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ABSTRACT

Thermal properties (diffusivity and heat capacity) at varying temperatures up to 200°C and the thermal diffusivity under
hydrostatic pressures up to 1 GPa at room temperature were measured on two basaltic samples recovered from Hole 504B
drilled during Ocean Drilling Program Leg 148. Rock fabrics and porosity are key factors controlling the thermal properties of
these rock samples. Estimates of thermal conductivities of rocks in situ can be made on the present results. The estimated val-
ues can be compared with those obtained by shipboard measurements, enabling us to eliminate incorrect data. The shipboard
measurements of rock samples containing a small amount of water-filled pores give reliable thermal conductivity values. The
validity of measuring wet samples also is verified by thermal diffusivities of dried core samples, measured experimentally
under hydrostatic pressures.

INTRODUCTION

Thermal conductivity data are available from the top to the bot-
tom of Hole 504B. These samples penetrate through the sedimentary
layer down to the Layer 2/3 (basalt/gabbro) boundary. Heat-flow val-
ues and lithospheric thickness help to constrain the formation age of
the oceanic basin to as old as 80-120 Ma. Heat-flow values can be
obtained by combining the subseafloor temperature gradient with the
in situ thermal conductivity. The thermal conductivity usually is ob-
tained by measuring samples on board at laboratory temperature and
atmospheric pressure. Depressurization of rock samples deep from
the basement increases the volume of pores in each sample, which
may have a large effect on the thermal conductivity values. This
study clarifies experimentally the influence of porosity on the ther-
mal properties (diffusivity, heat capacity, and conductivity) in order
to obtain intrinsic (or rock matrix) thermal conductivity by applying
the formulae of Walsh and Decker (1966), by which the matrix con-
ductivity is obtained by extrapolating values at high pressure to zero
pressure conditions. If this is applicable, the experimental difficulty
for measuring the conductivity of small and irregularly shaped hard
rock samples will be significantly diminished.

Another goal of this study was to determine whether hydrostatic
pressue significantly affects the intrinsic matrix thermal conductivi-
ty. If it does, heat-flow data obtained by conventional methods must
be corrected both for porosity and for the pressure dependence of ma-
trix conductivity. Pressure measurements in the present experiment
were made from atmospheric pressure to 1 GPa.

METHODS

Samples measured in this study were cut into cylinders 5.0 mm in
diameter and 10.0 mm in length (for thermal expansion in vacuum),
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10.0 mm in diameter and 20.0 mm in length (for thermal diffusion un-
der pressure), or into disks 10.0 mm in diameter and 2.5 mm in thick-
ness (for heat capacity and thermal diffusivity in vacuum). Thermal
expansion results are not reported in this article. Both ends of the
samples were polished using alumina powder of 600 mesh (the grain
size of phenocrysts is far smaller than 2.5 mm.). The samples were
dried in a furnace at 100°-l 10°C for a couple of days. The disk sam-
ples were used for measuring heat capacity, thermal diffusivity, den-
sity, and porosity. All measurements were made at room temperature
(15°-20°C). Heat capacity and diffusivity was measured using the
flash method (e.g., Watanabe, 1992) in vacuum of 10"3 Torr. (0.132
Pa). Density (dry-bulk density) and porosity were obtained by com-
paring the weights of dried and water saturated samples on a high-
sensitivity balance open to laboratory air. Saturation by water was
made by placing the sample in a hydraulic pressure of 1 GPa, which
is high enough to close pores (granite sample, Walsh and Decker,
1966). The problem is briefly referred to in the footnote of Table 1.

Thermal diffusivity was measured by placing a heater wire in the
center and two thermocouples 3 and 4 mm off center of the cylindri-
cal sample. The basic idea of the present method is similar to the
Angstrom method (e.g., Carslaw and Jaeger, 1959, p. 136; Watanabe,
1992) for a transient heat transfer. If the sample assembly has a good
cylindrical symmetry, a probe method also can be applied (Carslaw
and Jaeger, 1959). As noted later in this paper, we tried both methods
and obtained data consistent with other measurements only by the lat-
ter method. Instead of drilling a thin hole in the cylindrical core sam-
ple (10.0 mm in diameter and 20.0 mm in length), thin slits (0.50 mm)
were cut into the cylinder. After placing the heater wire (0.1-mm
nickel-chromium steel wire) and platinum-13 %rhodium thermocou-
ple (0.1-mm wire), the slits were closed by gluing in thin plates cut
from the original sample. The sample assembly, including the ther-
mocouples and heater wire, was coated with silicone rubber to pre-
vent penetration of pressure fluid during the experiment (Fig. 1). The
whole sample assembly is compressed in a cylindrical vessel that cre-
ates hydrostatic pressures up to 1 GPa. The heater wire and thermo-
couple were connected to an electronic circuit controlled by a
microcomputer (CPU) through a general purpose interface board
(GPIB; Fig. 2 adapted from Kinoshita, 1992).

Thermal diffusivity of the sample under pressure is obtained by
applying a steady state heat-flow formula of a cylindrical symmetry
(§7.2-V, Carslaw and Jaeger, 1959). A transient thermal transmission
technique (formula 2.5.21, Beck et al , 1985) may be useful, but the
latter method gave unrealistic values from our present experiment.
The thermal conductivity is calculated on an assumption that the den-
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Table 1. Thermal parameters of two samples from Hole 504B.

Silicone
Resin

Sample

Manganin
Wire

Thermocouple 1

.Heater wire

'Thermocouple 2

Figure 1. Sample block: a cylindrical rock piece, a pair of thermocouples,
heater wire, manganin wire pressure gage, and silicone coating covering
entire assembly.

Sample

(5)

Figure 2. A schematic view of the measuring system. Desk-top computer (1)
controls data acquisition (2 = GPIB interface) from digital multimeter (3)
connected to the thermocouple(s) in the sample (5) in a hydraulic press (7).
Electric power (6) to the heater in the sample is also activated by the com-
puter (4 = switch interface).

sity and specific heat of the sample do not change significantly in the
present pressure range. Although a correction to the density change
of the sample under pressure may be estimated from the sonic-
velocity data under pressures that will be presented elsewhere in this
volume, it is not intended in the present interpretation.

RESULTS

The thermal conductivity of each sample (Table 1) in vacuum
(approximaely 0.1 Pa) was obtained by measuring heat capacity and
thermal diffusivity as shown in Figure 3. The thermal conductivity of
dry samples evidently is influenced by porosity. The influence of the
porosity is twofold: (1) from the insulation caused by void spaces that

Core/section,
interval (cm)

Depth
(mbsf)

Specific
heat

(kJ/[kg K])

Thermal
diffusivity
(10-7m2/s)

Bulk Thermal
density conductivity
(g/cm3) (W/[m K])

148-504B-
241R-1, 99-101
25OR-1,0-8

2017.5
2080.4

0.7
0.7

6.25
7.0

Zero-pressure-extrapolation:

3.11
3.08

1.91(0.38)*

1.26
1.45

Notes: Specific heat at room temperature (25°C) in vacuum, -1.33 Pa. Asterisk (*) =
experimental error (in parentheses) from scattering of raw data points. Porosity
(1.45%) for both samples decreases the matrix thermal conductivity by 3.7%-30%
using either one of the models of Walsh and Decker (1966).

usually are filled by air even after evacuation during the measure-
ments, and (2) from the different matrix and air conductivity. It is
hard to estimate the amount of air remaining in the sample that has
been placed in a vacuum at around room temperature to 200°C. In the
present interpretation, therefore, the pressure of air trapped in the
interstitial pore is, assumed to be about 1 atm (1.013 × 105 Pa), which
may overestimate the bulk conductivity by about a few percent
according to the formulae of Walsh and Decker (1966). The matrix
conductivity of the two samples is given in Table 1, which was de-
duced from the heat capacity, porosity, and density data. The effect
of porosity on the thermal conductivity is described in Table 1.

The thermal diffusivity of the sample under pressure is measured
using a method similar to the needle-probe method (Jaeger, 1958).
Briefly, the change of the probe temperature, after switching on the
electric current to the heater wire in the sample, is recorded once each
second for about 20 s by a digital multimeter connected to the con-
trolling computer. The measurement duration (20 s) is limited by the
sample size. The temperature of the sample increases gradually be-
cause of the heat produced in the center of the sample. The increase
in the sample temperature might cause physicochemical changes,
which result in the change in the thermal conductivity of the sample.
However, this is unlikely to occur because the heater wire generates
only 0.9 W/cm (total 1.8 W) for 20 s, raising the temperature of the
samples no more than a few degrees.

Pressures exerted on the specimens ranged from 0 to 1 GPa, from
which the thermal diffusivity (converted to conductivity) of the
matrix at 80 MPa (equivalent to pressure of 2000 mbsf at Site 504) is
estimated by extrapolating high-pressure values to 80 MPa. The pres-
sure on the sample is increased in discrete 100-MPa steps, and the
best fit to the discrete data point is used to extrapolate intrinsic zero-
pressure value(s) (Fig. 4). The zero pressure values of the samples are
given in Table 1 along with other basic thermal parameters.

DISCUSSION

It is possible to calculate the thermal conductivity values from
porosity data of rocks saturated with seawater when the porosity is
not large. It is shown after Walsh and Decker (1966) that the porosity
of isolated voids (5%—10%) decreases the thermal conductivity of the
sample by 7% to 13%, assuming the pores are saturated with sea-
water. Data of Hole 504B rock samples are classified into three
groups (Fig. 5). One group belongs to the depth interval of 270 to 800
mbsf. A second group is from 800 to 1000 mbsf, which shows a rapid
increase of thermal conductivity with depth. The third group is from
below 1000 mbsf to the bottom of the hole. The data set from 1600
mbsf to 2000 mbsf was discarded (not plotted in Fig. 5) because we
have found that much of the data from this section apparently con-
tains a certain amount of error.

Statistical calculation of the data from two groups (the shallower
part and bottom layer, skipping the second group) shows that the ther-
mal conductivity of the matrix (basaltic material) of this site is 2.3
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with a standard deviation of 0.4 W/(m K), which is comparable to the
value obtained by Kawada (1964) although the author did not de-
scribe porosity of the basaltic sample.

Present results show that the pressure effect on the thermal con-
ductivity is twofold. First, pores close under relatively lower pressure
(less than 100 MPa; Walsh and Becker, 1966). Second, the intrinsic
conductivity of the matrix material gradually increases. It is clear that
the water-saturated sample for shipboard measurements gives a con-
ductivity value close enough to the probable intrinsic conductivity
values given by extrapolating conductivity values to zero pressure
(bottom line of Table 1).

This discussion may not apply to the sediment samples with large
porosity (40%-70%) in the upper part of Hole 504B because the con-
nection of the porosity network and the main composition of the ma-
trix are completely different from that in the basement rocks. It is
striking, however, that the water-saturated sediment sample shows
fairly uniform thermal conductivity and is insensitive to hydrostatic
pressure as shown, for instance, by Wilkens and Langseth (1983) and
Kinoshita(1992).
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Figure 3. Variations in temperature vs. (A) thermal diffusivity (m2/s), (B)
heat capacity (kJ/[kg K]), and (C) resultant thermal conductivity (W/[m K]).
Samples used are 148-504B-241R-1, 99-101 cm (Piece 19), and 250R-1, 0-
8 cm (Piece 1). Abbreviations are as follows: alphabetical letters a, Cp, and
K stand for thermal diffusivity, specific heat, and thermal conductivity,
respectively. Subscripts 1 and 2 correspond to samples in Table 1(1= upper
raw scores, 2 = lower raw scores), and subscript 3 is Sample 148-504B-
274R-1, 18-26 cm.
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Figure 4. A. An example of temperature change over time of sample a, (see Fig. 3) at 3 mm off center of the sample cylinder. Pressure values attached to each

curve. B. Change in thermal conductivity (W/[m K]) vs. pressure up to 1 GPa for sample a, (for a, see Fig. 3).
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Figure 5. The downhole porosity and thermal conductivity distribution

obtained from individual core samples from Hole 504B. Only sections of the

rock formation are shown. Data set from -1600 to 2000 mbsf is entirely dis-

carded for the reason given in the text.
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