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a b s t r a c t

The anisotropic thermal conductivity and diffusivity of talc were simultaneously measured up to 5.3 GPa
and 900 K using the pulse transient method. Although significant anisotropy was observed in the thermal
conductivity of talc, the average thermal conductivity is comparable to that of olivine and roughly three
times greater than that of antigorite. From the ratio of the thermal conductivity to the thermal diffusivity,
the heat capacity of talc was evaluated. The pressure derivative of heat capacity was found to be positive,
which is related to the anomaly of thermal expansivity of talc above 50 �C at atmospheric pressure.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Talc, Mg3Si4O10(OH)2, is a major hydrous metamorphic mineral.
It is a phyllosilicate, or sheet silicate mineral, with a monoclinic
crystal symmetry (Fig. 1). It is well known as the softest mineral,
with a rating of 1 on Moh’s scale of hardness. Owing to its unique
mechanical and chemical qualities, it has been frequently used as
an industrial material, such as a lubricant, a filler, and a pres-
sure-transmission material in high-pressure experiments.

Talc is expected to exist in subducting slabs. Recently, the dehy-
dration of talc has been implicated as a possible earthquake trigger
in the shallower parts of a subducting slab (e.g., Omori et al., 2004).
Since slab dehydration is partially controlled by the temperature in
the slab, the thermal conductivity of talc is an important factor for
controlling the temperature distribution, the dehydration se-
quence, and thus slab seismicity.

Anisotropy is a common physical property of sheet structure
materials like talc. To examine anisotropic thermal conductivity
in natural talc, or more generally a polycrystalline aggregate with
preferred orientation, we selected natural talc with a dominant
foliation for experimentation. The pulse transient method enables
us to examine anisotropic thermal conduction in such a sample.

The other advantage of the pulse transient method is that we
can determine the heat capacity from thermal diffusivity, j, and
ll rights reserved.
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thermal conductivity, k, using the relationship k = qCj, where q
is density and C is heat capacity.

2. Experiment

The specimens analyzed here were produced from a natural talc
block produced in Guangxi, China. It is slightly greenish with pro-
nounced foliation. Through powder X-ray diffraction, the sample
was identified as single phase of pure talc with monoclinic symme-
try (Stemple and Brindley, 1960). Its nominal density was 2716 kg/
m3, which is 2.4% less than talc’s X-ray density of 2783 kg/m3. The
stoichiometry was confirmed as (Mg0.99Fe0.01)3Si4O10(OH)2 by
means of electron microprobe analysis.

We designated the Z direction as the direction normal to the foli-
ation plane. Then, we specified the other two directions based on
ultrasonic velocity measurements. The X and Y directions are set
to be the faster and the slower polarized directions, respectively,
of shear waves propagating in the Z direction. Table 1 summarizes
the acoustic velocity measurements of the talc sample at ambient
conditions. The arithmetically averaged P- and S-wave velocities
(VP and VS) are 4.70 km/s and 2.06 km/s, respectively. Bailey and
Holloway (2000) reported that VP for sintered talc is 5.27 km/s at
0.5 GPa. The�11% difference may be attributed to an intrinsic pres-
sure effect, porosity collapse, or anisotropy in the sintered sample.

Fig. 2 shows a photograph of the talc and its microscopic texture
in the Y direction. We can observe a pronounced foliation and lin-
eation structure, oriented in the Z and X directions, respectively.
The talc rock sample is the same one that Guo et al. (2011) used
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Fig. 1. Crystal structure of talc. It is composed of layers of tetrahedron and
octahedron sheets. Si and Mg atoms are inside the tetrahedrons and octahedrons,
respectively.

Table 1
Acoustic wave velocities of talc in km/s. Diagonal components are P wave velocity,
and off-diagonal ones are S wave velocity.

Propagating direction

X Y Z

Polarized direction X 5.78 2.71 1.87
Y 2.69 4.52 1.63
Z 1.83 1.65 3.80

Fig. 2. (a) Photograph of a block used in the present work. The X and Y directions
are specified by arrows. The Z direction is normal to the foliation surface.
(b) Polarized microscope view on a thin section in the Y direction. X and Z
directions are specified by white arrows. Note the relatively fine grain texture.

Fig. 3. (a) Cross section of the sample assembly for the pulse transient method (Osako et al., 2004). (b) Concept of the pulse transient method. Left figure shows basic
configuration of the sample. d is the total height of the three sample disks, S is the area of the heater, x is the position from the bottom of the sample (the heater is at x = d/3,
and the thermocouple is at x = 2d/3). Temperature change DT caused by impulse heating with a power of W is monitored by the thermocouple (right figure), where s is the
duration of pulse heating, and t is time from onset of the heating.
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Fig. 4. An example of the oscilloscope display in the present study. Channels 1 and
2 were used to monitor thermocouple output and voltage for impulse heater (see
Fig. 1b), respectively. Note that the Channel 1 data were magnified 1000 times by a
DC amplifier. The corresponding digitized data of Channel 1 were used for curve
fitting to determine parameters A and B in Eq. (2).

(a)

(b)

Fig. 5. Thermal diffusivity results. (a) Pressure dependence. (b) Temperature
dependence at 5.3 GPa. The temperature dependence was measured during
temperature decreasing process in multiple heating. Triangle (N), circle (d), and
square (j) symbols correspond to X, Y, and Z directions, respectively, of the present
talc block.
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in their electrical conductivity measurements. They confirmed that
the {001} plane series is concentrated in the Z direction specimen.

We prepared disks (4.3 mm in diameter and �0.33 mm thick) of
talc oriented in three directions for measurements under high
pressure and high temperature. Fig. 3 shows the cell assembly
and the concept of the present pulse transient method. The details
of the experimental procedures were reported previously (Osako
et al., 2004).

In the high pressure and temperature measurements, we first
measured the pressure dependence of thermal properties up to
5.3 GPa at room temperature, and then heated it to a higher tem-
perature at 5.3 GPa. We checked mineral phase of recovered talc
sample, because the extrapolation of the phase boundary suggests
decomposition of talc at around 900 K at 5.3 GPa (Bose and Gan-
guly, 1995). X-ray analysis confirmed that no phase change for talc
sample recovered from 670 K heating, and trace of decomposition
for the one from 900 K heating. Thus we can conclude that the
present experiment data corresponds to pure talc.

Fig. 4 shows an example of the thermal pulse observed in the
present work. The acquired data were analyzed based on an expli-
cit equation solved under the assumption of one-dimensional heat
flow and constant temperature boundary conditions (Dzhavadov,
1975):

DT¼AR1n¼1
1
n2 sin

np
3

sin
npv

d
expð�n2BtÞ½expðn2BsÞ�1� : ðt>sÞ ð1Þ

where t is the time from the onset of heating, x is the position mea-
sured from the end of the sample, d is the total height of the three
sample disks, and s is the duration of the heating pulse. The quan-
tities A and B are defined as

A ¼ 2Wd
p2kS

; B ¼ p2k

d2 ð2Þ

where W is the power of the impulse heating and S is the area of the
heater. The pressure and temperature effects on d and S were cor-
rected based on Gleason et al. (2008) and Pawley et al. (1995).
3. Results and discussion

Fig. 5 shows the results of the talc thermal diffusivity investiga-
tion. Note that measurements were conducted once, twice, and
three times, in the X, Y, and Z directions. The reproducibility was
within �15% in the Z direction. These results show a pronounced
anisotropy in the thermal properties. As in the cases of acoustic
velocity and electrical conductivity, the magnitude of thermal dif-
fusivity is also observed to have a strong directional dependence
(Guo et al., 2011). The pressure derivatives of thermal diffusivity
are negative, nearly zero, and positive in the X, Y, and Z directions,
respectively. This may be an intrinsic behavior of anisotropic ther-
mal diffusivity in talc. An alternative interpretation is that it is due
to rotation of the sheet layer in talc during compression. Regardless
of the mechanism, we can conclude that average thermal diffusiv-
ity of talc is nearly constant at around �2.8 � 10�6 m2/s over the
present pressure range. As for the temperature dependence of ther-
mal diffusivity, the decrease is commonly as large as 60% in every
direction between 300 and 900 K.

Fig. 6 shows the thermal conductivity measured here in com-
parison with other materials. The experimental scatter in the Y
and Z directions is �20%, approximately twice of that of thermal
diffusivity. As shown in Eq. (2), thermal conductivity is related to
W/S (heat generation per area), which may be an additional source
of error when compared with the thermal diffusivity measure-
ments made here. In spite of the scatter, we can see that the aver-
age thermal conductivity is �7 Wm�1K�1, with only a small
pressure dependence. As for the temperature dependence of ther-
mal conductivity, we recognize a common decrease of �40% in
every direction between 300 and 900 K. Note that both the thermal
diffusivity and the thermal conductivity of talc show a decrease



(a)

(b)

Fig. 7. Heat capacity results. (a) Pressure dependence. The dashed line is the
average of the six measurements. (b) Temperature dependence at 5.3 GPa. Triangle
(N), circle (d), and square (j) symbols correspond to X, Y, and Z directions,
respectively, of the present talc block.

(a)

(b)

Fig. 6. Thermal conductivity results. (a) Pressure dependence. The dotted line is the
data for sintered talc from powder (Gummow and Sigalas, 1988). The dashed lines
are olivine (Ol; Osako et al., 2004) and antigorite (An; Osako et al., 2010) data, as
references. (b) Temperature dependence at 5.3 GPa. Triangle (N), circle(d), and
square (j) symbols correspond to X, Y, and Z directions, respectively, of the present
talc block.
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similar to that seen in olivine and garnet, and a much larger de-
crease than that of antigorite.

Earlier data collected by Gummow and Sigalas (1988) were sim-
ilar to the lower bounds of the Z-oriented conductivity measured
here. This suggests that the compacted powder sample may cause
a significant preferred orientation of the c axis. On the other hand,
Horai (1971) reported 7.0 Wm�1K�1 for the thermal conductivity
of talc at ambient conditions. His specimen, a mixture of powdered
mineral and distilled water, seemed to be isotropic, compared with
the present result.

It is surprising that the thermal conductivity of talc is compara-
ble to that of olivine and as much as three times higher than that of
antigorite, although VP of antigorite (�6.7 km/s) is faster than that
of talc in any direction (Table 1). This apparent contradiction may
be attributable to antigorite’s alternating wavy structure at a
wavelength of a few nanometers (e.g., Watanabe et al., 2007). In
contrast with antigorite, the sheet layering of talc is smooth en-
ough to propagate acoustic waves and phonons. This suggests that
the sheet layer characteristics in a phyllosilicate can control mac-
roscopic physical properties.

Fig. 7 shows the results of the talc heat capacity investigation.
Although the results are scattered by as much as ±20%, the average
is �1000 J kg�1 K�1 at around 3.5 GPa. The extrapolated value at
atmospheric pressure is �890 J kg�1 K�1, which is close to the
reported value of 852 J kg�1 K�1 for the heat capacity of talc at
atmospheric pressure (Robie and Stout, 1963; Hemingway, 1991).
Note that the heat capacity of talc is comparable to that of antigor-
ite (Osako et al., 2010). We can see that the heat capacity of hy-
drous minerals exceeds that of non-hydrous minerals, such as
olivine and garnet, by �30% (Watanabe, 1982; Osako et al.,
2004). Therefore, it is reasonable that hydrous minerals could have
more vibrational freedom because of the presence of the lightest
element, hydrogen, in the crystal structure. As for the temperature
dependence of heat capacity, we recognize an increasing trend of
heat capacity with temperature; however, the quality may not be
enough for further scientific implication.

In spite of the scatter of the absolute value of heat capacity it-
self, their slopes against pressure are quite consistent with each
other, yielding

@CP

@P

� �
T
¼� 28 J kg�1 K�1 GPa�1 ¼� 2:8� 10�8 m3 kg�1 K�1 ð3Þ

This value was used previously (Osako et al., 2010) to explain an
anomalous thermal expansion reported by Pawley et al. (1995).

4. Conclusion

The anisotropy of thermal diffusivity and thermal conductivity
in talc has been measured at high pressure and temperature. Large
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anisotropy is confirmed, as expected, for phyllosilicate sheet min-
erals. However, the thermal conductivity of talc was found to be
comparable to that of olivine. This finding was not imagined prior
to the analysis presented here. Although both talc and antigorite
are common soft hydrous minerals with low mechanical strength,
the thermal properties of talc are more similar to rock forming
minerals like olivine, than they are to those of antigorite. As a re-
sult, talc does not assume a special role in the subducting slab from
the viewpoint of heat and temperature phenomena, i.e., talc cannot
be implicated in the formation of a thermal boundary layer in the
subducting slab.
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