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Thermal diffusivity and thermal conductivity of serpentine (antigorite) were measured up to 8.5 GPa and
800K in the Kawai-type high-pressure apparatus. Antigorite has thermal diffusivity of 0.90 x 10~ m2 s~!
and thermal conductivity of 2.7Wm~1K-! at 5GPa and 300K, which are much lower than those of
olivine. Furthermore, the pressure derivatives of thermal diffusivity and thermal conductivity are signif-
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imply existence of a thermal insulating layer in subduction zones. From the simultaneous measurement
of both thermal diffusivity and thermal conductivity the heat capacity of antigorite was determined to
be ~1 x 103 Jkg~1 K-, and increased to ~1.5 x 103 Jkg~' K-! at ~800K under high pressure. The heat
capacity was nearly independent of pressure, which indicates nearly temperature-independent ther-
mal expansivity of antigorite. Its characteristics also were hypothesized in terms of lattice dynamics of
hydrous minerals involving hydrogen atoms and hydroxyl groups.
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1. Introduction

Antigorite is a serpentine mineral (MggSizO19(OH)g) of high-
temperature form having a large wavy structure, and has been
thought to be distributed extensively in the mantle wedge, where
dehydrated water from the slab can infiltrate into the peridotite
layer to produce serpentinite (Hyndman and Peacock, 2003). Its
stability has been frequently investigated (e.g., Bose and Ganguly,
1995; Ulmer and Trommsdorff, 1995; Wunder and Schreyer, 1997,
Irifune et al.,, 1998; Bromiley and Pawley, 2003; Hilairet et al.,
2006a), such that the stability field has been determined to be
limited to approximately <8 GPa and <1000 K.

Recently antigorite has been considered to be a kind of lubri-
cant in the subduction process (Hilairet et al., 2007; Lee and Chen,
2007). The physical properties of antigorite have been studied
extensively because it is a key material for understanding slab
subduction, and for relating seismic and volcanic processes (e.g.,
Hilairet et al., 2006b; Reynard et al., 2007; Watanabe et al., 2007).
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Many seismological observations and geological processes have
been interpreted in relation to serpentine (e.g., Riipke et al., 2004;
Kawakatsu and Watada, 2007). For instance, Katayama et al. (2009)
attributed the alignment of antigorite in the hydrated mantle
wedge as the source of seismic wave anisotropy observed in the
warm portions of a subduction zone. Furthermore, its dehydration
can be assigned as a trigger of earthquakes in downgoing slabs (e.g.,
Peacock, 2001; Omori et al., 2004).

Since the hydration and dehydration of the subduction zone is
controlled by the temperature of the slab, the thermal conductivity
of antigorite is an important factor in the temperature distribu-
tion and dehydration sequence in the slab. Although Horai (1971)
measured thermal conductivity of serpentine polymorphs, his data
were limited to ambient conditions. Thus, we determined thermal
properties of antigorite including heat capacity under high pressure
up to 8.5 GPa and at high temperature up to 820 K.

2. Experimental

The experiments were conducted by means of the/pulse-heating
method (Osako et al., 2004) in the Kawai-type apparatus (USSA-
1000) at the Institute for Study of the Earth’s Interior, Misasa, Japan.
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Table 1

Summary of P wave velocity measurement (km/s) under ambient conditions. Four
specimens (~2.4mm x 2.7 mm x 4.0 mm) were prepared. Numbers 1-4 denote the
different specimens. The X, Y, Z directions are specified arbitrarily, but they are per-
pendicular to each other and homogeneous among specimens. Note that the mean
of “average” is 6.66 km/s. Measurements were conducted by using a 20 MHz P wave
transducer.

1 2 3 4 Average
X 6.79 6.87 6.79 6.81 6.82
Y 6.58 6.63 6.65 6.64 6.62
Z 6.48 6.48 6.68 6.58 6.55

The present method enables us to measure thermal diffusivity and
thermal conductivity simultaneously. Thermal diffusivity, « and
thermal conductivity, A, are related to one another as follows:
A

K= oC (1)
where p is density and C is heat capacity. Therefore, we can eval-
uate the heat capacity of antigorite as well, as long as we can
estimate p independently. The reliability of heat capacity measure-
ment through « and A also was evaluated throughout by means of
the finite element method (Yoneda et al., 2009). The outline of the
method and the sample assembly are summarized in Appendix A.

The antigorite sample used in this study was from China;
however, the exact location is unknown. The sample is of
gem quality, with macroscopically homogeneous and isotropic
appearance, although microscopic observations show slight dif-
ferences in texture on three rectangular planes of the specimen.
It is of light green color and transparent in thin section.
Its nominal density of 2.585(3)x 103kg/m3 is 2.0% lower
than the X-ray density of 2.638 x 103 kg/m3 (estimated from
Hilairet et al., 2006b). EDS analysis yielded an atomic compo-
sition of Mg/Si=1.418 and Fe/Si=0.010, indicating a formula of
(Mgs 67Fe0.04) 5=5.71514010(OH)7.42.

To confirm its isotropy as a bulk sample, we conducted
ultrasonic velocity measurement on three different directions per-
pendicular to each other (Table 1) by using the 20 MHz carrier wave.
Results supported “isotropic assumption” within 5% P wave velocity
fluctuation. Furthermore, X-ray diffraction in the three perpendic-
ular planes did not show any significant difference in the profile.
Therefore, we conducted measurements on a single direction.

In addition, the sample V,, of 6.66 km/s is higher than the esti-
mated value of 6.52 km/s from seismological study at the ~1Hz
frequency range (Christensen, 2004). It is not known if the differ-
ence in density between the nominal and the X-ray estimate of 2.0%
can be entirely attributed to the porosity of the sample. If so, the
intrinsic V), of antigorite must be significantly higher than known
so far. Since elastic wave velocity is not the focus of the present
study, we only point out that: (1) a higher velocity value should
be used in interpretation of seismological observations; or (2) sub-
stantial velocity dispersion is expected in antigorite between ~1 Hz
and 20 MHz owing to significant attenuation loss of wave energy.
Hence, we were unable to measure S wave velocity owing to this
enormous attenuation.

3. Results and discussion

Fig. 1 shows pressure effects in thermal diffusivity and thermal
conductivity of antigorite. Changes in sample size by compression
were corrected by assuming 60 GPa for the bulk modulus and 4.0
for its pressure derivative, although compressibility of antigorite is
still controversial (Hilairet et al., 2006b). The pressure derivatives
of k and A are much smaller than those for olivine up to 5GPa.
Above 5 GPa, they both decrease to nearly zero or indicate a slightly
negative derivative on pressure. Therefore, we tried two types of
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Fig. 1. Pressure dependence of thermal diffusivity, «, and thermal conductivity,
A, of antigorite up to 8.5GPa at ambient temperatures. Note the small bars for
each data point, which indicate experimental errors. Small temperature fluctuations
(22-35°C) reflect seasonal and daily temperature variations. Thermal conductivity
of antigorite at ambient conditions (Horai, 1971) is shown as well. The upper broken
lines are thermal diffusivity and thermal conductivity of olivine (Osako et al., 2004)
for comparison.

curve fitting; one is a linear fit to ~6 GPa for set of three runs.

kK =0.91+0.007 x P (2)
A =2.40+0.07 x P (3)
and the other a square fitting for 299 K data to 8.5 GPa.

kK =0.84+0.021 x P — 0.0017 x P? (4)
A=221+0.142 x P - 0.010 x P? (5)

where Pisin GPa, kin10-6m?s~1,and A inWm~1 K~1. Our thermal
conductivity data suggest smaller values than that at the ambi-
ent condition by Horai (1971) for natural antigorite produced in
Vermont, USA. Although no details about Horai’s sample are avail-
able, the difference may be attributed to the specimen variability
in composition or texture used in the two studies. Furthermore, it
is noted that the density of Horai’s sample (2.656 x 103 kg/m3) was
2.7% higher than that of the present sample.

Antigorite has much lower thermal diffusivity and thermal con-
ductivity (less than half) of the major dry mantle minerals such as
olivine. Through a simple evaluation, the thermal conductivity dif-
ference between olivine and antigorite (*3Wm~1K-1) can yield
a temperature gradient difference of ~20 K/km under the assump-
tion of typical earth’s heat flow of 69 x 103 W m~2. Katayama et
al. (2009) estimated ~20 km thickness of the serpentine layer for
the Ryukyu subduction zone from seismological anisotropy study.
Thus a ~400K temperature difference could be estimated for the
thin layer if the constituting material is hydrated from peridotite
to serpentinite. Katayama et al. (2009) also claims that the c-axis of
antigorite (the slowest direction for S wave velocity in antigorite)
tends to align normal to the plate interface. It may be reasonable
to assume antigorite has low thermal conductivity along the c-axis.
Therefore, even if other components in the serpentinite may reduce
the effect of thermal insulation, the lattice preferred orientation of
antigorite may still enhance the thermal insulation of the serpenti-
nite layer. In the warm subduction zone, the serpentinite layer may
act as an efficient thermal insulator for the subducting slab beneath
it. In other words, the temperature increase of the slab is likely to
be efficiently suppressed by the existence of the thermal insulating
layer of serpentine.

In spite of the preliminary state, we measured thermal con-
ductivity of talc as well, and obtained relatively higher thermal
conductivity compared with antigorite. It is well known that antig-
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Fig. 2. Temperature dependence of thermal diffusivity, x, and thermal conductivity,
A, of antigorite up to ~800K at 4.7 GPa and 8.5 GPa.
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Fig. 3. Temperature dependence of heat capacity of antigorite.

orite and talc are quite similar hydrous sheet minerals. Although
talc, the softest mineral in the Mohs hardness scale, has lower
acoustic velocity than antigorite, thermal conductivity of talc is
two to three times greater than that of antigorite (Yoneda et al.,
in preparation; Horai, 1971). This apparent contradiction may be
attributed to antigorite’s alternating wavy structure with a few
nanometer wavelength (e.g., Watanabe et al., 2007). In terms of a
simple calculation, phonons excited at ~300K tend to have wave-
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Fig. 4. Heat capacity of antigorite under high pressure and at ambient temperature.

Table 2

List of dCp/dP and dr/OT for the three minerals at 300 K. It is noted that we assumed
3000 kg/m? and 2.65 x 1073 K~ for p and « commonly in the derivation of da/0T
from dCp/OP. The value of dCp/dP for olivine is the average of the measurements
among the three crystallographic orientations in olivine (Osako et al., 2004).

dCp/OP dat/OT
Olivine —3.3x102]Jkg ' K-1Pa! 32x1078
Antigorite ~0 =il@?
Talc 30x10°° —-3x1077

lengths shorter than 1 nm. Therefore, phonons are expected to be
trapped in a wavy segment of the antigorite crystal structure. This
effect can cause lower thermal conductivity for antigorite.

Fig. 2 shows the temperature dependence of thermal diffu-
sivity and thermal conductivity of antigorite. Thermal diffusivity
decreases faster than thermal conductivity, which indicates rapid
increase of heat capacity with increasing temperature. We can rec-
ognize a pressure effect on thermal diffusivity at high temperature;
thermal diffusivity at 8.5 GPa is slightly lower than that at 4.7 GPa.
On the other hand, we cannot recognize a clear pressure effect on
thermal conductivity within the margin of error. Although the tem-
perature elevation at 8.5GPa must cross the phase boundary of
antigorite decomposition, a significant anomaly was not observed
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Fig.5. (a) Estimation of temperature dependence of thermal expansivity for serpen-
tine, olivine, and talc. Thermal expansivity is normalized by 2.65 x 10~>, which is the
experimental value for olivine at 25°C (Suzuki, 1975). For evaluating the tempera-
ture variation shown by the solid lines, we assumed 2.65 x 10~ typical for olivine,
antigorite and talc as a representative value of thermal expansivity at 25°C, and
applied the temperature derivatives shown in Table 2. The dotted line for olivine
is the experimental results for olivine (Suzuki, 1975). The dashed curve for talc is a
realistic modification by considering the reported thermal expansion for talc, which
did not show negative thermal expansivity (b), as shown by Pawley et al. (1995).
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in the process of measurement of thermal diffusivity and thermal
conductivity.

Fig. 3 shows temperature dependence of heat capacity of
antigorite. Although the results show rapid increase of heat capac-
ity, it is lower than the Dulong-Petit limit of Cy for antigorite
(1.62 x 103 J kg1 K~1). Comparing the trend between 4.7 GPa and
8.5 GPa heating experiments, the scatter over 700K for 4.7 GPa
heating may correspond to some experimental problem.

Fig. 4 shows the heat capacity of antigorite at ambient tempera-
ture; it is ~1.0 x 103 Jkg~1 K-! and nearly independent of pressure
increase. The reproducibility among the three data types was as
good as within ~5%. The pressure derivative of heat capacity,
dCp/OP, of antigorite is nearly zero. This value contrasts with the
negative value for olivine (Table 2). On the other hand, prelimi-
nary results for talc were as large as 9Cp/0P~+30]kg~1 K-1 GPa~!
(Yoneda et al., in preparation).

From the pressure derivatives of heat capacity, we can evaluate
characteristics of the thermal expansivity, «, through the following
thermodynamic identity:

9),-1 " (3)
<8P r P aT b

From the observation of pressure derivatives of heat capacity
and typical thermal expansivity (2.65 x 107> K~1; see Table 2), we
can expect the temperature derivative of thermal expansivity for
the three materials as shown in Table 2. Although reliable thermal
expansion data are not available for antigorite, we demonstrate
it together with those for olivine and talc in Fig. 5. If the nega-
tively small da/OT is exact, we can expect nearly constant thermal
expansivity for antigorite. In other words, the volume of antigorite
increases almost linearly with temperature.

From lattice dynamic theory, we can define the mode Griineisen
parameter, y;, for the normal mode of lattice vibration as:

_ dlog w;
dlog V

where w; is the angular frequency of normal mode specified by the
subscript “i”, and Vis volume (e.g., Kieffer, 1979). Note that positive
y;i contributes to positive thermal expansion, and vice versa. Thus,
the majority of y; for olivine is expected to be positive, because
the de/T for olivine is positive. On the other hand, some of the y;
for antigorite and talc are expected to be negative because of the
negative do/0T. It is quite probable that the hydrous mode, or nor-
mal mode related with hydrogen and hydroxyl groups, may have a
negative mode Griineisen parameter.

Vi= (7)

4. Conclusions
The low thermal conductivity of antigorite leads to the

conclusion that there exists a thermal insulating layer where
serpentinization arises in the subduction zone. In this case, the
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Fig. A1. Cross-section of the sample assembly. Top views of the thermocouple and
impulse heater are also shown. The flat chromel-alumel thermocouple has a thick-
ness of 0.03 mm and a width of 0.3 mm, and the impulse heater has a thickness
of 0.03 mm. Although the circuit pattern of the nickel-chromium impulse heater
(3.8 mm in diameter and 0.03 mm in thickness) is shown schematically, the striped
pattern of the impulse heater circuit is actually folded 20 times.

temperature in the layer is expected to be maintained lower than
the surroundings, and the unstable antigorite can intrude into
deeper areas, crossing the dehydration boundary owing to the
lower kinetics of low temperature. It is noteworthy that a sudden
dehydration from unstable antigorite is one of the possible trig-
gers of the intermediate-depth (50-130 km) earthquakes (Perrillat
et al., 2005).

The present study provides the first set of simultaneous mea-
surements of thermal diffusivity and thermal conductivity of
hydrous silicate minerals under high pressure. Consequently, these
are pioneering heat capacity data for hydrous minerals. One of the
pronounced results is that the data predict nearly temperature-
independent thermal expansivity for antigorite.
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Fig. A2. The concept of the sample assembly and measurement of a pulse-heating method for measurement of thermal conductivity/diffusivity from Dzhavadov (1975). (a)
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(b), where t is the duration of pulse heating and t is time from the onset of heating.
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Appendix A. Brief summary of thermal
conductivity/diffusivity measurement

Fig. A1 shows the cell assembly and Fig. A2 the basic concept of
the experimental technique used in this study. The sample consists
of three thin identical disks. An impulse heater is placed at one
interface between the disks, and a thermocouple is inserted at the
other interface. The thermal disturbance caused by impulse heating
is monitored by the thermocouple.

The acquired data are analyzed based on an explicit equa-
tion solved under the assumption of one-dimensional heat
flow and constant temperature boundary conditions (Dzhavadov,
1975):

o0
AT :AZ% sin g sin ’%[X exp(—n®Bt)[exp(n*Bt) — 1] : (t > 1)

n=1
(A1)
where tis time from the onset of heating, x is the position measured
from the end of the sample, d is the total height of the three sample
disks, and 7 is the duration of the heating pulse. The quantities A
and B are defined as
_ 2wd _ mk
T oma2AsT T d?
where W is the power of the impulse heating and S is the area of
the heater.

As the series in Eq. (A1) converges rapidly, summation to n=10
yields a very accurate value, in comparing the calculation error with
experimental uncertainty. The parameters A and B are determined
through least square fitting of the experimental data by means of
Eq. (A1) up to n=15. By substituting A and B into Eq. (A2), A and «
are obtained simultaneously.

(A2)
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