C. The velocities at 1.0 GPa in the three structural
directions of the amphibolite are 6.63 km s−1 (Z), 6.78 km s−1 (Y ),
and 6.95 km s−1 (X ) for V p, and 3.75 km s−1 (Z), 3.82 km s−1

(Y ), and 3.96 km s−1 (X ) for V s,, respectively. Velocity anisotropy
is pronounced in the amphibolite. The anisotropy mainly due to
the LPO at room temperature and 1.0 GPa is 4.15 per cent for V p

and 5.29 per cent for V s. The electrical conductivity increases in
the structural directions Y , X and Z, and varies by about 0.6 log
units at the experimental temperature range. Electrical conductiv-
ity anisotropies (Aσ ) are in the range of 11.1–25.2 per cent. Based
on the comparison of the experimental results with those of field
geophysical investigations, it is evident that the V p, V s and σ of the
sample is consistent with those of the middle or lower crust (or the
lower crust of the crust model obtained by the magnetotelluric sur-
vey). A possible interpretation is that the amphibolite is one of the
constituents of the middle crust or lower crust of the Tarim Basin.
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