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[1] We examined the effects of high pressure on thermal conductivity in core samples from the slope—apron
facies and the upper part of the accretionary prism at site CO001 of the NanTroSEIZE drilling program and
in other samples of five terrestrial rock types. Thermal conductivity clearly increased with increasing pressure
for both wet (water saturated) and dry samples. We determined the rate of thermal conductivity change of the
NanTroSEIZE sediments to be 0.014 Wm 'K ~'/MPa when pressure was increased, and 0.01 Wm 'K ~'/MPa
when pressure was decreased. Using the rate determined for decreasing pressure, we estimated that thermal
conductivities measured at atmospheric pressure rather than at in situ pressure may be underestimated by 7%
for a core sample from around 1 km depth and by 20% for a core sample from around 3 km depth. In general,
the rate of thermal conductivity change with pressure showed a positive correlation with porosity. However,
the relationship of the rate of thermal conductivity change to porosity is also dependent on the fabric, mineral
composition, and pore structure of the sediments and rocks. Furthermore, for two sandstones we tested, the
effect of pressure on thermal conductivity for dry samples was greater than that for wet samples.
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1. Introduction

[2] The Nankai Trough Seismogenic Zone Experi-
ment (NanTroSEIZE) is a comprehensive scientific
drilling program that commenced in 2007 in the
Nankai trough region, southwestern Japan, under
the IODP [Kinoshita et al., 2006]. Convergence
of the Philippine Sea and Eurasian plates in this
region has caused M8-class great earthquakes with
recurrence intervals of 100-200 years. A plausible
geophysical model of the subduction zone is critical
to understanding the cycle of earthquake occur-
rences, coseismic fault rupture, and the accumula-
tion and release of seismic energy [Lallemand and
Funiciello, 2009]. Developing such a model by
determining the physical properties under in situ
conditions, including thermal conductivity, of mate-
rials retrieved from depth is an important scientific
objective of NanTroSEIZE. Thermal conductivity
is an important parameter for estimations of the
frictional heating that accompanies fault rupture
[Lachenbruch, 1980; Kano et al., 2006; Tanaka et al.,
2006] and of heat flow and thermal regimes
[Hyndman et al., 1995; Wang et al., 1995; Kinoshita
etal., 1996; Harris and Wang, 2002; Villinger et al.,
2002; Yamano et al., 2003]. In addition, knowing
the diffusivity is important for understanding tran-
sient thermal processes and knowing the thermal
conductivity is important for knowing the thermal
diffusivity [Goto et al., 2005].

[3] The physical properties of sedimentary rocks,
including thermal conductivity, are dependent on
pressure and temperature [Schén, 1998a], so in situ
pressure and temperature conditions should be
simulated in laboratory measurements of the thermal
conductivity of core samples from great depths.
Many previous studies on thermal conductivity at
high pressure were found for hard rocks even up

to a very high pressure of more than 1 GPa [e.g.,
Horai and Susaki, 1989; Kukkonen et al., 1999;
Osako et al., 2004; Xu et al., 2004; Pribnow et al.,
1996; Seipold and Huenges, 1998], but a few lit-
eratures for ocean sediments are available [e.g.,
Morin and Silva, 1984].

[4] An ultradeep well is planned at site C0002
during Stage Il of NanTroSEIZE commencing in
2012. This well will aim to penetrate the seismo-
genic asperity of the 1944 Tonankai earthquake in
the Nankai subduction zone off southwestern Japan.
To date, no data from laboratory tests on the effect
of pressure on thermal conductivity of sediments
and sedimentary rocks from the Nankai trough
region have been published, and there appears to
have been no research on their thermal conductivity
under high-pressure conditions.

[s1 We developed an apparatus capable of mea-
suring the thermal conductivity of sedimentary
rocks at pressures up to 200 MPa, corresponding
to lithostatic pressure at 8 km depth, which is
deeper than the maximum drilling depth planned
for NanTroSEIZE. This apparatus will be further
modified in the future to allow measurement of
thermal conductivity at high temperatures.

[6] For this study, we used two core samples from
the Nankai subduction zone at site C0001 [Ashi
et al., 2008]: one from the slope—apron facies and
one from the upper accretionary prism. We exam-
ined the variation of thermal conductivity of these
wet samples at pressures simulating those at their
original depth and at greater depths. We also per-
formed high-pressure thermal conductivity tests on
several other terrestrial rock samples including a
granite, three sandstones, and a welded tuff. Our
results suggest that to determine the in situ thermal
conductivity of core samples from deep wells, it is
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Location and geological setting of NanTroSEIZE site C0001 and the other sites. (a) Interpreted seismic

section [after Park et al., 2002] showing relationship of NanTroSEIZE drilling sites to geological structure in the
Nankai subduction zone. The dashed rectangle shows the area of Figure 1b. (b) Seismic reflection profile through site
C0001 showing locations of core samples TC1 and TC2 used in this study (modified from Expedition 315 Scientists
[2009]). The thick black line at drill site C0001 shows the interval cored during Expedition 315; the narrow gray line
shows the interval drilled without coring during Expedition 314. (c) Bathymetric map of the NanTroSEIZE region
showing drilling sites (modified from Lin et al. [2010a]) in relation to the megasplay fault and frontal thrust [Moore et al.,
2007]. Brackets show location of the cross section in Figure 1a. Yellow arrows show the far-field convergence vectors
between the Philippine Sea plate and Japan [Heki and Miyazaki, 2001]; black arrow shows far-field plate motion vector

based on geodetic survey data of Heki and Miyazaki [2001].

important that experimental measurements are taken
at high pressures that simulate the conditions at the
depths from which the samples came.

2. Core and Rock Samples

[7] More than 10 vertical boreholes have been
drilled along the NanTroSEIZE transect (Figure 1),
which is approximately orthogonal to the axis of
the Nankai Trough and hence orthogonal to the
tectonic plate boundary. We measured the high-
pressure thermal conductivity of two samples from
above a megasplay fault at site CO001. The upper
sample (TC1, 183.33 m below seafloor, core
CO0001F-9H-3) was from lithological Unit I-B,
which was defined as slope—apron facies. The other
sample (TC2, 293.13 mbsf, CO001H-7R-6) was
from Unit II in the upper part of the accretionary
prism (Figure 1b) [Expedition 315 Scientists, 2009].
Sample TC1 was of late Pliocene to early Pleisto-
cene age and sample TC2 was of early Pliocene
age. Both samples were coherent silty muds of
similar porosity (56-57%) and wet bulk density

(1.74-1.77 g/em®). These two core samples were
kept at original water content state which was the
water saturated state. This “wet state” was con-
firmed by water-content and porosity measurements
using small pieces cut from the same cores as the
thermal conductivity samples.

[8] To test our high-pressure thermal conductivity
measurement apparatus, and to examine the general
relationships of thermal conductivity to confining
pressure for various rocks, we also performed high-
pressure tests on five other rock types and on a
sample of fused silica. The rock samples were fine-
grained Aji Granite (porosity 0.85%, wet bulk
density 2.64 g/cm® determined by the buoyancy
method [Franklin, 1979]) from Kagawa, Japan;
Rajasthan sandstone (10.6%, 2.45 g/cm’) from
India; Shirahama sandstone (13.5%, 2.43 g/cm3 ), a
Miocene rock from Kii Peninsula, which is
approximately 120 km from site C0001; Berea
sandstone (19.7%, 2.31 g/cm’) from Ohio, USA;
and Tage welded tuff (31.9%, 2.03 g/cm?) from the
Miocene Oya formation in Tochigi, Japan.
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Figure 2. Schematic diagram of the apparatus developed in this study for measurement of thermal conductivity
under high-pressure conditions. The system consists of a hydrostatic pressure vessel with a servo-controlled pump
that provides pressures up to 200 MPa, a wire-type line source sensor in the pressure vessel, a thermal-conductivity
meter (QTM-500) to measure thermal conductivity from the wire sensor, an electrical balance to monitor drained
water mass for calculation of volumetric deformation of wet samples associated with consolidation, and a data logger.

[9] Basically we prepared dry samples for the five
terrestrial rocks dried in an oven at 110°C for more
than 24 h and then moved into a dried desiccator
for cooling to room temperature and keeping dry
state until thermal conductivity tests [Franklin,
1979]. To compare the pressure effects on thermal
conductivity for dry and wet samples, we also pre-
pared fully water-saturated samples for Shirahama
and Berea sandstones. The samples were soaked in
ion-exchanged water in a vacuumed desiccator for
more than three days for water saturation just before
the thermal conductivity test.

3. Measurement Method of Thermal
Conductivity

[10] The commercial thermal conductivity meter
QTM-500 we used is based on transient heating of a
half-space sample by a line source [Sass et al., 1984;
Galson et al., 1987]. This approach is usually used
for tests at atmospheric pressure with a cased box-
type line source sensor probe [Horai, 1981; Sass
et al., 1984]. For high-pressure thermal conductiv-
ity measurements, it is necessary to place the sample
and sensor in a high-pressure vessel. Because com-
mercial box-probe cannot be used at high pressures,
we instead used a wire-type line source sensor
consisting of a line heater and a thermocouple to
measure temperature changes at the center of the line
heater during heating.

[11] In our apparatus (Figure 2), the wire sensor
was placed between a halved cylindrical rock

sample (50 mm diameter, 100 mm length) and a
matching piece of Teflon (0.29 Wm 'K ") of the
same dimensions. We installed the wire sensor
through a dielectric endpiece at the top of the
sample, from where it ran between the sample and
the Teflon. We used the endpiece at the bottom of
the sample to allow pore water to drain from the
sample and to control pore pressure. Filter papers
were placed between the rubber jacket and the rock
sample and between the bottom endpiece and the
sample to promote drainage of pore water. For this
study, we did not control pore pressure (i.e., we ran
all of the tests with pore pressure equal to atmo-
spheric pressure for both dry and wet samples), but
estimated the volumetric change of the wet sam-
ples by measuring the mass of drained water with
an electric balance (10~ g resolution).

[12] This sensor type of line source measures the
thermal conductivity in a direction perpendicular to
the line source, i.e., core sample axis in our sample
assembly. If the core sample was taken from vertical
drilling, the measured thermal conductivity is in
horizontal direction. If it is possible to make up two
or more samples from the same rock in the same
dimension (a halved cylindrical sample with 50 mm
diameter and 100 mm length) but in different direc-
tions, we can examine anisotropy of thermal con-
ductivity under high pressure of the rock. In case of
drill core, however, length of a sample taken in a
direction perpendicular to the drill core axis might
be limited by the diameter of the core. If the length
is less than 10 cm, it is necessary to develop a new
sample assembly for smaller sample and to conduct
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Figure 3. Examples of thermal conductivity measure-
ments for NanTroSEIZE sample TC1 (wet) at three dif-
ferent confining pressures. The gradient of each data
series at semilog scale is inversely proportional to the
thermal conductivity.

related fundamental pretests including calibration
tests before the thermal conductivity tests.

[13] We placed the sample assembly in a hydro-
static high-pressure vessel with an oil medium and
a servo-controlled pressure pump with a maximum
pressure of 200 MPa at room temperature (around
23°C). By assuming a water depth of 2 km (almost
the same as that at site C0001) and an average
density of around 2.25 g/cm’ along the vertical pro-
file of sediments and rocks, the maximum pressure
of 200 MPa simulates a lithostatic pressure regime
equivalent to 8 km depth below the seafloor.

[14] For thermal conductivities measured with tran-
sient line source devices such as the QTM-500, the
lower the thermal conductivity of the test sample,
the steeper the increase of temperature during heat-
ing. Thus, the apparent thermal conductivity (Aypp)
for the rock and Teflon combination we used can
be calculated as

)\app = KQ[ln(tz) — ln(tl)]/47r(T2 — Tl)7 (1)

where K is a constant dependent on the measure-
ment apparatus, Q is the quantity of heat, and T, and
T, are temperatures at times t; and t,, respectively,
during transient heating. Our high-pressure mea-
surements showed an almost linear relationship
at semilog scale between temperature and heating

time (Figure 3). The gradient decreased as confining
pressure increased, indicating that apparent thermal
conductivity increased with increasing confining
pressure. We used the temperature data ranged
between 20 and 90 s which are more stable than in
the early part of 0-20 s for calculating apparent
thermal conductivity. By using a calibration curve
derived from several standard samples, the thermal
conductivity of the rock sample can be determined
from the apparent thermal conductivity.

[15] To examine precision (reproducibility) of
measured thermal conductivity values by our high-
pressure thermal conductivity measurement appa-
ratus, we conducted the measurements for a fused
silica specimen at five pressure steps in increasing
confining pressure run and one step in decreasing
pressure run. At each confining pressure step, we
repeated the measurements 11-14 times but rejected
the first measured value because the first measure-
ment in the day looks to be usually bigger than the
following measurements. After one measurement,
we wait 30 min approximately before the next
measurement because the line source heater makes
the temperature of sample to rise higher than envi-
ronmental temperature. The average values of
measured thermal conductivities at the six pressure
steps were within 1.50—-1.52 Wm 'K™'; and the
standard deviations were the same 0.01 Wm™ 'K
for all the six steps (Figure 4). Thus, the relative
standard deviations (coefficient of variation) are less
than 1% for all the pressure steps. As a result, this
parameter is much less than 5% that the manufac-
turer of the thermal conductivity meter gave as both
“reproducibility” and “accuracy.” We also measured
three standard samples with given thermal conduc-
tivity values by using the wire-probe sensor at
atmospheric environment; and recognized that the
accuracy by the thermal conductivity meter and the
wire-probe sensor was less than 5%.

[16] The average values of thermal conductivity
showed a small increasing with increasing confining
pressure because better closeness between the
combination of sensor, fused silica and the Teflon
under higher pressures, but the change with pressure
was very limited (Figure 4). In addition, no hyster-
esis was recognized during the cycle of increasing
and decreasing confining pressure.

4. Thermal Conductivities at High
Pressure

[17] We measured thermal conductivities of the
NanTroSEIZE core and the terrestrial rock samples
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Figure 4. Histograms and statistical parameters of mea-
sured thermal conductivity values of fused silica under six
confining pressure steps. N is the number of measured
values; Average shows the arithmetic average value;
SD means the standard deviation. Pressure values in right
top shows the confining pressure; but inc. and dec. mean
the measurements were performed during increasing and
decreasing confining pressure, respectively.

for both increasing and decreasing stepwise changes
of confining pressure, simulating subsidence and
uplift, respectively. At each step of increasing pres-
sure, the samples contracted (consolidated); for each
step of decreasing pressure, the samples expanded
(Figure 5, sample TCI1). At each step, we kept the
confining pressure constant over several hours after
stepwise pressure loading or unloading; and then

measured thermal conductivity of the samples two
or three times before proceeding to the next pressure
step.

4.1. The NanTroSEIZE Samples

[18] For sample TC1, we measured thermal con-
ductivity over a period of three days at seven
confining pressure steps including 0.1 (atmo-
spheric pressure), 1.8, and the maximum pressure
of 29.3 MPa, first in increasing steps and then in
five decreasing steps. We determined the effective
pressure corresponding to a confining pressure of
1.8 MPa to be 1.7 MPa by subtracting pore pres-
sure, which corresponds approximately to the in situ
effective lithostatic pressure of sample TC1. The
effective pressure corresponding to the highest
experimental confining pressure of 29.3 MPa is
roughly equivalent to that at 3 km depth. The ther-
mal conductivity of sample TC1 clearly increased
with increasing confining pressure and decreased
with decreasing confining pressure (Figure 6a).
However, we observed hysteresis; that is, the ther-
mal conductivity at 0.1 MPa after pressure loading

Sample TC1 (C0001F-9H-3, wet)

40 | T l T TT l 1T l LI l LI
- ' Decreasing pressure |
0.7MPa : : T
" 9.7MPa ‘ ‘ i
T 00 g PN e b
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Figure 5. Examples of temporal volumetric changes of
NanTroSEIZE sample TC1 (wet) at different constant
confining pressures. The volumetric changes were deter-
mined from the mass of drained water. A negative vol-
umetric change indicates contraction of the sample; a
positive volumetric change indicates expansion. Curves
showing negative volumetric changes are from data
recorded during stepwise increases of confining pressure
(simulating subsidence and compaction); curves showing
positive volumetric changes are from data during step-
wise decreases of pressure (simulating uplift).
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Figure 6. Relationship between thermal conductivity and confining pressure for all samples tested. We measured
thermal conductivity two or three times at each pressure. Symbols show average thermal conductivity at each pres-
sure; error bars show the range of values. Solid symbols are for stepwise increasing pressure; open symbols are for
stepwise decreasing pressure. Arrows indicate the loading path for stepwise changes of confining pressure.

and subsequent unloading was higher than that at the
start of the cycle. During the increase of confining
pressure, the gradient of the thermal conductivity
curve decreased as confining pressure increased.
Morin and Silva [1984] also showed a similar cor-
relation of thermal conductivity and pressure for soft
ocean sediments.

[19] The thermal conductivities of samples TC1 and
TC2 at confining pressures of 1.8 and 2.1 MPa,
respectively, corresponding to their in situ pressures,
were approximately 2% higher than those at atmo-
spheric pressure. This small difference was because
samples TC1 and TC2 came from relatively shallow
depths where the pressure effect on thermal con-
ductivity is small.

[20] Generally, thermal conductivity of sediments
and rocks at water saturated state may dependent
on multiple parameters including mineral compo-
sition, porosity and pore geometry. With increasing
confining pressure, the porosity may change but the
mineral composition may not change in such short
time scale as our laboratory tests. For two-phase
thermal conductivity models of matrix-water mix-

ture, the following equation called geometric mean
model has been widely used [Pribnow and Sass,
1995]:

Ao = AI7PNP (2)

where ), is bulk thermal conductivity of the
matrix-water mixture corresponding to the mea-
sured thermal conductivity; ¢ and )¢ are thermal
conductivity of solid and fluid, respectively; ® is
the porosity. This equation can be rewritten as:

logjo Ab = logjo As — @(logjg As/Ar), (3)

Thus, log;g Ay can be considered to be a linear
function of porosity through two material constants
A and A Relation between the measured thermal
conductivity and porosity predicted by volumetric
change of TC1 sample under high confining pres-
sures showed good consistency with the model
(straight line) when increasing confining pressure,
but slightly deviated when decreasing confining
pressure (Figure 7). Porosity decreased from its
initial value of 57% at atmospheric pressure to 22%
under confining pressure 29.3 MPa (Figure 7).
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Figure 7. Relationship between thermal conductivity
and predicted porosity under confining pressure for
NanTroSEIZE sample TC1 (wet) in semilog scale.
Dashed line and equation are linear regression line and
its equation; R is the correlation coefficient. “)\,” in the
equation is measured bulk thermal conductivity, “®” is
the porosity under high confining pressure predicted from
initial porosity of the sample and volumetric change data
shown in Figure 5. Arrows indicate the loading path for
stepwise changes of confining pressure.

Porosity is the fraction of entire volume part
occupied by pores, cracks etc. to bulk volume of a
sample [Schon, 1998b]. Both of the pores and
cracks or microcracks may contract and/or close
and make porosity to reduce although the cracks
may close more easily than that the pores contract.
Therefore, the thermal conductivity change with
increasing confining pressure might be caused by
change of both the pores and cracks (Figure 7 and
equations (2) and (3)). Probably, influences by these
two types of interstices are hard to separate without
the individual volumetric change data of pores and
cracks with increasing pressure.

4.2. The Other Samples

[21] The compressional and shear wave velocities of
fused silica tested are 5.71 and 3.45 km/s, respec-
tively. Thus, its Young’s modulus determined from
these velocities and its density (2.2 g/cm?) is very
high (99.5 GPa). Because the fused silica is very
hard to deform, changes of confining pressure have
almost no effect on thermal conductivity (Figure 6b
and Figure 4). This result indicates that our thermal
conductivity measurements were not influenced by
the high pressures except the pressure effects on
thermal conductivity of samples. This poor corre-
lation of thermal conductivity and confining pres-
sure for fused silica was almost same as previous

results [Horai and Susaki, 1989; Abdulagatov et al.,
2000]. Moreover, the thermal conductivity value of
fused silica of this study was almost equal to the
upper value of the range 1.31 + 0.18 Wm 'K
which was the average and standard deviation of
thermal conductivity values reported in literatures
on fused silica at room temperature and atmospheric
pressure [Horai and Simons, 1969; Horai and
Susaki, 1989].

[22] The thermal conductivity of the dry Aji granite
sample increased with increasing confining pressure,
but the rate of increase decreased with increasing
pressure (Figure 6b). Granites generally contain
numerous microcracks, even for fresh and intact
samples [e.g., Lin, 2002]. It is possible that the
microcracks close mainly at the lower pressure
range, which would explain the decrease of the rate
of thermal conductivity change with increasing
pressure. This trend is similar to the findings of
several previous experimental studies for granites
and granulites [Walsh and Decker, 1966; Seipold,
1992; Kukkonen et al., 1999; Abdulagatov et al.,
2006].

[23] The pressure dependencies of thermal conduc-
tivity for dry samples of Rajasthan, Shirahama and
Berea sandstones were similar (Figures 6¢ and 6d),
and also similar to those of several previous studies
for dry sandstones [Woodside and Messmer, 1961,
Demirci et al., 2004; Abdulagatov et al., 2006;
Abdulagatova et al., 2009]. However, the thermal
conductivities for each rock type were different,
reflecting their different mineral compositions,
porosities, environments of deposition, and geo-
logical ages.

[24] Two water-saturated samples of Shirahama
and Berea sandstones showed a similar relationship
of thermal conductivity to pressure. This monoto-
nous increasing relationship was similar to those of
the dry samples, but the rate of thermal conductivity
change was lower (Figures 6¢ and 6d). In addition,
the steep changes of thermal conductivity we
observed for the dry samples of the two sandstones
at pressures lower than 10 MPa were not observed
for the wet sandstone samples. For each sandstone,
the thermal conductivities of the wet samples were
clearly higher than those of the dry samples for the
same pressure conditions. Differences between the
thermal conductivities of the wet and dry samples
of Berea sandstone at the same pressure were larger
than those of the Shirahama sandstone samples.
This difference might reflect the higher porosity of
the Berea sandstone (19.7%) than that of the
Shirahama sandstone (13.5%).
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Figure 8. Pore size distributions of various samples
determined by mercury intrusion porosimetry [ASTM,
1999]. The NanTroSEIZE sample shown here was from
drilling site CO006F, 476 m below seafloor (TC1 and TC2
were from site C0001); the other data are from the same
rock block samples also used to measure thermal con-
ductivity. For determination of the pore size distribution,
pores were assumed to be cylindrical. Porosity values in
these images were determined by mercury porosimetry,
and differ from the values mentioned in text, which were
determined by the buoyancy method [Franklin, 1979].
The data for the NanTroSEIZE core sample from CO006F
and Berea sandstone are from Lin et al. [2010b].

[2s] The effect of pressure on thermal conductivity
for the dry Tage welded tuff sample was much
weaker than for the other rock samples (Figure 6b).
Moreover, the thermal conductivities of the tuff
were much lower than those of the other rocks.
Repeat measurements confirmed the original results

for the tuff, suggesting that the characteristics that
control thermal conductivity of the tuff were dif-
ferent from those of the other samples. The tuff had
a higher porosity than the sandstones, but the median
pore size of the tuff determined by mercury intrusion
porosimetry [American Society for Testing and
Materials (ASTM), 1999] was smaller than those
of the sandstones (Figure 8). The pore structure
(lower pore size distribution) and mineral composi-
tion (presence of numerous clay minerals including
smectite) of the tuff may also have contributed to
its markedly lower thermal conductivity and muted
thermal conductivity changes in response to increas-
ing pressure.

5. Rate of Change of Thermal
Conductivity With Pressure

[26] To quantitatively examine the pressure effect
on bulk thermal conductivity (X)), we defined the
rate of thermal conductivity change with confining
pressure (CP) as

d)\b/dp = (/\b2 — /\bl)/(CPQ — CP]) (4)

We calculated a representative rate for each
sample by linear regression analysis during pres-
sure loading and then plotted those rates versus
porosity (Figure 9). For the regression analysis, we
used the thermal conductivities measured in the
confining pressure range from approximately 10 to
50 MPa only for the samples loaded up to 50 MPa,

E 003 :1 T 17T TT 11T I TT 11T I TT T 7T ! TT 11T TT 1T lj
= S L
s : "BS(dry) : :
E 002y 4 ; i R
S 00 RSyt
PO . 45 C U R R (G E
50 C K . o]
.§ A BS(Wf?t) a1
@] :/' H .~ : @ |
o 001 gt ‘.SS(wetj 444444444444444444 TC2
= Aji (dry) : : ]
B . ; ]
@ C ‘ : .Tage (dry) .
Q:g O.OOQXEUTSFﬂwlelxI(X:qmm‘HHXHH‘HH:

0 10 20 30 40 50 60

Porosity (%)

Figure 9. Relationship between porosity and rate of
change of thermal conductivity per unit change (MPa)
of confining pressure. RS, Rajasthan sandstone; SS,
Shirahama sandstone; BS, Berea sandstone. The dark
dashed line suggests a positive correlation for dry rocks.
The light dashed line indicates a possible positive corre-
lation for wet rocks, but lacks sufficient data.
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because the rate was much higher in the lower
pressure range (Figures 6b—6d).

[27] For the two wet NanTroSEIZE samples, the
rate of thermal conductivity change was 0.012—
0.016 Wm 'K ~'/MPa for the pressure-loading run,
but around 0.01 Wm 'K"'/MPa for the pressure-
unloading run. Therefore, if we assume an average
density of the sediments and rocks of 2.0 g/cm’, the
depth (pressure) effects are 0.14 Wm 'K '/km for
subsidence and 0.1 Wm 'K™'/km for uplift. Mea-
surements of thermal conductivities at atmospheric
rather than in situ pressure may underestimate
thermal conductivity for core samples from large
depth. Considering that retrieval of a core sample
from depth by drilling releases the original in situ
pressure, we can estimate the degree of the under-
estimation by using 0.1 Wm 'K '/km determined
from the pressure-unloading run. Because the mea-
sured thermal conductivity of the NanTroSEIZE
samples was approximately 1.5 Wm 'K™', the
measurement error at atmospheric pressure may
reach 7% for a core sample from 1 km depth, or 20%
for a core sample from 3 km depth.

[28] Expedition 316 Scientists [2009] tried to cor-
rect pressure effect on thermal conductivity at the
sites C0004, C0006, C0007, and C0008 measured
under atmospheric pressure in onboard laboratory
of D/V Chikyu by +1% for each 1800 mbsf based
on a previous research [Ratcliffe, 1960]. However,
this percentage was determined from only an esti-
mation of increasing of thermal conductivities of
solid and fluid, but the porosity change with pressure
change was not taken into consideration. Influence
by the latter (porosity change) may be stronger than
that of the former. Thus, the correction by +1%
increase in thermal conductivity for each 1800 mbsf
may be low. A compilation and analysis of all
thermal conductivity measurements from Expedi-
tions 315 and 316, including new divided bar mea-
surements of thermal conductivity, though none at
elevated pressures or temperatures, has recently
been submitted (R. N. Harris et al., Heat flow along
the NanTroSEIZE transect: Results from IODP
Expeditions 315 and 316 offshore the Kii Peninsula,
Japan, submitted to Geochemistry Geophysics
Geosystems, 2011.).

[29] We recognized a clear positive correlation
between porosity and the rate of thermal conduc-
tivity change with pressure for all of the dry sam-
ples except the Tage welded tuff (Figure 9). The
higher the porosity of dry samples, the higher the
rate of thermal conductivity change with pressure.
A similar relation was also recognized for the wet

Shirahama and Berea sandstone samples. However,
the wet NanTroSEIZE samples (TC1 and TC2)
showed low rates of change, despite their high
porosities. The median pore radius determined
by mercury intrusion porosimetry for a similar
NanTroSEIZE sample from a different location
(CO006F, 476 mbsf) was very small (0.04 pm),
even smaller than that of the Tage welded tuff
(Figure 8). This may explain why the rates of
thermal conductivity change with pressure for the
wet NanTroSEIZE samples were relatively lower,
and why there was a poor correlation between the
rate and porosity for the wet sandstone and
NanTroSEIZE samples (Figure 9). More data are
required to derive a reliable correlation between
porosity and the rate of thermal conductivity
change with pressure for wet rocks. However, our
data for the Shirahama and Berea sandstones
(Figure 9) clearly show that, for the same type of
rock, the rate of thermal conductivity change with
pressure for a dry sample is higher than that for a
wet sample.

6. Conclusions

[30] We developed an apparatus to measure thermal
conductivity of sediment and rock samples at high
pressures, thus simulating in situ lithostatic and
pore pressures. We examined the relationship of
the thermal conductivity to pressure for core sam-
ples retrieved from drilling site C0001 of the IODP
NanTroSEIZE and for other samples of five terres-
trial rock types. We applied pressures of up to
30 MPa for the NanTroSEIZE samples and up to
50 MPa for the other rocks. If the average density
of sediments and rocks is assumed to be 2.0 g/cm?,
a confining pressure of 30 MPa with pore pressure of
0.1 MPa is approximately equivalent to the effective
pressure at 3 km depth.

[31] The thermal conductivity of our samples clearly
increased with increasing confining pressure. The rate
of thermal conductivity change for the NanTroSEIZE
samples was around 0.014 Wm 'K '/MPa when
pressure was increased (simulating subsidence) and
around 0.01 Wm 'K '/MPa when pressure was
decreased (simulating uplift). We estimated that the
errors in measurements of thermal conductivity at
atmospheric rather than in situ pressures may reach
7% for core samples from around 1 km depth or
20% for core samples from around 3 km depth. Our
results suggest that it is important to measure ther-
mal conductivities of core samples from great depths
under in situ pressure conditions.
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[32] In general, we found that the rate of thermal
conductivity change with increasing pressure showed
a positive correlation with porosity; that is, the
pressure effect on thermal conductivity was stron-
ger for more porous material. Clearly, the relation
between the rate of thermal conductivity change
and porosity is also dependent on the fabric, mineral
composition, and pore structure of sedimentary
rocks. In addition, for two sandstones we tested, the
rates of thermal conductivity change with increas-
ing pressure were higher for dry samples than for
wet (water saturated) samples.

[33] In this study, we have not taken into account
the effects of temperature on thermal conductivity.
We are currently planning further experiments to
address both in situ pressure and temperature con-
ditions at depth.
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