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structure in active seismogenic zones. During the Nankai Trough Seismogenic Zone Experiment
(NanTroSEIZE), a scientiﬁc drilling project of the International Ocean Discovery Program (IODP), a
borehole was penetrated to a depth of 3,262.5 m below seaﬂoor (mbsf) at Site C0002. Because core samples
obtained from below ~1,100 mbsf in an accretionary prism are limited, a thermal conductivity proﬁle
over such depths usually determined by laboratory measurements using core samples is not available. To
obtain the thermal conductivity proﬁle at Site C0002, we used core samples collected from sediments that
overlay the incoming subducting oceanic basement at Nankai Trough Seismogenic Zone Experiment Site
C0012, which can be considered to have the same mineral composition as the accretional prism at Site
C0002. The thermal conductivity of the C0012 core samples was measured at high pressure to simulate
subduction by reducing the sample porosity. We measured the thermal conductivity of six core samples from
144–518 mbsf at Site C0012 up to a maximum effective pressure of ~50 MPa, corresponding to depths greater
than ~4 km below seaﬂoor. We obtained an empirical relation between thermal conductivity λBulk in
Wm‐1K‐1 and fractional porosity ϕ for the Nankai Trough accretionary prism as λBulk = exp(−1.09ϕ + 0.977).
Based on porosity data measured using core/cuttings samples and data derived from P wave velocity logs, we
estimate two consistent and complete thermal conductivity proﬁles down to ~3 km below seaﬂoor in the
Nankai Trough accretionary prism. These proﬁles are consistent with the existing thermal conductivity data
measured using limited core samples.

Plain Language Summary Depth proﬁles of sediment thermal conductivity are required for
understanding the thermal structure and earthquake occurrences in active seismogenic zones such as the
Nankai Trough, SW Japan. The depth proﬁle in Nankai Trough accretionary prism, however, is not available
because sediment drill core samples from great depths are hard to be obtained. We collected six core
samples from shallower sediments that overlay the incoming subducting oceanic basement at Nankai
Trough Drill Site C0012 by IODP, which can be considered to have the same solid grain components as the
accretional prism at Site C0002. The thermal conductivity of the C0012 core samples was measured at high
pressure. We pressurized the core samples to simulate deeper sediments in accretionary prism by
reducing sample porosity. As the result, we obtained an empirical relation between thermal conductivity and
porosity for the Nankai Trough sediments and then estimated thermal conductivity proﬁles down to ~3 km
below seaﬂoor based on porosity proﬁles in the Nankai Trough accretionary prism.

1. Introduction

©2020. American Geophysical Union.
All Rights Reserved.
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The Nankai convergent subduction zone in southwest Japan is one of the most active seismogenic zones in
the world, where megathrust earthquakes (Mw > 8) have occurred over recurrence intervals of 100–200 years
(Ando, 1975), which are shorter than other main seismogenic subduction zones. For a comprehensive
understanding of this seismogenic zone, the International Ocean Discovery Program (IODP, known as the
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Integrated Ocean Drilling Program before 2013) conducted 13 expeditions as part of the Nankai Trough
Seismogenic Zone Experiment (NanTroSEIZE) project from 2007 to 2019 (Kinoshita et al., 2006; Tobin,
Hirose, et al., 2019). The NanTroSEIZE is a multidisciplinary investigation of fault mechanics and seismogenesis along subduction megathrusts and includes reﬂection and refraction seismic imaging, direct sampling by drilling, in situ measurements, and long‐term monitoring in conjunction with laboratory and
numerical modeling studies (Tobin, Kimura, & Kodaira, 2019).
Temperature plays a key role in seismogenesis at subduction zones and is thought to govern the nature of
slip along active subduction thrusts, as well as the upper and lower transitions of seismogenic zones (e.g.,
Harris & Wang, 2002; Hyndman et al., 1995; Wang et al., 1995; Yamano et al., 2003). Speciﬁcally, temperature controls the rupturing properties of fault materials (e.g., slip velocity dependence of the frictional coefﬁcient), pore ﬂuid transportation properties that affect pore ﬂuid pressure and thus fault strength, and
water‐rock reactions that affect fault strength recovery (e.g., Mizutani et al., 2017; Scholz, 1998; Stesky
et al., 1974; Tanikawa et al., 2013). Conversely, thermal conductivity also controls the coseismic temperature
that increases in and around fault slip zones caused by frictional heating and affects the postseismic diffusion
process of frictional heating and temperature recovery processes (e.g., Fulton et al., 2013).
Depth proﬁles of the thermal conductivity of sediments in accretionary prisms in subduction zones are
necessary and important for understanding the temperature structure and heat ﬂow around a megathrust
(Harris et al., 2011; Spinelli, 2014; Tanikawa et al., 2016). At the centerpiece Site C0002 of the
NanTroSEIZE, a borehole was penetrated to a depth of 3,262.5 m below seaﬂoor (mbsf), which is the deepest
of all the scientiﬁc ocean drilling programs (Tobin, Hirose, et al., 2019). However, a very limited number of
core samples were collected below ~1,100 mbsf at Site C0002, which is located in the accretionary prism
above the seismogenic zone. Consequently, available thermal conductivity data remain limited in the accretionary prism because thermal conductivity measurements require core samples. Fortunately, a complete
porosity depth proﬁle is available from laboratory measurements using continuously recovered cuttings
samples. A porosity depth proﬁle can also be derived from P wave velocities and/or resistivity logs. The problem is therefore how to reasonably establish the relationship between the thermal conductivity and porosity of the sediments in the accretionary prism of Site C0002.
IODP Expeditions 322 and 333 of the NanTroSEIZE project drilled at Input Sites C0011 and C0012, which
are on the Philippine Sea plate and will eventually be subducted beneath the Eurasian plate (Figures 1
and 2; Underwood et al., 2010; Expedition 333 Scientists, 2012a). The overlaying sediments at the input site
will be transported to the underthrust strata and/or accrete to the accretionary prism above the plate boundary fault (décollement; Figure 2). The sediment core samples recovered at an input site therefore allow estimation of the thermal conductivity of the accretionary prism because sediments from both the input site and
accretionary prism are expected to have the same or similar solid grain components. Expedition reports used
X‐ray diffraction analysis to conﬁrm that the major mineral composition of sediments (clay minerals, quartz,
feldspar, and calcite) is the same at Input Site C0012 as the accretionary prism down to 3,058.5 mbsf at Site
C0002 (Expedition 322 Scientists, 2012a; Expedition 333 Scientists, 2012b; Tobin et al., 2015b). The thermal
conductivity of the sediments will also change during subduction because compaction will decrease their
porosity with depth. The relationship between thermal conductivity changes and porosity reductions caused
by increased pressure should therefore be simulated in laboratory measurements using core samples from
shallow input sites. This relationship allows estimations of thermal conductivity of the deeper accretionary
prism once the porosity is obtained.
Many previous studies have measured the thermal conductivity of hard rocks at high pressure, even up to
pressures above 1 GPa (e.g., Abdulagatova et al., 2009; Horai & Susaki, 1989; Kukkonen et al., 1999;
Osako et al., 2004; Pribnow et al., 1996; Seipold & Huenges, 1998; Xu et al., 2004), but only a few measurements from ocean sediments have been reported (e.g., Lin et al., 2011; Morin & Silva, 1984). There is no systematic data set in the literatures of the effect of pressure on the thermal conductivity of subduction zone
sediments for simulating subduction. Furthermore, no experimental data have been published on the effects
of pressure on the thermal conductivity of sediments from the Nankai Trough region except for our preliminary ﬁndings (Lin et al., 2011).
In this study, we measured the thermal conductivity of six core samples from sediments overlaying the subducting Philippine Sea plate under conditions of high conﬁning and pore ﬂuid pressures and monitored the
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Figure 1. Topographic map of the NanTroSEIZE study area (modiﬁed from Lin et al., 2016). Two red stars show the
epicenters of the 1944 Tonankai and 1946 Nankai earthquakes. The circles and labels (e.g., C0012) show the locations
of NanTroSEIZE drilling sites. PSP denotes the Philippine Sea Plate, and the yellow arrows show the far‐ﬁeld
convergence vectors between the Philippine Sea plate and Japan (Heki & Miyazaki, 2001; Miyazaki & Heki, 2001).
Brackets show location of the cross–section in Figure 2. The red rectangle in the inset shows the location of the
main map.

porosity changes of the test samples. The thermal conductivity changes of the sediments were examined over
a wide porosity range from ~60% to ~20%, which matches the porosity of the accretionary prism down to
~3 km below the seaﬂoor (kmbsf) and approximately corresponds to the current hole bottom at
NanTroSEIZE Site C0002. On the basis of this data set, we established an empirical equation that
describes the relationship between thermal conductivity and porosity of the sediments. We then estimated
thermal conductivity depth proﬁles of the accretionary prism above the Nankai seismogenic zone based
on the porosity data.

Figure 2. Seismic reﬂection depth section with tectonic interpretation of the NanTroSEIZE transect, originally published
by Park et al. (2002) as Section Line 5 (modiﬁed from Tobin et al., 2015a). Depth denotes the depth below sea
level. PSP denotes the Philippine Sea plate. The sediment core samples used in this study were retrieved from Input
Site C0012.
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2. Tectonic Setting and Experimental Samples
2.1. Nankai Subduction Zone and NanTroSEIZE
The Nankai Trough region in southwest Japan is one of the most extensively studied subduction zones in the
world (e.g., Yamamoto et al., 2013). The subducting Philippine Sea plate is currently moving northwest
beneath the Eurasian plate at a rate of ~4–6 cm/year (Heki & Miyazaki, 2001; Miyazaki & Heki, 2001;
Seno et al., 1993), roughly orthogonal to the axis of the Nankai Trough (Figure 1). In this area, Mw 8.0 class
earthquakes occur frequently because of the convergence of the Philippine Sea and Eurasian plates. The last
two great earthquakes in the Nankai subduction zone occurred in 1944 (Tonankai, M 8.0–8.3) and 1946
(Nankai, M 8.1–8.4), generating tsunamis and causing signiﬁcant damage in southwestern Japan
(Kanamori, 1972). The updip limit of the Nankai Trough seismogenic zone (i.e., locked zone of the plate
boundary fault) is up to ~5 kmbsf and considered accessible by the riser drilling vessel D/V Chikyu. The
NanTroSEIZE project was designed to investigate the mechanics of the subduction megathrust from drilling
and a wide range of related studies (Tobin, Kimura, & Kodaira, 2019; Tobin & Kinoshita, 2006). A challenging plan was established to drill through the seismogenic zone to a depth of ~5 kmbsf at Site C0002, where
the updip limit of the coseismic slip zone of the 1944 Tonankai earthquake is located (Figures 1 and 2). The
drilling operations of NanTroSEIZE were performed in multiple expeditions since 2007 as IODP Expeditions
314 and 315. A penetration depth of 3,262.5 mbsf was achieved in the fourth stage of Expedition 358 and will
probably be retried in the future (Tobin, Hirose, et al., 2019; Tobin, Kimura, & Kodaira, 2019). Conversely,
IODP Expeditions 322 and 333 were designed to drill on the incoming Philippine Sea plate at two reference
sites called “input sites” that included Site C0012 and sampled materials including overlaying sediments and
basaltic basement (Figures 1 and 2) (Saito et al., 2009). The basement will ultimately subduct into deeper
oceanic crust, but the sediments will become the underthrust sediments and/or accrete onto the accretionary
prism. They will then compose the seismogenic zone around the plate boundary interface in the future. Site
C0012 is located ~31 km seaward of the trench on a basement high (the Kashino knoll) and includes samples
of a condensed section from shallow sedimentary rocks to basaltic basement (Expedition 333
Scientists, 2012a; Underwood et al., 2010).

2.2. Core Samples
To estimate the thermal conductivity of the accretionary prism of the Nankai Trough subduction zone (i.e.,
below the unconformity at ~922 mbsf at Site C0002), we collected six sediment core samples that cover all of
the lithological units from Hole C0012A drilled during Expedition 322 in 2009 and C0012D and C0012G during Expedition 333 in 2011 at almost the same location (32°44.9′N, 136°55.0′E) (Expedition 322 Scientists,
2012a; Expedition 333 Scientists, 2012b). The sediment core samples were taken from a depth range of
144–518 mbsf, and the boundary between overlying sediments and basaltic basement was documented at
~526 mbsf. The water depth at the borehole locations is ~3,500 m. The wet bulk density (bulk density of
water saturated samples), grain density, porosity, and thermal conductivity of the sediment core samples
were measured in the laboratory under atmospheric pressure and room temperature conditions (Table 1).
These fundamental physical properties are in good agreement with onboard measurement results
(Expedition 333 Scientists, 2012b). Wet bulk density and porosity were determined using the buoyancy
method, in which the sample was dried at ~110°C (Franklin, 1979).
Multiple boreholes were penetrated at Site C0012 during multiexpeditions to achieve good quality core
samples and completely cover all of the sediments and basaltic basement. From the seaﬂoor to the bottom
of the overlaying sediments, the formations are divided into six units. These include units: (I) upper
Shikoku basin facies (above ~150 mbsf, hemipelagic deposits, late Miocene to early Pliocene), (II) middle
Shikoku basin facies (~150–220 mbsf, hemipelagic deposits, late Miocene), (III) lower Shikoku basin
hemipelagic facies (~220–332 mbsf, hemipelagic deposits, middle to late Miocene), (IV) lower Shikoku basin
turbidite facies (~332–416 mbsf, hemipelagic deposits and silty turbidity currents, middle Miocene), (V)
volcaniclastic‐rich facies (~416–528 mbsf in C0012A, hemipelagic deposits, volcaniclastic turbidity currents,
etc., mainly middle Miocene), and (VI) pelagic clay facies (~500–526 mbsf in C0012G, pelagic deposits
including reddish brown calcareous claystone, early Miocene) (Expedition 322 Scientists, 2010a;
Expedition 333 Scientists, 2012b). We retrieved one core for each lithological unit mentioned above, and
the lithology at each depth of the core samples is listed in Table 1. We used the six hemipelagic and pelagic
LIN ET AL.
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Table 1
Sample ID, Depth, Lithological Unit, Lithology, Geological Age, and Basic Physical Properties
Porosity
(%)

b

Depth
(mbsf)

Lithological unit,
lithology, and age

Wet bulk
3
density (kg/m )

Grain
3
density (kg/m )

C0012D05H3

~144

1,710

2,790

60.6

1.34 ± 0.02

C0012A19R1
C0012A23R6

~217
~259

1,840
1,880

2,790
2,790

53.4
50.9

1.48 ± 0.01
1.47 ± 0.01

C0012A32R3

~341

1,940

2,790

47.2

1.52 ± 0.03

C0012A43R2

~445

2,040

2,710

39.5

1.50 ± 0.03

C0012G01R4

~518

2,230

2,860

33.8

1.80 ± 0.07

C0012G07RCC

~573

Unit IC, hemipelagic mud, late
Miocene
Unit II, siltstone, middle Miocene
Unit III, hemipelagic mudstone,
middle Miocene
Unit IV, hemipelagic mudstone,
middle Miocene
Unit V, hemipelagic mudstone,
middle Miocene
Unit VI, calcareous pelagic
claystone, early Miocene
Unit VII, basalt, early Miocene

2,570

2,810

a

Sample ID

3.9–8.7

c

Thermal conductivity
−1 −1
(Wm K )

1.70 ± 0.01

Note. Density and porosity under atmospheric pressure were determined by the buoyancy method (Franklin, 1979). Lithology and age data are after Expedition
322 Scientists (2010a) and Expedition 333 Scientists (2012b). The physical properties of C0012G07RCC are after Lin et al. (2018).
The Core Sample Name C0012A19R1 denotes that it was retrieved from the Site C0012, Borehole A, nineteenth rotary‐drilled core, ﬁrst core section. In addition,
“H” of C0012D05H3 means hydraulic piston coring system (HPCS), and “CC” of C0012G07RCC is from the core catcher. bThermal conductivity was measured
in this study under atmospheric pressure and room temperature conditions. cThe corrected measured porosity was estimated as in the range by Lin et al. (2018).
a

sediment core samples to measure thermal conductivity under high conﬁning and pore ﬂuid pressures and
room temperature.

3. Experimental Protocol
In our previous study (Lin et al., 2011), we established a thermal conductivity measurement system for rock
samples under high conﬁning pressure but without pore pressure control. The ﬁrst data set used two soft
sediment core samples from Site C0001 of NanTroSEIZE and hard rocks including fresh granites from terrestrial quarries to demonstrate that the measurement methods are effective for examining the effects of
high conﬁning pressure on the thermal conductivity of core samples (Lin et al., 2011). For a more exact simulation of not only lithostatic pressure but also pore ﬂuid pressure, we developed a system with a pore pressure control function. This system can monitor pore water drainage and sample deformation under high
pressure and enables the estimation of porosity changes under high‐pressure conditions. The apparatus
comprises two highly accurate pressure controlling syringe pumps (Teledyne Isco, 260D and 65D; https://
store.teledyneisco.com/) used for controlling the conﬁning and pore pressure and monitoring both pressure
and ﬂow volume (Figure 3). This system was ﬁrst used for thermal conductivity measurements using basaltic
samples including a core sample from the same Site C0012. For the thermal conductivity measurements, we
used the same thermal conductivity meter, QTM‐500 (Kyoto Electronics Manufacturing, Kyoto, Japan;
https://www.kyoto%2010kem.com/en/), as that of Lin et al. (2011), which is based on transient heating of
a half‐space sample by a line source (Galson et al., 1987; Sass et al., 1984). We also used the same
line‐source sensor probe in the high‐pressure vessel and data analyses designed and created in the previous
study, as well as the same sample assembly as Lin et al. (2011) and Lin et al. (2018) (Figure 4). The rock samples were half cylinders with an ~5‐cm diameter and ~10‐cm length.
For thermal conductivity measurements using the transient line‐source devices of the QTM‐500, lower
thermal conductivities of the test sample were associated with steeper temperature increases during heating
(Lin et al., 2011). In principle, the temperature should increase linearly on a semilogarithmic scale between
temperature and heating time after a certain initial time. During our high‐pressure measurements, the temperature curves show a nearly linear increasing pattern in a time range from 20 to 60 s in which the temperature increase gradient was calculated (Figure 5). The gradient decreases with increasing effective pressure,
indicating that the apparent thermal conductivity of the rock and Teﬂon pair increases with increasing effective pressure.
Because the axial direction of the core samples was oriented vertically, the measured thermal conductivity
reﬂects that in the horizontal direction in its in situ position. Similar to orderly deposited ocean
LIN ET AL.
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sediments, Lin et al. (2014) showed that the thermal conductivity anisotropy of core samples collected from Japan Trench Drilling Site
C0019 above the plate interface was less than ~3%, which is almost
the same as the thermal conductivity precision.
To simulate subduction of the overlaying sediments, we increased the
conﬁning pressure stepwise to 60 MPa while holding the pore pressure constant at 10 MPa. We then measured the thermal conductivity
at each conﬁning pressure. We deﬁne the effective pressure Peff as the
difference of conﬁning pressure Pc and pore pressure Pp, that is,
Peff = Pc − Pp. We set the effective pressures of the thermal conductivity measurements to 1, 5, 10, 20, 30, 40, and 50 MPa (Figure 6a).
Because all of the sediment core samples used in this study were
retrieved from relatively shallow depths (<518 mbsf), effective pressures greater than 5 MPa exceed the maximum pressure the rock of
the core sample had experienced. The high pressures thus caused larger deformation, called normal consolidation, and sometimes broke
the sealing rubber jacket, after which conﬁning pressure medium
(oil) entered the inside of the sample assembly.

4. Results
Figure 3. Schematic diagram of the apparatus used in this study (modiﬁed from
Lin et al., 2018) for thermal conductivity measurements under high conﬁning
pressure and high pore pressure conditions. The system comprises a hydrostatic
pressure vessel with two servo‐controlled syringe pumps, a wire‐type line‐source
sensor in the pressure vessel, a thermal‐conductivity meter (QTM‐500) to
measure thermal conductivity from the wire sensor, and a data logger. One
syringe pump provides high pressures up to ~138 MPa for conﬁning pressure and
the other up to ~52 MPa for pore pressure. The pore pressure pump monitors the
drained water volume to calculate the change in total pore volume of the
water‐saturated rock samples associated with sample deformation.

4.1. Thermal Conductivity Under High Conﬁning and Pore
Pressure Conditions

Figure 6 shows a typical thermal conductivity measurement of Core
Sample C0012A19R1 retrieved from ~217 mbsf at Site C0012. As a
rough estimation from its depth, the maximum effective pressure that
the core sample had previously experienced might have been ~2 MPa.
We loaded the conﬁning pressure to ~1.5 MPa and pore pressure to
~0.5 MPa (effective pressure of ~1.0 MPa) for 1 day and then to ~11
and ~10 MPa, respectively, for 1 day in the second step (Figure 6a).
The conﬁning pressure was then increased stepwise to ~12, 15, 20,
and 30 MPa, but the pore pressure was maintained at ~10 MPa. A few hours after loading to ~30 MPa, the
rubber jacket broke, and the experiment was terminated after a total of ~43 days.

During the pressure loading and maintenance, water drainage was monitored by a 260D syringe pump used
for pore pressure control. The following assumptions were made: (a) water intake and output are equal to
total pore volume change, and (b) the initial porosity of the test sample at the beginning of the experiment
is the same as that measured by the buoyancy method using a neighboring subsample cut from the thermal
conductivity test sample (53.4%; Table 1). The estimated porosity ϕ(t) at an arbitrary elapsed time t was determined using
ϕðt Þ ¼ ðV WI − V Drain ðt ÞÞ=ðVSI − VDrain ðt ÞÞ;

(1)

where VSI is the initial sample volume, VWI is the initial pore volume of the sample saturated by water,
and VDrain (t) is the volume of water drained at an arbitrary time assumed to be equal to the change of
pore volume relative to the initial volume. The pore volume at a given time was calculated by subtracting
VDrain (t) measured by the 260D pump from VWI. The sample volume at a given time was calculated by
subtracting its volumetric change assumed to be equal to the pore volume change as VSI − VDrain (t).
Because the sample assembly and steel tubes for pore ﬂuids in the pressure vessel were deformed during
the conﬁning pressure change, we calibrated the system deformation and corrected the raw pump data of
water drainage to obtain VDrain (t) for estimating porosity changes in the same way as described in Lin
et al. (2018).
The estimated porosity of Sample C0012A19R1 is shown in Figure 6b as a function of elapsed time. During
the ﬁrst loading step, the porosity of the core sample decreased by ~2%, possibly caused by a porosity increase
LIN ET AL.
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owing to rebound accompanied with the in situ stress relief by drilling. This decrease may also have some uncertainty owing to air in
the sample assembly and experimental system prior to pressurizing.
At effective pressure conditions of ~2 MPa or lower, the estimated
porosity does not substantially decrease because the sample had
already undergone such pressures prior to retrieval from its in situ
depth. However, once the effective pressure conditions (5 and/or
10 MPa) exceed a certain level (~2 MPa) that the sample had previously experienced, its porosity gradually and then signiﬁcantly
decreases. Moreover, the porosity reduction process (consolidation)
continues over a long time duration. For example, the porosity
decrease did not completely stabilize even ~30 days after pressurization to 20 MPa conﬁning pressure. As a result, the porosity of this
sample loaded to an effective pressure 10 MPa decreased by ~15%
over ~43 days.

Figure 4. Photos of the sample assembly for thermal conductivity measurements
under high conﬁning and pore ﬂuid pressures. (a) Assembly of a half‐cylindrical
rock sample and a Teﬂon piece of the same shape and size. (b) Top view
of the rock sample and Teﬂon. (c) Prior to set up.

The thermal conductivity was measured multiple times at each pressure condition (“+” symbols in Figure 6a represent measuring points)
in cases that the pressure condition was held for more than 1 day,
amounting to an average of one measurement per day on weekdays.
Thermal conductivity measurements were repeated six or seven
times at each measuring point. The measured values show a small
degree of scatter with a relative standard deviation of <3%, as shown
in Figure 6c where measured values and their mean are represented
by blue squares and red circles, respectively. The full thermal conductivity data set measured from the six sediment core samples is stored
and provided in a data repository (https://doi.pangaea.de/10.1594/
PANGAEA.914950).
The results of Sample C0012A19R1 show that thermal conductivity
increases not only with effective pressure but also over elapsed time
or when porosity decreases even under the same effective pressure
condition (Figures 6b and 6c). We also measured thermal conductivity after termination of the experiment on the 42nd day and one more
time on the 43rd day under atmospheric pressure conditions.
Surprisingly, the results show a lower thermal conductivity on the
43rd day than the 42nd day (Figure 6c). This may reﬂect
time‐dependent strain recovery caused by the pressure relief. Byrne
et al. (2009), Yamamoto et al. (2013), and Oohashi et al. (2017) successfully applied this strain‐recovery principle to constrain the
three‐dimensional in situ stress state of the NanTroSEIZE project.
4.2. Thermal Conductivity Changes With Increasing Pressure
and Decreasing Porosity

Figure 5. Examples of thermal conductivity measurements for Sediment Core
Sample C0012G0104 at four different conﬁning pressures. The gradient in a
time range from 20 to 60 s of each data set in semilogarithmic scale is inversely
proportional to thermal conductivity. Labels beside the data plots indicate the
effective pressure (Peff = Pc − Pp).

LIN ET AL.

Figure 7 shows thermal conductivity values measured at various
effective pressure conditions for all the six sediment samples in this
study and the basalt sample (C0012G07RCC) after Lin et al. (2018).
Thermal conductivity was also measured under atmospheric
pressure conditions prior to increasing the conﬁning and pore pressure. The results show that thermal conductivity generally increases
with depth (Table 1) but appears to depend on the sample lithology
and detailed mineral composition. Overall, the thermal conductivity
of wet core samples (seawater saturated) increases with increasing
effective pressure (Figure 7). As mentioned, as the consolidation process progresses (i.e., decrease of sample porosity), thermal
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conductivity increases even under the same effective pressure
conditions (Figure 7b).
In the light of the observation that the thermal conductivity of a sediment core sample is more directly and strongly dependent on porosity than effective pressure conditions, we show the relationship
between measured thermal conductivity and porosity estimated from
the drained water volume of the six sediment core samples in
Figure 8a. A clear trend is observed for all of the samples in which
the thermal conductivity increases with decreasing porosity.
Although the detailed curves differed between samples owing to differences in lithology and mineral composition, for example, Core
Sample C0012A19R1 shows higher thermal conductivities than the
others, the relationship between thermal conductivity and porosity
is essentially the same. In the lower part of the Lithologic Unit II of
Site C0012 where C0012A19R1 is located, lithologies appear as
consolidated volcanic sandstone turbidites, including fresh and
altered glass with some associated calcite (Expedition 333
Scientists, 2012b). Smear slide observations of C0012A19R4 from
the same core as C0012A19R1 showed that the lithology of this core
is sandstone, consisting of sand ~75%, silt ~15%, and clay ~10%, and
much different with the others (Expedition 322 Scientists, 2010b).
Probably, these features brought the measurement results of higher
thermal conductivities for C0012A19R1.
Figure 6. The data set of thermal conductivity measurements for Sediment Core
Sample C0012A19R1: (a) real data of conﬁning and pore pressures and
measurement points of thermal conductivity, (b) estimated porosity, and
(c) thermal conductivity results. The porosity under high pressure was estimated
from the porosity under atmospheric pressure (initial porosity) and pore volume
change detected by the pore water drainage. We increased the conﬁning
pressure stepwise to simulate subsidence and compaction and held the pore
pressure constant at 10 MPa except for the ﬁrst and last steps of the test. While
keeping the pressure constant, the pore water drainage progressed, but its rate
gradually decreased. The symbol “+” in (a) indicates the time points at which
thermal conductivity measurements were collected. This test lasted ~43 days
with accurate pressure control by the pumps over this duration.

In sedimentary rocks, there are several well‐known relationships,
called the mixing laws, for example, the geometric mean and square
root mean usually applied to randomly oriented and distributed
grains in a mixture, harmonic mean to beds layered perpendicular
to the direction of heat ﬂow, and arithmetic mean to beds arranged
parallel to heat ﬂow direction (Beardsmore & Cull, 2001). Fuchs
et al. (2013) evaluated ﬁve common mixing laws including the geometric, arithmetic, and harmonic means for calculating bulk thermal
conductivity of sedimentary rocks and concluded that the geometric
mean displays the best. As the geometric mean, relationship between

Figure 7. Relationships between measured thermal conductivity and effective pressure of the six sediment core samples
alongside a basalt sample (C12G07RCC) after Lin et al. (2018). (a) and (b) show the same data but in different effective
pressure ranges. We measured the thermal conductivity six or seven times at each point (see “+” in Figure 6a). The
data points in these ﬁgures represent the mean values of the measured thermal conductivities. Porosity estimation for the
Core Sample C12G01R4 under effective pressure 50 MPa was failed due to a leak of a tube joint of pore water controlling,
consequently the thermal conductivity data cannot be plotted in Figure 8.
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Figure 8. Relationships between measured thermal conductivity and estimated porosity of the six sediment core
samples: (a) as individual samples and (b) as all of the six samples. The red curve shows a logarithmic regression line
based on all of the data except the basalt (C12G07RCC). As in Figure 7, each plot shows the mean value of the measured
thermal conductivities at the same time point.

bulk thermal conductivity of a rock sample in a water saturated state and porosity is as follows:
λBulk ¼ λWater ϕ λGrain ð1−ϕÞ ;

(2)

ln ðλBulk Þ ¼ ϕ ln ðλWater =λGrain Þ þ ln ðλGrain Þ;

(3)

or

where λBulk is the bulk thermal conductivity of a water‐saturated rock; λWater and λGrain are the thermal
conductivities of pore water and solid grains, respectively; and ϕ is the fractional porosity of the rock sample (e.g., Lin et al., 2011; Pribnow & Sass, 1995; Woodside & Messmer, 1961).
We combined all of the data pairs (n = 84) of thermal conductivity and porosity of the sediment core samples
and then obtained a linear regression following Equation 3 using least squares analysis (Figure 8b):
ln ðλBulk Þ ¼ −1:09ϕ þ 0:977;

(4)

λBulk ¼ expð−1:09ϕ þ 0:977Þ;

(5)

or

where λBulk is in Wm−1K−1, ϕ is the dimensionless fractional porosity, and R2 = 0.84. From this regression, we calculate the thermal conductivity of solid grains λGrain and water λWater by extrapolation,
namely, by setting the porosity to 0 and 1, respectively. The results indicate that
λGrain = 2.66 Wm−1K−1 and λWater = 0.89 Wm−1K−1. The calculated λGrain is almost the same as
2.6 Wm−1K−1, which is the best value assumed for ﬁtting the experimental thermal conductivity values
of Tobin et al. (2015b). The calculated λWater, however, is larger than the typical seawater value
(0.61 Wm−1K−1 at 25°C and atmospheric pressure; Jamieson & Tudhope, 1970). This difference is probably caused by the extrapolation of the porosity range to 1.0 for the state of water alone which is far away
from our tested porosity range from ~0.2 to 0.6. The other possible reason may be that the sediment core
samples have different mineral compositions. In contrast, the Equations 4 and 5 assume the thermal conductivity of solid grains are the same for all the samples.
We measured thermal conductivity of sediments under different high effective conﬁning pressures but
under a constant pore pressure of 10 MPa (i.e., not the actual in situ pore pressure varying with depth)
and a room temperature to simulate the in situ high pressure and high temperature conditions. At the maximum depth of our research target ~3 kmbsf, the pore pressure can be considered as ~50 MPa (~2‐km water
depth at C0002 site) and ~100°C (Sugihara et al., 2014). El'darov (2003) reported that thermal conductivity of
LIN ET AL.
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a 3.0 wt% aqueous solution at 10 MPa and 20°C and 50 MPa and 100°C are 0.60 and 0.70 Wm−1K−1, respectively. To discuss effects of difference of pressure and temperature of pore water, λBulk_(50 MPa & 100°C) / λBulk_
ϕ
(10 MPa & 20°C) can be estimated as [λWater_(50 MPa & 100°C) / λWater_(10 MPa & 20°C)] , according to Equation 2.
By assuming fractional porosity at the depth is 0.2, λBulk_(50 MPa & 100°C) / λBulk_(10 MPa & 20°C) = (0.70/
0.60)0.2 = 1.03. That is, the inﬂuence of pore water pressure and temperature on the sediment thermal conductivity is ~3% increasing.

5. Estimation of Thermal Conductivity in the Accretionary Prism at
NanTroSEIZE Drilling Site C0002
The pressure and temperature conditions of both sediments and basement likely change during subduction.
An increase of pressure is expected to make soft sediments with high porosity and abundant pore water initially compact/consolidate and signiﬁcantly decrease their porosity during subduction and/or accretion,
which may consequently change their physical properties including thermal conductivity. However, this
is not readily testable owing to the very limited number of core samples retrieved from Deep Drilling Site
C0002. Consequently, only a few data points have been reported deeper than ~1,100 mbsf with a maximum
depth of 3,262.5 mbsf: a few from 2,170–2,215 mbsf in Borehole C0002P and one from 2,836.5–2,848.5 mbsf
in Borehole C0002T (Jin et al., 2019; Tobin et al., 2015b). Luckily, porosity was determined by moisture and
density (MAD) measurements over almost the whole penetrated depth range using intact handpicked cuttings samples, from which artiﬁcial cuttings were excluded and veriﬁed by the limited core samples. A reliable porosity depth proﬁle was thus established (Figure 9a after Tobin et al., 2015b, and Kitajima et al., 2017).
Furthermore, a full data set of elastic P wave velocities in Site C0002 from seaﬂoor to 3,058.5 mbsf was
obtained from drill logs at different depth intervals in Boreholes C0002A, C0002F, and C0002P (Hamada
et al., 2018; Kitajima et al., 2017). The log data indicate that P wave velocity (Vp) increases gradually and
monotonously with depth to ~2,000 mbsf but remains essentially constant between ~2,200 and ~3,050 mbsf
(Figure 9b). Kitajima et al. (2017) used this Vp depth proﬁle to estimate the in situ porosity depth proﬁle of
sediments at Site C0002 to ~3,050 mbsf based on the following empirical relationship developed by Erickson
and Jarrard (1998).


Vp ¼ 1:11 þ 0:178ϕ þ 0:305= ðϕþ0:135Þ2 þ 0:0775
(6)
þ0:61 ðV sh − 1Þftanh½20ðϕ − 0:39Þ‐jtanh½20ðϕ − 0:39Þjg;
where Vp is in km/s, Vsh is shale fraction, and fractional porosity ϕ is dimensionless. The data from Site
C0002 are well ﬁt with Vsh = 0.66 (R2 = 0.74), and this relation is used to determine the in situ ϕ from the
Vp data, shown as Figure 9c (Kitajima et al., 2017).
As mentioned in section 4, we obtained an empirical relationship (Equation 5) between thermal conductivity and porosity from measurements under high conﬁning and pore pressures using sediment core samples
collected from the input site that will ultimately subduct and/or accrete to the accretionary prism. The porosity of the sediment core samples ranges from ~60% to ~20%, which nearly matches the porosity of sediments down to ~3,000 mbsf at Site C0002. The empirical equation can thus be used to estimate the
thermal conductivity depth proﬁles for Site C0002 from porosities both measured by MAD (Figure 9a)
and derived from Vp (Figure 9c). The results show that the estimated thermal conductivity increases gradually and monotonously with depth, from ~1.3 Wm−1K−1 at the seaﬂoor to ~2.2 Wm−1K−1 at ~3,050 mbsf
(Figure 9d).
In principle, porosities of the core and intact handpicked cuttings samples were measured by MAD at atmospheric pressure, and thermal conductivities estimated from the MAD porosities may therefore represent
values under ambient pressure conditions rather than high‐pressure conditions. However, the porosities
derived from the Vp log data are in situ porosities, and the thermal conductivity from the Vp‐derived porosity
may better represent in situ thermal properties than that of core samples under atmospheric pressure conditions. The thermal conductivities estimated from the Vp‐derived porosities are larger than those from
the MAD porosities between ~500 and 2,000 mbsf by approximately 5–10%. Hoffman and Tobin (2004) also
reported the Vp‐derived porosities are smaller than the MAD porosity in the Nankai Trough accretionary
prism off Cape Muroto. However, similar thermal conductivities are estimated above ~500 mbsf and
LIN ET AL.

10 of 14

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Geochemistry, Geophysics, Geosystems

10.1029/2020GC009108

Figure 9. Depth proﬁles of (a) porosity determined by MAD measurements using core samples and intact handpicked
cuttings from Site C0002 after Tobin et al. (2015b). (b) P wave velocity Vp obtained from Borehole C0002A in green,
C0002F in blue, C0002P in black, and a moving average in red after Kitajima et al. (2017). (c) Porosity (%) derived from
Vp shown in (b) after Kitajima et al. (2017). The colors of the curves mean are the same as (b). (d) Thermal
conductivity proﬁles estimated by Equation 5 using the porosity by MAD measurements (small circles) and porosity
derived by the moving average of Vp (red curve).

deeper than ~2,000 mbsf. The pressure at depths above ~500 mbsf is smaller, and its effects are not
particularly strong; however, below ~2,000 mbsf, the sediments harden and rebound owing to stress relief,
and its effects are not signiﬁcant.
The thermal conductivity measured onboard using core samples from 2,170–2,215 mbsf have a mean and
standard deviation of 1.73 ± 0.08 Wm−1K−1 (calculated based on all of the individual values in Table T36
of Tobin et al., 2015b), which is within the estimated thermal conductivity range by the MAD porosities
in this study but close to the lower boundary. In addition, the wide porosity distribution (~20–40%) at
2,170–2,215 mbsf suggests a signiﬁcant scattering of physical properties over this depth interval
(Figure 9a). The scatter is caused by including porosity data from the fault zone samples. At a depth of
~2,840 mbsf, the measured thermal conductivity of a core sample was reported to be ~2.2 Wm−1K−1 (Jin
et al., 2019) and showed a similar or slightly larger value than our estimates over the same depth range.
The continuous thermal conductivity depth proﬁle down to ~3 kmbsf estimated in this study is the unique
data set in such deep range in an accretionary prism of subduction zones globally. In a shallower depth
ranges down to ~1 kmbsf, some comparable data sets are available from ODP and IODP projects and show
the same sense in which the thermal conductivity gradually increases with depth, for example, in the Nankai
Trough off Cape Muroto (Fisher et al., 1993; Heuer et al., 2017) and in the Costa Rica subduction zone (Hass
& Harris, 2016). In the Nankai Trough seismogenic zone, there were several thermal models for estimating
the current thermal structure. Hyndman et al. (1995) and Wang et al. (1995) used 2‐D isoparametric models
to estimate the temperature structure of the sections across Shikoku and across the Kii peninsula. However,
these models are unable to account for large observed thermal anomaly (Yamano et al., 2003). As we know,
the thermal conductivity proﬁle is not only important but also indispensable in all temperature models. We
can obtain more reliable and accurate thermal structure of the Nankai subduction zone with better thermal
conductivity proﬁle. Consequently, this work is useful for estimating the depth range of seismogenic regions
within the Nankai subduction zone by thermal models with marine heat ﬂow data that is one of the key
boundary conditions at the seaﬂoor.
At Site C0002, the in situ temperature has been estimated to increase with depth and reach ~100°C at
~3 kmbsf (Sugihara et al., 2014; Yabe et al., 2019). Indeed, temperature effects on the thermal conductivity
of the Nankai sediments should also be examined for estimating in situ thermal conductivity. Lin et al. (2018)
reported that thermal conductivity changed less than ~7% over a temperature range between room temperature and 100°C for a basalt core sample taken from the same Site C0012, which suggests that temperature
should have a smaller effect on thermal conductivity than pressure. In light of the absence of data
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regarding the temperature effect of thermal conductivity for oceanic sediments, we do not presently consider
the effects of temperature on the in situ thermal conductivity. Nevertheless, we are designing further
improvements to our current thermal property measurement system to allow measurements under simultaneously high temperature and high pressure conditions to address these effects on the thermal conductivity
of accretionary prism sediments. In addition to the effects of such physical conditions as pressure and temperature and diagenetic and mineralogic actions of cementations, clay mineral transformations under high
temperatures (e.g., from smectite to illite and/or from opal to quartz) may also inﬂuence physical properties
of sediments in greater depths. Examination and evaluation of these geological timescale phenomena may
need other approaches rather than our experiments in this study.

6. Conclusions
Knowledge of sediment thermal conductivity is necessary for understanding the thermal structure of active
seismogenic zones, such as the Nankai Trough subduction zone, SW Japan. If available, thermal conductivities may be easily determined by laboratory measurements using drill core samples. However, only a very
limited number of drill core samples have been collected in the Nankai Trough accretionary prism by the
NanTroSEIZE, IODP. Thus, a complete thermal conductivity depth proﬁle in the accretionary prism is
not available. The thermal conductivity of water‐saturated sediments may depend mainly on their solid
grain components and porosity. Based on this consideration, we conducted experiments to determine a
quantitative relationship between the thermal conductivity and porosity of the core samples. We used core
samples with the same or similar solid grain components as those from the Nankai Trough accretionary
prism. Because sediments from sedimentary formations overlaying the incoming subducting oceanic basement will ultimately subduct in the accretionary wedge, they are expected to have the same or similar solid
grain components. We therefore collected whole‐round sediment core samples obtained from sedimentary
formations at the NanTroSEIZE Input Site C0012 and measured their thermal conductivity over a wide
range of effective pressures to simulate subduction by changing the sample porosity.
We measured the thermal conductivity of six core samples from a depth range of ~144 to ~518 mbsf at Site
C0012 under high‐pressure conditions to a maximum effective pressure of ~50 MPa corresponding to a depth
of more than ~4 kmbsf. We obtain an empirical equation between thermal conductivity λBulk in Wm−1K−1
and fractional porosity ϕ for the Nankai Trough accretionary prism as λBulk = exp(−1.09ϕ + 0.977). Based on
porosity data sets from the NanTroSEIZE Centerpiece Site C0002 measured both using core/cuttings samples and derived from P wave velocity logs, we estimated complete thermal conductivity proﬁles down to
~3 kmbsf in the Nankai Trough accretionary prism. In principle, the thermal conductivity estimated from
porosities measured using the core/cuttings samples may better represent values under atmospheric pressure conditions and not in situ high‐pressure conditions. Porosities derived from the P wave velocity log
may better represent the in situ porosities. Nevertheless, the two thermal conductivity proﬁles show a consistent trend with no signiﬁcant differences. The proﬁles also agree with existing thermal conductivity data
measured using limited core samples from the accretionary prism.
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