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Abstract Physical properties (bulk density and porosity)
and thermal properties (thermal conductivity, heat capac-
ity, specific heat, and thermal diffusivity) of sediment are
crucial parameters for basin modeling. We measured these
physical and thermal properties for mud-dominant sedi-
ment recovered from the Joetsu Basin, in the eastern mar-
gin of the Japan Sea. To determine thermal conductivity,
heat capacity, and thermal diffusivity, the dual-needle
probe method was applied. Grain density and grain thermal
properties for the mud-dominant sediment were estimated
from the measured physical and thermal properties by
applying existing models of physical and thermal proper-
ties of sediment. We suggest that the grain density, grain
thermal conductivity, and grain thermal diffusivity depend
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on the sediment mineral composition. Conversely, the
grain heat capacity and grain specific heat showed hardly
any dependency on the mineral composition. We propose
empirical formulae for the relationships between: thermal
diffusivity and thermal conductivity, and heat capacity and
thermal conductivity for the sediment in the Joetsu Basin.
These relationships are different from those for mud-dom-
inant sediment in the eastern flank of the Juan de Fuca
Ridge presented in previous work, suggesting a difference
in mineral composition, probably mainly in the amount of
quartz, between the sediments in that area and the Joetsu
Basin. Similar studies in several areas of sediments with
various mineral compositions would enhance knowledge of
the influence of mineral composition.

Keywords Thermal conductivity - Thermal diffusivity -
Heat capacity - Specific heat - Dual-needle probe method -
Mineral composition

Introduction

Thermal properties (thermal conductivity, heat capacity,
specific heat, and thermal diffusivity) of marine sediment
are important parameters for estimating the flow of fluid
and heat in sediment and modeling thermal structure
below the seafloor. The thermal conductivity of marine
sediment in particular is crucial for calculating heat flow,
which provides fundamental information on the thermal
state below the seafloor. Simple methods have been devel-
oped for measuring the thermal conductivity of marine
sediment, using a single-needle probe (Von Herzen and
Maxwell 1959) and a half-space box-type probe (Sass
et al. 1984). Using these methods, many thermal conduc-
tivity data on marine sediment have been accumulated.
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In addition, the thermal conductivity of marine sediment
has been predicted from its mineral composition. This
has been performed using the relationship between the
thermal conductivity of marine sediment and the poros-
ity and volume fraction of the constituent minerals of the
sediment (Kinoshita 1994; Villinger et al. 1994; Goto and
Matsubayashi 2009).

Compared with the works on thermal conductivity,
there are relatively few studies on heat capacity, specific
heat, and thermal diffusivity of marine sediment. The
relationship between thermal conductivity K, heat capac-
ity p.c, (bulk density p, and specific heat c,), and thermal
diffusivity x is given by

KS
K=o M

Kinoshita et al. (1996) and Hamamoto et al. (2005)
estimated the thermal diffusivity of marine sediment near
the seafloor from the thermal response of the sediment
to bottom-water temperature variation. Goto and Matsub-
ayashi (2008) developed a method for measuring ther-
mal conductivity and heat capacity of sediment using a
single-needle probe. Using this method, they estimated
the thermal conductivity and heat capacity (and hence
thermal diffusivity) of marine sediment recovered at the
eastern flank of the Juan de Fuca Ridge. Lin et al. (2014)
determined thermal conductivity, heat capacity, and ther-
mal diffusivity of core samples obtained from the Japan
Trench by applying the hot-disk method (Gustafsson
1991). Applying the same method, Tanikawa et al. (2016)
determined these three properties for core samples taken
from the sedimentary basin off Shimokita, Japan. Empiri-
cal formulae connecting heat capacity and thermal diffu-
sivity to thermal conductivity for marine sediment were
developed to infer heat capacity and thermal diffusivity
from existing thermal conductivity data for the sediment
(Von Herzen and Maxwell 1959; Hyndman et al. 1979;
Goto and Matsubayashi 2008). Goto and Matsubayashi
(2009) investigated the relationship of thermal proper-
ties (heat capacity, specific heat, and thermal diffusivity)
with the volume fractions of the component minerals of
the marine sediment recovered from the eastern flank of
the Juan de Fuca Ridge to calculate their thermal prop-
erties. However, because of the limited number of direct
measurements of these properties, the thermal properties
of marine sediments remain poorly understood.

The Joetsu Basin, in the eastern margin of the Japan
Sea, is characterized by a methane venting system associ-
ated with gas hydrate in sediment near the seafloor (Mat-
sumoto et al. 2009). In June 2010, the MD179 research
cruise using the French R/V Marion Dufresne was con-
ducted to investigate gas hydrate formation mechanisms
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in sediment of relatively shallow depth below the sea-
floor of the Joetsu Basin. During the cruise, heat flow
data were obtained by measuring geothermal gradients
and thermal conductivities to investigate the gas hydrate
formation process and to establish a thermal structure
model of the basin. Geothermal gradients were meas-
ured by inserting a geothermal probe with temperature
loggers into the sediment. We determined heat capacity
and thermal diffusivity, together with thermal conductiv-
ity, of the sediment from core samples recovered from the
seafloor, by applying the dual-needle probe method (Bris-
tow 1998), described in detail in the “Dual-needle probe
method 7 section below. Physical properties (porosity
and bulk density) of the sediment were measured during
onshore-based studies to obtain basic information about
the sediment.

We present the results of our measurements of thermal
properties and physical properties of mud-dominant sedi-
ment recovered from the seafloor of the Joetsu Basin. Using
these results, we examine grain density and grain thermal
properties of the sediment from the measured physical and
thermal properties of the sediment. Finally, we investigate
the relationships between thermal conductivity and thermal
diffusivity, and thermal conductivity and heat capacity, of
the sediment.

Geologic setting

The Joetsu Basin (Fig. 1), with a water depth of
900-1300 m, lies between Toyama Bay and Sado Island,
on the eastern margin of the Japan Sea. Sediment near
the seafloor of the basin is composed mainly of hemipe-
lagic silty clay, including thin layers of ash and turbidite
sands (Katayama et al. 1994; Hiruta et al. 2009; Kakuwa
et al. 2013a, b). Because this basin is located west of one
of the oil—gas fields along the coast of the Japan Sea, it is
expected that the basin is potentially rich in fuel resources
(Osawa et al. 2005; Monzawa et al. 2006).

The Joetsu Basin is characterized by two major bathy-
metric features formed by asymmetric anticline struc-
tures: one is a spur that protrudes from the continental
slope, called the Umitaka Spur and the other is an isolated
NE-SW trending knoll, named the Joetsu Knoll, located
northwest of the Umitaka Spur (Fig. 1). Mounds and pock-
marks, 50-100 m in diameter, show a linear distribution
pattern that is parallel to the axis on the top of the Umi-
taka Spur and the Joetsu Knoll (Matsumoto et al. 2011;
Nakajima et al. 2014). Two- and three-dimensional seismic
data obtained from the Umitaka Spur identified seismic
blanking that obscured reflectors beneath the mounds and
pockmarks, suggesting subsurface gas migration from deep
(Saeki et al. 2009; Freire et al. 2011). Active cold-seep sites
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Fig. 1 Bathymetric map of the Joetsu Basin at the eastern margin of
the Japan Sea. Bathymetric data from Hiromatsu et al. (2011). Eight
sampling stations where the physical and thermal properties of sedi-
ments were measured are indicated. The inset shows the location of
the study area

with biological communities were discovered on several
mounds at the summit areas of the Umitaka Spur and the
Joetsu Knoll. In these mounds, exposures of gas hydrate
and active seeps of methane gas at the seafloor were
observed (Matsumoto et al. 2009; Aoyama and Matsumoto
2009).

Dual-needle probe method

In this study, thermal conductivity, heat capacity, and
hence thermal diffusivity of marine sediment were deter-
mined by applying the dual-needle probe method (Bris-
tow 1998), which is based on theory that expresses the
thermal response of a medium at the radial distance r
from an infinite linear heat source heated at a constant
rate in the medium. In this method, a sensor with two
thin, parallel, metallic needles at a spacing of several
millimeters is used. One needle contains a heater line

and the other a thermistor. First, the needles of the sen-
sor are inserted into the material. When the temperature
of the needles is equal to that of the material, the nee-
dle with the heater line starts heating at a constant rate
for a given length of time. A thermistor inside the other
needle measures the change in temperature of the mate-
rial at that point in response to the heating operation of
the needle with the heater line. Thermal conductivity and
heat capacity (or thermal diffusivity) of the material are
determined simultaneously from the measured tempera-
ture change. Another thermal property (heat capacity or
thermal diffusivity) is calculated from the two measured
thermal properties. The advantage of this method is that
it determines three thermal properties simultaneously,
although the measurement process is almost the same as
that for a single-needle probe.

We assume that an infinite linear heat source is in an
infinite, seawater-saturated, sediment with thermal con-
ductivity K, and heat capacity pc,. Initially, the tempera-
tures of both the line heat source and the sediment are
zero. We start heating the line heat source at a constant
rate g per unit length and unit time at time =0 and then
stop heating at t=t¢, The temporal change in tempera-
ture of the sediment at radial distance » from the line heat
source is expressed as (de Vries 1952; Carslaw and Jae-
ger 1959)

)= L Bl ——" | (0<i<) )

47K 4t<£> Sty (2)
PsC

and
q .| 2 , r?

T(1) = - Ei| - —E|———— [+ (t>1).
4zK. K, K,
| eGE) 4(r-10)(52)

where the function —FEi(—x) is the exponential integral
defined as

—Ei(—x) = / ) e;u du )

Figure 2 shows the temporal changes in tempera-
ture of sediment calculated using Eqs. (2, 3) for five
models with various combinations of model parameters
(Table 1). To focus on the effects of two thermal proper-
ties (K, and p,c,) on the change in temperature, the other
three parameters (, ¢, and t,) are set as fixed constants
in the calculations. Temporal changes in the temperature
of sediment depend strongly on the thermal properties
of the sediment: higher thermal conductivity produces a
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Fig.2 Plots of temperature changes with time calculated using
Egs. (2, 3). Model parameters used for the calculations are listed in
Table 1. a Temperature changes calculated with various values of
thermal conductivity. A constant value of heat capacity is assumed. b
Temperature changes calculated with various values of heat capacity.
A constant value of thermal conductivity is assumed

Table 1 Model parameters for calculating temperature changes in
Fig. 2

K,(WmK) pc,(10°)/ r(m) q@/ms)  1,(s)
m>-K)
Model 1 0.9 35 0.006  24.0 60
Model 2 0.7 35 0.006  24.0 60
Model 3 1.1 35 0.006  24.0 60
Model 4 0.9 33 0.006  24.0 60
Model 5 0.9 3.7 0.006  24.0 60

temperature change of smaller amplitude and the appear-
ance of the maximum value in a shorter time (Fig. 2a).
In contrast, higher heat capacity results in a temperature
change of smaller amplitude and a delayed appearance of
the maximum value (Fig. 2b).

In the present study, we first estimated the thermal con-
ductivity and heat capacity of sediment from temperature
data obtained by a dual-needle probe device by applying
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Bayesian inversion (Tarantola and Valette 1982; Tarantola
2005) (see “Appendix” section), and then calculated ther-
mal diffusivity of the sediment from the estimated thermal
conductivity and heat capacity using Eq. (1).

Models of physical and thermal properties
of marine sediment

Several empirical formulae for relationships between two
physical properties of marine sediment have been proposed:
sound velocity and density (Hamilton 1978), sound veloc-
ity and thermal conductivity (Horai 1982), and thermal
conductivity and other thermal properties (Von Herzen and
Maxwell 1959; Hyndman et al. 1979; Goto and Matsub-
ayashi 2008). Empirical formulae for relationships between
thermal properties and the porosity and volume fraction of
constituent minerals for marine sediments have also been
investigated (Kinoshita 1994; Villinger et al. 1994; Goto
and Matsubayashi 2009). Because these relationships are
each expressed by a simple formula, they are useful for
estimating unknown properties from known properties.

In this section, we briefly describe the existing models of
density and thermal properties (thermal conductivity, heat
capacity, specific heat, and thermal diffusivity) as a func-
tion of porosity and volume fraction of minerals composing
ordinary marine sediment. We use these models to subse-
quently estimate grain density and grain thermal properties
of mud-dominant sediment in the Joetsu Basin.

Density model

The density of a medium is a scalar quantity. The bulk den-
sity of seawater-saturated marine sediment p, is represented
by the simple arithmetic mean formula

Py = ¢p,, + (1 = P)p, (5)
where ¢ is the fractional porosity, p,, is the density of sea-
water that fills pore spaces in the sediment, and p, is the
density of the sediment grain. If the sediment grain is com-

posed of an N-mineral component aggregate, the grain den-
sity is given by

N N
py= 2 Vit <ZV,-=1> (©)
=1 =1

where p ; and V ; denote the density and volume fraction of
the j-th mineral.

Thermal conductivity model

The thermal conductivity of sediments may be aniso-
tropic, depending in particular on bedding orientation.
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Unconsolidated water-saturated sediment, however, can be
treated as an aggregate composed of sediment grains with
both random orientation and random distribution. The ther-
mal conductivity of the sediment can then be satisfactorily
modeled by the geometric mean (Woodside and Messmer
1961)

- 1-
K, = K¢K!~, @

where K|, is the thermal conductivity of seawater that fills
pore spaces in the sediment and K|, is the thermal conduc-
tivity of the sediment grain. This model was generalized for
the thermal conductivity of N-mineral component aggre-
gate (Drury and Jessop 1983) as

N v N
Kg:HKjf < ]vj=1>. (8)

J=1 J=

where K and V; represent the thermal conductivity and vol-
ume fraction of the j-th mineral.

Heat capacity and specific heat models

Heat capacity is a scalar quantity. The heat capacity of marine
sediment p,c,, which can be treated as an aggregate com-
posed of two-phase components of solid and fluid, can be
modeled by the arithmetic mean formula (Garcia et al. 1991)

pscs = dpyc, + (1 = P)pyc,, )
where p,, c,. and p,c, denote the density, specific heat,
and heat capacity, respectively, of seawater that fills pore
spaces in the sediment, and Pgs Cor and PgC, Tepresent the
density, specific heat, and heat capacity, respectively, of the
sediment grain. The grain heat capacity of marine sediment
PeC, as an aggregate composed of N-mineral components

can be modeled by the arithmetic mean formula (Drury
et al. 1984)

N N
Py = D, Vini; <Z v, = 1>- (10)
=1 =1

where p;, ¢;, pjc;, and V; represent respectively the density,
specific heat, heat capacity, and volume fraction of the j-th
mineral.

Specific heat is also a scalar quantity. Using Egs. (5, 9), the
specific heat of seawater-saturated sediment c, is expressed
by the following non-linear function:

_pey oy, + (1= P)p,c,

S T e (0=, n

From Egs. (6, 10), the specific heat of marine sediment
grain ¢, as an aggregate of N-mineral components is given by

pc Zivjpjcj N
88 J=
“T T, T v (ZVJ:l)' (12)
g j=1
Vip;

j=1

Thermal diffusivity model

As with thermal conductivity, the thermal diffusivity of sedi-
ments may be anisotropic, and depend in particular on bed-
ding orientation. Unconsolidated water-saturated sediment
can, however, be treated as an aggregate composed of grains
of sediment with both random orientation and distribution.
Thermal diffusivity of marine sediment can thus be modeled
by using Egs. (1,7, 9) as

K¢K1-¢
K, = Y8 .
g, + (1= )pc,

13)

Goto and Matsubayashi (2009) rewrote the above formula
as

Ky = f(B, pIkIx, 7, (14)
where
ﬁ¢>
J(B,¢) = TTG-D (15)
_ PwCy
B = 2, (16)

Equation (14) shows that thermal diffusivity of uncon-
solidated marine sediment is expressed by the geometric
mean model including the correction function f(f, ¢).

B =224

Correction function f(3, ¢)

0.0 0.2 0.4 0.6 0.8 1.0
Porosity

Fig. 3 Plots of calculated results for f{5, ¢) versus porosity ¢. The
p values were calculated using the heat capacity of seawater and the
maximum, minimum, and mean values of the heat capacity of sedi-
ment-constituent minerals in Table 2 using Eq. (16)
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Table 2 Physical and thermal Mineral Density (10> Thermal conduc-  Thermal diffusiv-  Specific heat Heat capac-
properties of seawater and kg/m?) tivity (W/m-K) ity (10°m¥s)  (103J/kgK) ity (10°J/
major and minor sediment- m3K)
constituent minerals
Quartz 2.648% 7.69° 3.921 0.741°¢ 1.96'
Orthoclase 2.570° 2.32° 1.28 0.707¢ 1.821
Albite 2.620° 2.14° 1.051 0.776° 2.03!
Anorthite 2.760° 1.68° 0.817! 0.745¢ 2.06'
Calcite 2.710° 3.59° 1.621 0.820° 222!
Muscovite 2.831% 2.32° 1.03f 0.796! 2.25'
Tllite 2.660? 1.85¢ 0.8611 0.808° 2.15
Smectite (mont-  2.608? 1.88¢ 0.907 0.795° 2.07
morillonite)
Chlorite 2.800° 5.15° 225" 0.818! 2.29!
Pyrite 5.011° 19.21° 7.401 0.5188 2.60!
Seawater 1.025" 0.596" 0.146" 3.993" 4.0931
#Johnson and Olhoeft (1984)
"Horai (1971)
“Drury et al. (1984)
4Brigaud and Vasseur (1989)
Skauge et al. (1983)
Drury (1987)
£Robie and Hemingway (1995)
"Kaye and Laby (1995)
iCalculated from other properties
The correction function f{iff, ¢) in Eq. (14) depends on =~ Measurements

the porosity of the sediment ¢ and the ratio of the heat
capacity of seawater to the heat capacity of the sediment
grain f. Figure 3 shows plots of f{f5, ¢) versus porosity ¢.
In the calculations of f{(, ¢), three values of f, which are
calculated from heat capacity of seawater and the maxi-
mum, minimum, and mean values of heat capacity of min-
erals listed in Table 2, were used.

As can be seen in Table 2, the heat capacity values of
major and minor sedimentary minerals are similar. Using
this property, Goto and Matsubayashi (2009) indicated
that the grain thermal diffusivity of N-mineral component
aggregate sediment can be approximated using a simple
geometric mean model in the form

N N N
V. V. Vi
o 18 (e (1
g j=1 Jj=1
e~ . TN - N
PgCq
jgl VJpJCJ j§1 Vjpjcj a7

N

H 2 Vi=1

j=1 j=1
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Sediment core samples recovered in the Joetsu Basin

In June 2010, the MD179 research cruise was conducted
using the R/V Marion Dufresne to investigate the mecha-
nism of gas hydrate formation in sediment of relatively
shallow depth below the seafloor of the Joetsu Basin. Dur-
ing this cruise, sediment cores were recovered using the
giant piston corer system with a core barrel of 20-50 m in
length. Figure 1 shows the location of the stations where
samples were recovered to measure the physical and ther-
mal properties. The sediments recovered at these stations
consist of dark- and light-colored silty mud with several
intercalated volcanic ash layers (Kakuwa et al. 2013a, b).
Stations MD179-3296 and MD179-3304 were located
in pockmarks on the Umitaka Spur. These pockmarks are
within the acoustic blanking zone observed in the sub-bot-
tom profiler. A void with soupy sediment was observed at
a depth of ca. 12.5 m below the seafloor of the sediment
core at Station MD179-3296, indicating the existence of
gas hydrate that dissociated during the recovery (Kakuwa
et al. 2013a). No indication of the existence of gas hydrate
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was observed in the sediment core recovered at Sta-
tion MD179-3304. Sediment cores with no indication of
gas hydrate were recovered at Stations MD179-3299 and
MD179-3301 on the eastern flank of the Umitaka Spur.
Station MD179-3312 was located on a NW-SE trending
ridge. This station was selected as one of two reference sta-
tions for the Joetsu Basin during the cruise. Sediment core
with no indication of gas hydrate was recovered at this site.
Two sediment cores were recovered from the basin floor
of the Joetsu Basin (Stations MD179-3308 and MD179-
3313). The sediment core recovered at Station MD179-
3308 had voids with soupy sediment at three depths (ca.
8.7, 15.9, and 21.7 m below seafloor), indicating the pres-
ence of gas hydrate that dissociated during the recovery at
those depths (Kakuwa et al. 2013a). No indication of gas
hydrate was observed in the sediment samples at Station
MD179-3313. This station was selected as another refer-
ence station for the Joetsu Basin. One sediment sample
was recovered on the eastern flank of the northern Joetsu
Knoll (Station MD179-3320G). For sediment core recov-
ery at this station, the piston corer system was used as a
gravity corer. Recovered sediment core showed no indica-
tion of gas hydrate.

Measurements of thermal properties of marine
sediment

Thermal properties of sediment samples recovered during
the MD179 cruise were measured onboard with the thermal
properties analyzer KD2 Pro (Decagon Devices, Inc., Pull-
man, WA, USA). The sensor we used was the dual-needle
probe-sensor SH-1, which has one probe to heat the mate-
rial and another probe to measure the temperature of the
material. The distance between these probes was 6 mm.

Measurements of the thermal properties were con-
ducted as follows. First, recovered samples were sec-
tioned into 1.5 m-lengths and left horizontally to allow
thermal equilibration. Then the dual-needle probe-sensor
SH-1 was inserted into the bottom side of the cross-sec-
tion of the core. After thermal equilibration of the probes
and sediment was attained, thermal property measure-
ments were begun. Changes in temperature of the sedi-
ment were recorded for 120 s at a sampling interval of
2 s. For the first 60 s, the heating probe provided out-
put heat at a constant rate (19-30 J/s-m), and was then
stopped. Two conditions were introduced to enable meas-
uring of the thermal properties: (a) that the sediment core
had not been disturbed by dissociation of gas hydrate
during the core recovery and (b) that the cross-section of
the core had not been disturbed by handling.

Measurements of physical properties

The physical properties (porosity and bulk density) of the
sediment were determined from sediment sub-samples
for headspace gas analysis (Hachikubo et al. 2015). The
sub-samples were collected from the topside of the cross-
section of the 1.5 m-long cores. Physical properties were
measured with a pycnometer in a laboratory as a shore-
based study after the end of the MD179 cruise (Kataoka
and Matsumoto 2012). The same conditions that were
applied to measure the thermal properties were also
applied to measure the physical properties.

Results

Physical and thermal properties of mud-dominant
sediment

In this study, the thermal conductivity and heat capac-
ity of sediment were inverted from temperature data
recorded by the dual-needle probe by applying Bayesian
inversion (see “Appendix” section). Using these two ther-
mal properties, the thermal diffusivity of the sediment
was then calculated using Eq. (1). If physical properties
of the sediment, measured at the same cross-section of
the core where thermal properties were measured, were
available, then the specific heat of the sediment was

o 14 PRI RIS SR RS S AR R
‘:’ 12 | o Measured r
=] " 4| — Calculated L
© 1.0 L
‘E 4 -
-é 0.8 ] u
8 06 C
Py ] L
5 04 -
§ oo K, =0.890 +0.001 W/im-K o
2 b PsCs = 3.46 +0.00* x 10° J/m>K [}
£ 007 Ky=2.57 £0.00*x 107 m?s |
~ -02 e e e e e e L e e e e S
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Fig. 4 Example of plots of measured and calculated temperature per-
turbations for the best estimates of thermal properties for mud-dom-
inant sediment at a depth of 12.06 m below the seafloor at Station
MD179-3313 (top). Residual temperatures between the measured and
calculated temperatures are also plotted (bottom). *Error bounds for
heat capacity and thermal diffusivity were estimated to be less than
0.01x 10° J/m3K and less than 0.01 x 1077 m¥s, respectively
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calculated from the heat capacity and bulk density of the
sediment.

Figure 4 shows an example of the inverted results of
thermal properties of the mud-dominant sediment in the
Joetsu Basin. Temperatures calculated from inverted ther-
mal properties fit well with the measured temperatures.
For all inversion results, the residual temperatures between
measured and calculated temperatures are within +0.02 K.

Figure 5 shows the vertical distributions of physical and
thermal properties of sediment recovered from eight sta-
tions, indicating that no differences according to station
are seen. We successfully obtained 61 measurements for
physical properties and 62 for thermal properties, except
for specific heat. For specific heat, 16 measurements were
obtained. Hereafter, we treat physical and thermal property
data obtained at the eight stations as a single data set.

The porosity of the sediment decreases exponentially
with increasing depth from the seafloor because of the
compaction effect of the sediment. Vertical distributions
of heat capacity and specific heat of the sediment show a
positive correlation with that of porosity. In contrast, the
vertical distributions of bulk density, thermal conductivity,
and thermal diffusivity of the sediment have a negative cor-
relation with that of porosity. Similar vertical distribution
patterns for physical and thermal properties were observed
for the mud-dominant sediment recovered from the eastern
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flank of the Juan de Fuca Ridge (Goto and Matsubayashi
2009).

Grain density and grain thermal properties
of marine sediment

We estimated density and four thermal properties of sedi-
ment grain for the mud-dominant sediment in the Joetsu
Basin from measured physical and thermal properties of
the sediment by applying the models of density and ther-
mal properties explained above. Grain density and thermal
properties can be estimated by fitting the models of physi-
cal and thermal properties to the plots of the bulk density
and thermal properties against porosity and extrapolating
the fitting results. Bulk density and thermal property data
with a wide range of porosity values are required for accu-
rate estimations of their grain properties. In particular, the
non-linear relationships of thermal conductivity, thermal
diffusivity, and specific heat to porosity impede the accu-
rate estimation of the grain properties of sediment with a
limited range of porosity values. The porosity data on the
mud-dominant sediment used for this study, in the range of
65-80%, are insufficient to estimate the grain density and
grain thermal properties accurately through extrapolation.
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Goto and Matsubayashi (2009) estimated the grain ther-
mal properties for clay and sand (identified as sand tur-
bidite originating from North America) from porosity and
thermal property data obtained at Site 1026 of the Ocean
Drilling Program (ODP) Leg 168 (Shipboard Scientific
Party 1997) and Site U1301 of the Integrated Ocean Drill-
ing Program (IODP) Expedition 301 (Expedition 301 Sci-
entists 2005) in the eastern flank of the Juan de Fuca Ridge
(Site 1026 is located 1-2 km north of Site U1301 along
the same basement ridge). The numbers of pairs of poros-
ity and thermal properties at those sites were limited (46
pairs for clay and 6 pairs for sand). Furthermore, the range
of porosity values for the sediments was limited (40-80%
for clay and 37-45% for sand). In the calculation of grain
thermal conductivity, Goto and Matsubayashi first esti-
mated grain thermal conductivity from each pair of meas-
ured thermal conductivity and porosity using the thermal
conductivity model. Subsequently, the mean value of the
estimated grain thermal conductivity values was calculated.
Other grain thermal properties were estimated by the same
calculation procedure.

For estimations of grain density and grain thermal prop-
erties of mud-dominant sediment in the present study, we
applied the calculation procedure of Goto and Matsub-
ayashi (2009). Table 3 lists the results of grain property
estimates for mud-dominant sediment in the Joetsu Basin.

Figure 6 shows plots of bulk density and four thermal
properties against porosity for mud-dominant sediment in
the Joetsu Basin. The measured relationships of physical
and thermal properties to porosity show a good fit with the
models of estimated grain properties.

The grain thermal diffusivity plotted in Fig. 6e was cal-
culated using Eq. (14) with f=2.03 calculated from the
estimated grain heat capacity of the mud-dominant sedi-
ment (2.02x 10° J/m*>K) and the heat capacity of seawater
(4.093x 10° J/m*K). The estimated grain thermal diffusiv-
ity is 1.36+0.13 x 10~® m%/s, which is in good agreement
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Fig. 6 Relationships between bulk density and porosity, and between
thermal properties and porosity, for mud-dominant sediment in the
Joetsu Basin. Grain properties of the sediment estimated from the
measured properties are plotted (open square). Density and thermal
properties of seawater are also plotted (open triangle). The gray-
colored interval in each plot indicates the standard deviation for the
solid lines and curves that were calculated using the estimated grain
properties and the models of physical and thermal properties. a Bulk
density versus porosity. b Thermal conductivity versus porosity. ¢
Heat capacity versus porosity. d Specific heat versus porosity. The
grain specific heat was calculated from estimated grain density and
heat capacity. e Thermal diffusivity versus porosity. The grain ther-
mal diffusivity was calculated using Eq. (14) with f=2.03. f Graph
legends for plots (a—e)

Table 3 Comparison of grain density and thermal properties of mud-dominant and sandy sediments

Physical and thermal properties Joetsu Basin

Eastern flank of Juan de Fuca Ridge

Mud-dominant

Mud-dominant

Sandy

Measurement-based Measurement-based Mineralogy-based Measurement-based Mineralogy-based

Grain density (10° kg/m?) 2.60+0.11 2.72+0.11 2.73+0.04° 2.70+0.07 2.68+0.02°
Grain thermal conductivity (W/m-K) ~ 2.76 +0.20 2.99+0.81° 3.40+0.15° 3.54+0.46° 3.59+0.28°
Grain thermal diffusivity (107 m%*/s)  1.36+0.13¢ 1.41+0.54° 1.64+0.07° 1.55+0.25° 1.78 +0.15°
Grain heat capacity (10° J/m>-K) 2.02+0.22 2.25+0.37° 2.07+0.01° 2.38+0.11° 2.02+0.02°
Grain specific heat (10° J/kg-K) 0.786+0.109 0.828 +0.137° 0.758 +0.010° 0.881+£0.27° 0.751 +0.08°

#Calculated from data presented by Goto and Matsubayashi (2009)
®Goto and Matsubayashi (2009)
“Estimated using Eq. (14) with #=2.03

@ Springer



402

Mar Geophys Res (2017) 38:393-407

with grain thermal diffusivity (1.38 +0.18 x 107® m%/s) cal-
culated using the definition of thermal diffusivity (Eq. 1).

Grain thermal conductivity and grain thermal diffusiv-
ity of sediment depends on the mineral composition of the
sediment. Goto and Matsubayashi (2009) estimated grain
thermal properties of clay and sand from porosity and ther-
mal property data for the sediments recovered at Site 1026
and at Site U1301 in the eastern flank of the Juan de Fuca
Ridge. They also estimated grain thermal properties of clay
and sand from the volume fraction of sediment-constituent
minerals calculated from the weight-fraction of the miner-
als for these sediments obtained at Site 1026 (Shipboard
Scientific Party 1997). In the present study, the lithology
categories ‘clay’ and ‘sand’, as classified by Expedition
301 Scientists (2005), are referred to as mud-dominant and
sandy sediments, respectively. Hereafter, the grain proper-
ties estimated from measured porosity and thermal proper-
ties are referred to as ‘measurement-based’ grain proper-
ties, and the grain properties estimated from the volume
fraction of the sediment-constituent minerals are referred to
as ‘mineralogy-based’ grain properties.

Table 3 lists the measurement-based and mineralogy-
based grain densities and four-grain thermal properties
for mud-dominant and sandy sediments in the eastern
flank of the Juan de Fuca Ridge, along with measure-
ment-based grain density and grain thermal properties
for mud-dominant sediment in the Joetsu Basin. For the
eastern flank of the Juan de Fuca Ridge, measurement-
based grain thermal conductivity and diffusivity val-
ues for sandy sediment are greater than those for mud-
dominant sediment. Similar relationships are seen in the
mineralogy-based grain thermal conductivity and dif-
fusivity. In the eastern flank of the Juan de Fuca Ridge,
sandy sediment contains ca. 10% higher amount of quartz
than mud-dominant sediment (Table 4). As listed in
Table 2, quartz has thermal conductivity and diffusivity
values that are considerably greater than those of other
sediment-composed minerals, except for pyrite (Table 2).
Goto and Matsubayashi (2009) therefore concluded that
the differences of grain thermal conductivity and dif-
fusivity between mud-dominant and sandy sediments

reflect differences in the amount of quartz in these sedi-
ments. The mineralogy-based grain thermal conductiv-
ity and diffusivity values for mud-dominant sediment are
close to the measurement-based ones for sandy sediment
in the Juan de Fuca Ridge (Table 3). Goto and Matsub-
ayashi (2009) suggested that either the mud-dominant
sediment at Site 1026 contains a higher amount of quartz
than that at Site U1301, or some sediment samples cat-
egorized as “mud” during the ODP Leg 168 contained
sediments categorized as “mixed” lithology, composed
of clay and very fine-grained sandy turbidite, during the
IODP Expedition 301 (Goto and Matsubayashi 2008).

Grain thermal conductivity and diffusivity for the mud-
dominant sediment in the Joetsu Basin is lower than that for
mud-dominant sediment in the eastern flank of the Juan de
Fuca Ridge. We suggest that the differences in grain ther-
mal conductivity and diffusivity between these two areas
are attributable to the differences in mineral composition
and its volume fraction of mud-dominant sediment, prob-
ably mainly the amount of quartz.

The value of grain density for mud-dominant sediment
in the Joetsu Basin is slightly lower than that for mud-
dominant sediment in the eastern flank of the Juan de Fuca
Ridge. Although there are no mineralogical data for mud-
dominant sediment in the Joetsu Basin, we suggest that the
difference in sediment grain density for these marine areas
is attributable to the difference in mineral composition and
its volume fraction of mud-dominant sediment.

The values of grain specific heat and heat capacity for
mud-dominant sediment in the Joetsu Basin are similar to
those for mud-dominant and sandy sediments in the east-
ern flank of the Juan de Fuca Ridge (Table 3), although the
measurement-based grain specific heat and heat capacity of
the sediments in the two areas have relatively large error
margins. As shown in Table 2, values of specific heat and
heat capacity for major and minor sediment-constituent
minerals, except for the specific heat of pyrite, are similar.
Therefore, even though there are differences in mineral-
ogy between the two areas, the grain specific heat and heat
capacity of the mud-dominant and sandy sediments in both
marine areas show similar values.

Table 4 Mean volume fraction of sediment-constituent minerals of sediments recovered in the eastern flank of the Juan de Fuca Ridge

Sediment type Volume fraction (%)*

Smectite Mica Chlorite Quartz Feldspar Calcite Pyrite
Mud-dominant® 24.29+4.79 13.14+£3.32 9.90+2.61 26.29+3.16 23.29+3.83 1.02+1.47 2.07+1.86
Sandy® 5.78+£3.52 7.51+4.96 5.98+1.76 36.07+6.61 42.92+8.29 0.84+0.93 0.89+0.76

Calculated from weight fraction data for sediment-constituent minerals of sediments recovered at Site 1026 obtained during the ODP Leg 168
conducted in the eastern flank of the Juan de Fuca Ridge (Shipboard Scientific Party 1997) by Goto and Matsubayashi (2009)

PReferred to as “mud” by Shipboard Scientific Party (1997)
“Referred to as “turbidite sand” by Shipboard Scientific Party (1997)
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Relationship of thermal diffusivity and heat
capacity to thermal conductivity of sediment

There are limited data on heat capacity and thermal diffu-
sivity of marine sediments, when compared with thermal
conductivity data for marine sediments. The relationship
between these two thermal properties (heat capacity and
thermal diffusivity) and thermal conductivity for marine
sediments was developed to deduce these thermal proper-
ties from thermal conductivity. Von Herzen and Maxwell
(1959) examined data on the thermal conductivity and
diffusivity of sediments recovered in the southern Pacific
Ocean. They identified the following linear relationship
between thermal conductivity and thermal diffusivity:

K, =3.65K,—0.7 (K, in W/m-K and k in 10_7m2/s).

(18)
Using this relationship, the relationship between heat
capacity and thermal conductivity can immediately be
obtained as
10K,

m (K, in W/m-K and p,c, in 10°J/m*-K).

pSCS =
19)
From the relationship between thermal conductivity and
water content of sediment proposed by Ratcliffe (1960)
and the grain specific heat of sediment by Bullard (1954),
Hyndman et al. (1979) proposed the following empirical
formulae for relating thermal diffusivity and heat capacity
to thermal conductivity for marine sediment:
10K

K, = = (K,in W/m-K and x, in 10~'m?/s)
T 579-367K, + 1.016K2 :

(20)

psc, =5.79 = 3.67K, + 1.016K> (K, in W/m-K and p,c,
in 10°J/m’K).

ey

In contrast, Goto and Matsubayashi (2008) proposed the

following empirical formulae for the relationships among

the thermal properties of the mud-dominant sediment on

the eastern flank of the Juan de Fuca Ridge and showed that

they provided a better fit to the data than the formulae of
Hyndman et al. (1979):

Kk, = —0.176 + 2.284K, + 0.763K> (K, in W/m-K and
in 10~'m?/s)

(22)
10K, .
pC, = : (K, in W/m-K and
7 =0.176 + 2.284K, + 0.763K3 ’
pyC, in 106J/m3~K).
(23)
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Fig. 7 Relationship between a thermal diffusivity and thermal con-
ductivity and b heat capacity and thermal conductivity of sediment.
Open circles indicate the observed data for mud-dominant sediment
in the Joetsu Basin. Closed circles are the observed data for mud-
dominant sediment at Site U1301 from the IODP Expedition 301
in the eastern flank of Juan de Fuca Ridge (Goto and Matsubayashi
2008). The thick black curve is the best-fit relationship for the thermal
properties of the sediment in the Joetsu Basin. The red solid curve is
the best-fit relationship proposed by Goto and Matsubayashi (2008)
for the thermal properties of sediment at Site U1301. The blue and
green curves express the relationships between thermal diffusivity
and thermal conductivity, and between and heat capacity and thermal
conductivity of marine sediments, as proposed by Von Herzen and
Maxwell (1959) and Hyndman et al. (1979). Red dashed and dotted
curves show these relationships among thermal properties calculated
for sediments that contain amounts of quartz 10% higher and 10%
lower than mud-dominant sediment in the eastern flank of the Juan de
Fuca Ridge (Goto and Matsubayashi 2008)

Figure 7a, b show plots of thermal diffusivity against ther-
mal conductivity, and of heat capacity against thermal con-
ductivity, respectively, of mud-dominant sediment for the
Joetsu Basin in this study and for the Juan de Fuca Ridge
(Goto and Matsubayashi 2008). These figures also include
curves of the relationships among these thermal properties
calculated using the empirical formulae presented by Von
Herzen and Maxwell (1959), Hyndman et al. (1979), and
Goto and Matsubayashi (2008), and of seawater-saturated
quartz calculated using Eqs. (1, 7, 9). The relationships
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among thermal properties calculated for sediments that con-
tains amounts of quartz 10% higher and 10% lower than
mud-dominant sediment in the eastern flank of the Juan de
Fuca Ridge (Goto and Matsubayashi 2008) are plotted as red
dashed and dotted curves, respectively.

The best-fit curve depicting the empirical relationship
between thermal conductivity and thermal diffusivity of
mud-dominant sediment in the Joetsu Basin is given by the
following quadratic equation:

kK, =—0.1013 + 1.977K, + 1.0841(3‘2 (K,in W/m -K and
k,in 107'm?/s)
(24)
Using Eqgs. (1, 24), the empirical relationship of heat

capacity to thermal conductivity for the sediment is given
by

10K
= > (K, in W/m -K and
Z0.1013 + 1.977K, + 1.084K?

pscy in 10°7/m* -K).

PsCs

(25)

At the interval of thermal conductivity measured in this
study (0.8-1.05 W/m-K), the empirical formulae relating
thermal diffusivity to thermal conductivity proposed by
Von Herzen and Maxwell (1959) and Goto and Matsub-
ayashi (2008) also fit the observed thermal conductivity
and diffusivity data (Fig. 7a), and the observed heat capac-
ity and thermal conductivity data (Fig. 7a) for the Joetsu
Basin. The empirical formulae for these relationships pro-
posed by Hyndman et al. (1979) deviates most from the
observed thermal properties.

The observed thermal conductivity and diffusivity for
sediment in the eastern flank of the Juan de Fuca Ridge
is distributed over the high-thermal conductivity side,
compared with the curve for sediment in the Joetsu Basin
(Fig. 7a). Thermal conductivity and diffusivity of marine
sediment depends on the mineral composition of the sedi-
ment. Grain thermal conductivity and diffusivity estimated
in the previous section suggested that sediment in the east-
ern flank of the Juan de Fuca Ridge may contain a higher
amount of quartz than the Joetsu Basin. The observed rela-
tionship of thermal diffusivity to thermal conductivity for
the eastern Juan de Fuca Ridge is distributed between the
best-fit curve for the Joetsu Basin and the curves calculated
for the relationship of seawater-saturated quartz (Fig. 7a).
This suggests that the relationship between thermal diffu-
sivity and thermal conductivity for marine sediment may
vary with the volume fraction of quartz in the sediment,
although there may be some contributions by other min-
erals with high thermal conductivity, such as chlorite and

pyrite.

@ Springer

The heat capacity of marine sediment has little depend-
ence on the volume fraction of minerals because of similar
heat capacity values of major and minor sediment-constit-
uent minerals (Table 2). In contrast, thermal diffusivity of
marine sediment depends on the mineral composition of
the sediment. Observed heat capacity and thermal conduc-
tivity data for sediment in the Juan de Fuca Ridge is distrib-
uted between the best-fit curve for the Joetsu Basin and the
curves calculated for seawater-saturated quartz (Fig. 7b).
Similarly to the relationship between thermal diffusivity
and conductivity for marine sediment discussed above, the
relationship between heat capacity and thermal conductiv-
ity for marine sediment appears to depend on the volume
fraction of quartz in the sediment, although there may be
some contribution by other minerals with high thermal
conductivity.

We therefore conclude that extrapolating thermal prop-
erties from one area where the relationships among ther-
mal properties have been developed to another area must
be done with caution. If similar studies are done in several
areas of sediments with mineral composition data, bet-
ter formulae for thermal property relationships taking into
account mineral composition of sediment will be obtained.

Summary

To investigate thermal properties of mud-dominant sedi-
ment in the Joetsu Basin on the eastern margin of the Japan
Sea, we measured thermal properties (thermal conductiv-
ity, heat capacity, and hence thermal diffusivity) of the
sediment by applying the dual-needle probe method. We
also measured physical properties (bulk density and poros-
ity) of the sediment. We calculated the specific heat of the
sediment at the points on the cores where both thermal and
physical properties were measured.

The vertical distribution of measured porosity of the
sediment shows a decrease exponentially with increas-
ing depth below the seafloor. The vertical distribution
of measured bulk density and thermal properties of the
sediment display strong dependence on porosity. Heat
capacity and specific heat decrease with increasing depth
below the seafloor because both are positively correlated
with porosity, while bulk density, thermal conductivity,
and thermal diffusivity increase with increasing depth
below the seafloor because they are negatively correlated
with porosity.

We estimated grain density and grain thermal prop-
erties of mud-dominant sediment in the Joetsu Basin
by applying the existing models of physical and ther-
mal properties of sediment that express these properties
as a function of porosity. The measurement-based grain
density and grain thermal properties of mud-dominant
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sediment in the Joetsu Basin were compared with those
of mud-dominant and sandy sediments in the eastern
flank of the Juan de Fuca Ridge. It was found that grain
density, grain thermal conductivity, and grain thermal
diffusivity appear to be influenced by the mineral com-
position of the sediment. Grain thermal conductivity and
diffusivity, in particular, appear to depend on the volume
fraction of quartz in the sediment. In contrast, grain heat
capacity and grain specific heat of the sediment showed
less dependency on the volume fraction of the sediment-
constituent minerals because the minerals have similar
values for these thermal properties.

We investigated relationships between thermal conduc-
tivity and thermal diffusivity and between thermal con-
ductivity and heat capacity, for mud-dominant sediment
in the Joetsu Basin, and proposed empirical formulae to
express these relationships. Comparison of the empiri-
cal formulae proposed in this study with those presented
in previous work for sediment in the eastern flank of the
Juan de Fuca Ridge showed that these relationships may
vary with the volume fraction of quartz, indicating that
these relationships have to be investigated in each marine
area because the mineral composition of sediment varies
according to area. If similar studies are done in several
areas of sediments with various mineral compositions,
better formulae for the thermal property relationships that
take into account mineral composition of sediment will
be obtained.
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Appendix
Bayesian inversion scheme

In this study, the thermal conductivity K, and heat capac-
ity p,c, of mud-dominant sediment were inverted from
temperatures measured with a dual-needle probe device
using Egs. (2, 3). Here the method of inversion used in
this study is explained.

We denote unknown parameters (K and p.c,) by vec-
tor p, and temperature data obtained by a dual-needle
probe device by d,. It is important that other parameters
(r, q, tp) in Egs. (2, 3) in the main text are known. The
algorithm of the Bayesian inversion of these parameters
from the dual-needle probe temperature data determines
a model that minimizes the following misfit function
(Tarantola and Valette 1982; Tarantola 2005)

S(p) = % [(g(p) -d,) ;' (gp) - dy) + (p - po)TC;‘(p - Po)],

(26)
where g(p) is the calculated temperature and p,, is the a
priori model parameter. C, is the covariance operator of
dy and C, is the covariance operator of py. In this study,
we applied the following Gauss—Newton iterative scheme

to seek plausible model parameters (Tarantola and Valette
1982; Tarantola 2005)

-1
Pt = i+ (61C;6, + €)™ (61 dy —(py)]

—C;I (Pk - Po) }’

@7
where p, is the estimate of p at the k-th iteration and Gy
is the gradient of the matrix of the calculated temperature
with regard to the model parameters

Gy = <M> : (28)
Px

Using the best estimates of thermal conductivity K|
and heat capacity p,c, of mud-dominant sediment, ther-
mal diffusivity «; of the sediment was calculated using
Eq. (1) in the main text.

References

Aoyama C, Matsumoto R (2009) Acoustic surveys of methane
plumes by quantitative echo sounder in Japan Sea and the esti-
mate of the seeping amount of the methane hydrate bubbles. J
Geogr 118:156-174 (in Japanese with English abstract)

Brigaud F, Vasseur G (1989) Mineralogy, porosity and fluid con-
trol on thermal conductivity of sedimentary rocks. Geophys J
98:525-542

Bristow KL (1998) Measurement of thermal properties and water
content of unsaturated sandy soil using dual-probe heat-pulse
probes. Agr Forest Meteorol 89:75-84

Bullard EC (1954) The flow of heat through the floor of the Atlantic
Ocean. Proc R Soc Lond A 222:408-429

Carslaw HS, Jaeger JC (1959) Conduction of heat in solids, 2nd edn.
Oxford University Press, London

de Vries DA (1952) A nonstationary method for determining thermal
conductivity of soil in situ. Soil Sci 73:83-90

Drury MJ (1987) Thermal diffusivity of some crystalline rocks. Geo-
thermics 16:105-115

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

406

Mar Geophys Res (2017) 38:393-407

Drury MJ, Jessop AM (1983) The estimation of rock thermal conduc-
tivity from mineral content—An assessment of techniques. Zen-
tralbl Geol Palaeontol 1:35-48

Drury MJ, Allen VS, Jessop AM (1984) The measurement of thermal
diffusivity of rock cores. Tectonophysics 103:321-333

Expedition 301 Scientists (2005) Site U1301. In: Fisher AT, Urabe
T, Klaus A, The Expedition 301 Scientists (eds) Proceedings
of IODP, 301. Integrated Ocean Drilling Program Manage-
ment International, Inc., College Station. doi:10.2204/iodp.
proc.301.106.2005

Freire AFM, Matsumoto R, Santos LA (2011) Structural-stratigraphic
control on the Umitaka Spur gas hydrates of Joetsu Basin in the
eastern margin of Japan Sea. Mar Petrol Geol 28:1967-1978

Garcia A, Contreras E, Dominguez B (1991) Developments in geo-
thermal energy in Mexico—Part thirty-three. Simultaneous
determination of the thermal properties of geothermal drill cores.
Heat Recov Syst CHP 11:131-139

Goto S, Matsubayashi O (2008) Inversion of needle-probe data for
sediment thermal properties of the eastern flank of the Juan
de Fuca Ridge. J Geophys Res 113:B08105. doi:10.1029/200
7JB005119

Goto S, Matsubayashi O (2009) Relations between the thermal prop-
erties and porosity of sediments in the eastern flank of the Juan
de Fuca Ridge. Earth Planets Space 61:863-870

Gustafsson SE (1991) Transient plane source techniques for ther-
mal conductivity and thermal diffusivity measurements of solid
materials. Rev Sci Instrum 62:797-804

Hachikubo A, Yanagawa K, Tomaru H, Lu HL, Matsumoto R (2015)
Molecular and isotopic composition of volatiles in gas hydrates
and in sediment from the Joetsu Basin, eastern margin of the
Japan Sea. Energies 8:4647-4666

Hamamoto H, Yamano M, Goto S (2005) Heat flow measurement in
shallow seas through long-term temperature monitoring. Geo-
phys Res Lett 32:1.21311. doi:10.1029/2005GL024138

Hamilton EL (1978) Sound velocity—density relations in sea-floor
sediments and rocks. J Acoust Soc Am 63:366-377

Hiromatsu M, Matsumoto R, Machiyama H, Satoh M, YK10-08 Ship-
board Scientists (2011) High-resolution topographic features
of shallow gas hydrate field of Joetsu Basin, eastern margin of
Japan Sea. In: Proceedings of the 7th international conference on
gas hydrates ICGH 2011), Edinburgh, Scotland

Hiruta A, Snyder GT, Tomaru H, Matsumoto R (2009) Geochemical
constraints for the formation and dissociation of gas hydrate in
an area of high methane flux, eastern margin of the Japan Sea.
Earth Planet Sci Lett 279:326-339

Horai K (1971) Thermal conductivity of rock-forming minerals. J
Geophys Res 76:1278-1308

Horai K (1982) Thermal conductivity of sediments and igneous rocks
recovered during Deep Sea Drilling Project Leg 60. In: Hussong
DM, Uyeda S et al (eds) Initial reports of the DSDP, 60. United
States Government Printing Office, Washington, pp 807-834

Hyndman RD, Davis EE, Wright JA (1979) The measurement of
marine geothermal heat flow by a multipenetration probe with
digital acoustic telemetry and in situ thermal conductivity. Mar
Geophys Res 4:181-205

Johnson GR, Olhoeft GR (1984) Density of rocks and minerals. In:
Carmichael RS (ed) CRC handbook of physical properties of
rocks, vol III. CRC Press, Boca Raton, pp 1-38

Kakuwa Y et al (2013a) Description of sediments recovered dur-
ing the cruise of MD179 in the Japan Sea, from Joetsu Knoll to
southwest Hokkaido. J Japan Assoc Petrol Technol 78:104-112
(in Japanese with English abstract)

Kakuwa Y et al (2013b) Description of sediments recovered during
the cruise of MD179 in the Japan Sea, Umitaka Spur and its sur-
rounding area, off Joetsu. J Japan Assoc Petrol Technol 78:97—
103 (in Japanese with English abstract)

@ Springer

Kataoka S, Matsumoto R (2012) The physical and mechanical proper-
ties of sea-bottom sediments in the eastern margin of Japan Sea
by MD179. J Japan Assoc Petrol Technol 77:274-279 (in Japa-
nese with English abstract)

Katayama H, Nakajima T, Ikehara K (1994) Explanatory notes of
sedimentological map south of Sado Island. Marine geology map
series 44. Geological Survey of Japan, Tsukuba, Japan (in Japa-
nese with English abstract)

Kaye GWC, Laby TH (1995) Tables of physical and chemical con-
stants, 16th edn. Longman, Harlow

Kinoshita M (1994) Estimating of grain thermal conductivity in the
turbidite sediment of the Juan de Fuca Ridge. In: Mottl MJ,
Davis EE, Fisher AT, Slack JF (eds) Proceedings of the ODP,
scientific results, 139. Ocean Drilling Program, Texas A&M
University, College Station, pp 553-558

Kinoshita M, Goto S, Yamano M (1996) Estimation of thermal gradi-
ent and diffusivity by means of long-term measurements of sub-
bottom temperatures at western Sagami Bay, Japan. Earth Planet
Sci Lett 141:249-258

Lin WR, Fulton PM, Harris RN, Tadai O, Matsubayashi O, Tanikawa
W, Kinoshita M (2014) Thermal conductivities, thermal diffu-
sivities, and volumetric heat capacities of core samples obtained
from the Japan Trench Fast Drilling Project (JFAST). Earth Plan-
ets Space 66:48

Matsumoto R et al (2009) Formation and collapse of gas hydrate
deposits in high methane flux area of the Joetsu Basin, eastern
margin of Japan Sea. J Geogr 118:43-71 (in Japanese with
English abstract)

Matsumoto R, Hiromatsu M, Sato M, YK10-08 Shipboard Scientists
(2011) Fluid flow and evolution of gas hydrate mounds of Joetsu
Basin, eastern margin of Japan Sea: constraints from high-res-
olution geophysical survey by AUV. In: Proceedings of the 7th
international conference on gas hydrates ICGH 2011), Edin-
burgh, Scotland

Monzawa N, Kaneko M, Osawa M (2006) A review of petroleum sys-
tem in the deep water area of the Toyama Trough to the Sado
Island in the Japan Sea, based on the results of the METI Sado
Nansei Oki drilling. J Japan Assoc Petrol Technol 71:618-627
(in Japanese with English abstract)

Nakajima T et al (2014) Formation of pockmarks and submarine can-
yons associated with dissociation of gas hydrates on the Joetsu
Knoll, eastern margin of the Sea of Japan. J Asian Earth Sci
90:228-242

Osawa M, Wihardjo LU, Mitsuishi H, Muramoto K, Ishiyama Y
(2005) Application for new wireline formation evaluation
method to the sandstones of Shiiya Formation in the METI Sado
Nansei Oki wells. J Japan Assoc Petrol Technol 70:347-357
(in Japanese with English abstract)

Ratcliffe EH (1960) The thermal conductivities of ocean sediments. J
Geophys Res 65:1535-1541

Robie RA, Hemingway BS (1995) Thermodynamic properties of min-
erals and related substances at 298.15 K and 1 bar (10° pascals)
pressure and at higher temperatures. U S Geol Surv Bull 2131

Saeki T, Inamori T, Nagakubo S, Ward P, Asakawa E (2009) 3D
seismic velocity structure below mounds and pockmarks in the
deep water southwest of the Sado Island. J Geogr 118:93-110
(in Japanese with English abstract)

Sass JH, Stone C, Munroe RJ (1984) Thermal conductivity deter-
minations on solid rock—a comparison between a steady-state
divided-bar apparatus and a commercial transient line-source
device. J] Volcanol Geotherm Res 20:145-153

Shipboard Scientific Party (1997) Rough basement transect (site 1026
and 1027). In: Davis EE, Fisher AT, Firth JV et al (eds) Proceed-
ings of the ODP, initial reports, 168. Ocean Drilling Program,
Texas A&M University, College Station, pp 101-160


http://dx.doi.org/10.2204/iodp.proc.301.106.2005
http://dx.doi.org/10.2204/iodp.proc.301.106.2005
http://dx.doi.org/10.1029/2007JB005119
http://dx.doi.org/10.1029/2007JB005119
http://dx.doi.org/10.1029/2005GL024138

Mar Geophys Res (2017) 38:393—-407 407

Skauge A, Fuller N, Hepler LG (1983) Specific heats of clay minerals: Villinger HW, Langseth MG, Groschel-Becker HM, Fisher AT (1994)

sodium and calcium kaolinites, sodium and calcium montmoril- Estimating in situ thermal conductivity from log data. In: Mottl

lonites, illite, and attapulgite. Thermochim Acta 61:139-145 MJ, Davis EE, Fisher AT, Slack JF (eds) Proceedings of the
Tanikawa W et al (2016) Thermal properties and thermal structure in ODP, scientific results, 139. Ocean Drilling Program, Texas

the deep-water coalbed basin off the Shimokita Peninsula, Japan. A&M University, College Station, pp 545-552

Mar Petrol Geol 73:445-461 Von Herzen RP, Maxwell AE (1959) The measurement of thermal
Tarantola A (2005) Inverse problem theory and methods for model conductivity of deep-sea sediments by a needle-probe method. J

parameter estimation. Society for Industrial and Applied Math- Geophys Res 64:1557-1563

ematics, Philadelphia Woodside W, Messmer JH (1961) Thermal conductivity of porous
Tarantola A, Valette B (1982) Generalized nonlinear inverse prob- media. I. Unconsolidated sands. J Appl Phys 32:1688—-1699

lems solved using the least squares criterion. Rev Geophys

20:219-232

@ Springer



	Physical and thermal properties of mud-dominant sediment from the Joetsu Basin in the eastern margin of the Japan Sea
	Abstract 
	Introduction
	Geologic setting
	Dual-needle probe method
	Models of physical and thermal properties of marine sediment
	Density model
	Thermal conductivity model
	Heat capacity and specific heat models
	Thermal diffusivity model

	Measurements
	Sediment core samples recovered in the Joetsu Basin
	Measurements of thermal properties of marine sediment
	Measurements of physical properties

	Results
	Physical and thermal properties of mud-dominant sediment

	Grain density and grain thermal properties of marine sediment
	Relationship of thermal diffusivity and heat capacity to thermal conductivity of sediment
	Summary
	Acknowledgements 
	References


