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Abstract

Accurate surface heat flow data are required for a wide range of geological and geophysical applications. However, sediment
temperature measurements beneath the seafloor often involve large uncertainties owing to the influence of bottom-water
temperature (BWT) fluctuations. Previous studies reported apparently negative geothermal gradients in the Joetsu Basin of
the Japan Sea and suggested that BWT fluctuations disturbed sediment temperatures. To address this problem, we monitored
BWTs in the Joetsu Basin over a 2 year period to determine the depth at which the influence of BWT fluctuations on sediment
temperature becomes negligible. Combined with sediment thermal diffusivity data, we determined that the BWT fluctuations
can disturb sediment temperatures to a depth of 2 m. We obtained heat flow values of 81-88 mW m™~2 by measuring sediment
temperatures at depths >2 m using a 15 m long geothermal probe. The measured heat flow values are inversely correlated
with topography owing to the effect of topographic change on the geothermal structure near the seafloor. A two-dimensional
geothermal structure model was constructed to account for the topography, yielding an estimated regional background heat
flow of 85+6 mW m~2. This study provides two important guidelines for obtaining accurate surface heat flow data in marine
areas with large-amplitude BWT fluctuations: (1) quantitative information regarding BWT fluctuations and sediment thermal
diffusivity is required to evaluate the depth range to which BWT fluctuations affect sediment temperature; and (2) information
regarding the lithology and consolidation state of seafloor sediments is required for effective penetration using a long probe.
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Introduction

The flow of heat from the Earth’s deep interior to its
surface can be used to constrain subsurface geothermal
structures (e.g., Hamamoto et al. 2011; Harris et al. 2017;
Suenaga et al. 2018) and fluid flow regimes (e.g., Fisher
et al. 2005; Hutnak et al. 2006; Harris et al. 2020). Heat
flow is essentially the amount of thermal energy that
passes through a unit area over a unit time, and is calcu-
lated as the product of the vertical geothermal gradient and
thermal conductivity of the material over the depth inter-
val where the geothermal gradient is obtained. Geothermal
gradients in marine areas are generally calculated from
sediment temperatures obtained using a geothermal probe
(typically 3—5 m in length) with several sensors to measure
temperatures at different depths. The thermal conductivity
of sediment is measured in the laboratory on sediment core
samples (Von Herzen and Maxwell 1959; Sass et al. 1984;
Goto et al. 2017) or in situ (Hyndman et al. 1979; Villinger
and Davis 1987; Hartmann and Villinger 2002).

A critical aspect to obtaining reliable heat flow data in
marine areas is that the sediment temperature measure-
ments must be made under stable bottom-water tempera-
ture (BWT) conditions, such as in deep-sea areas. Seafloor
sediment temperatures temporally change in regions with
large BWT fluctuation amplitudes (e.g., shallow-sea areas),
which undermine the accuracy of heat flow measurements
(Davis et al. 2003). For example, numerous marine heat
flow data have been obtained in deep-sea areas around
Japan, whereas heat flow data in shallow-sea areas near
the coast remain limited (Tanaka et al. 2004). To evaluate
the effect of BWT fluctuations on the geothermal gradi-
ent, Yamano et al. (2014) monitored BWTs for more than
1 year at three stations in the Nankai accretionary prism
southeast of Kii Peninsula, southwest Japan. They indi-
cated that BWT fluctuations with a maximum temperature
change of 0.39 K can produce geothermal gradient errors
in the order of 20-30% using a 3 m-long geothermal probe
in areas with water depths of approximately 25002800 m.
The effect of BWT fluctuations on the geothermal gradient
measurements obtained using the same probe was reduced
to 10% at ~3300 m water depth, where a maximum tem-
perature change of 0.1 K was observed.

As BWT fluctuations propagate through sediment via
heat conduction, their amplitude decreases exponentially
with increasing depth below the seafloor (e.g., Carslaw
and Jaeger 1959). The penetration depth of BWT fluctua-
tions in sediment depends on the predominant fluctuation
period and thermal diffusivity of the sediment. Longer-
period BWT fluctuations penetrate deeper into sediment,
and BWT fluctuations propagate deeper into sediment with
higher thermal diffusivity (Goto et al. 2005). To obtain
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reliable heat flow measurements in marine areas where
the sediment temperature is affected by BWT fluctuations,
it is therefore necessary to either (i) measure sediment
temperatures at different depths where the effect of BWT
fluctuations has sufficiently attenuated or (ii) remove the
effect of BWT fluctuations from the sediment temperature
data obtained at different depths. In the former case, the
sediment temperatures undisturbed by BWT fluctuations
can be measured in a borehole (e.g., Harris et al. 2011).
However, this method is generally difficult to apply owing
to high drilling costs. In the latter case, sediment tempera-
tures undisturbed by BWT fluctuations can be obtained
by monitoring both bottom-water and sediment tempera-
tures over a long period and by removing the BWT fluc-
tuation effect from the sediment temperatures. Although
this method is useful for obtaining reliable heat flow data,
a special instrument is required to simultaneously meas-
ure bottom-water and sediment temperatures over a long
period of time, such as that developed by Kinoshita et al.
(1996) and Hamamoto et al. (2005), which limits the num-
ber of heat flow measurements. Heat flow can also be indi-
rectly estimated from seismic profiles that show bottom-
simulating reflectors (BSRs) associated with gas hydrates
(Yamano et al. 1982; Hyndman et al. 1992). Although
this approach is useful for estimating heat flow over a
wide area where BSRs are observed on a seismic profile,
the estimated heat flow has a relatively large uncertainty
(Grevemeyer and Villinger 2001).

In this study, we propose a method to obtain heat flow
at the seafloor (hereafter, surface heat flow) that is undis-
turbed by BWT fluctuations, by measuring sediment tem-
peratures using a long geothermal probe that is lowered
from a research vessel to deep sub-bottom depths where the
effect of BWT fluctuations has sufficiently decayed. The sub-
bottom depth at which sediment temperatures are affected
by BWT fluctuations is evaluated using a time-series of
BWT data obtained in the area. Surface heat flow is cal-
culated from the sediment temperatures measured at depth
where the effect of BWT fluctuations is sufficiently negligi-
ble. The application of multi-penetration (i.e., pogo-style)
measurements permits reliable surface heat flow data to be
efficiently obtained. This method was applied in the Joetsu
Basin (Fig. 1) in the eastern margin of the Japan Sea where
negative geothermal gradients were reported (Machiyama
et al. 2009), likely owing to BWT fluctuations, to investigate
the heat flow supplied from substantial depth (i.e., regional
background heat flow) and to infer the geothermal structure
of the basin. Sediment temperatures were measured using
a 15 m long geothermal probe. Bottom-water temperatures
were measured over a 2 year period to evaluate the depth to
which BWT fluctuations disturb the sediment temperature,
and surface heat flow values undisturbed by BWT fluctua-
tions were successfully obtained.
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Fig. 1 Location of the Joetsu
Basin in the eastern margin

of the Japan Sea. Bathymetric
data are from Kisimoto (2000).
Rectangle shows the study area.
Detailed bathymetry of the area
is shown in Fig. 2. The thick
solid line crossing the study
area indicates part of the METI
2D seismic survey line (Japan
National Oil Corporation 2003).
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We first present the results of the long-term BWT mon-
itoring study and evaluation of the effect of BWT fluc-
tuations on the temperature of sediment near the seafloor
in the Joetsu Basin. We then show the surface heat flow
results determined from undisturbed sediment tempera-
ture data obtained using a 15 m long geothermal probe.
The obtained surface heat flow values seem to inversely
correlate with topography owing to topographic effects
on the geothermal structure near the seafloor (e.g., Gan-
guly et al. 2000; He et al. 2007). We estimate a range of
regional background heat flow values supplied from deep
in the basin by creating a two-dimensional (2D) geother-
mal structure model that considers topographic change
using the measured seafloor heat flow values as thermal
constraints at the seafloor. We present two important
guidelines for obtaining accurate surface heat flow data
in marine areas with large-amplitude BWT fluctuations
using a long geothermal probe.

In the present study, we demonstrated that reliable
surface heat flow data undisturbed by BWT fluctuations
are obtained by penetrating a long geothermal probe into
sediment in the Joetsu Basin where large-amplitude BWT
fluctuations were observed. This method can be used for
efficient measurement of heat flow in marine areas where
BWT fluctuations prevent reliable measurement of heat
flow, such as shallow sea areas near the coast.

Geologic setting

The Japan Sea is a semi-isolated, back-arc basin sur-
rounded by the Japan island arc and Eurasian continent
(Fig. 1). The Japan Sea opened between 32 and 10 Ma
(Tamaki et al. 1992; Jolivet et al. 1994), at which time
subsidence occurred in the sea and its margins (Ingle
1992). The basin is filled with thick sediments including
good petroleum source rocks (Suzuki 1989; Muramoto
et al. 2007). The eastern margin of the Japan Sea has been
subjected to E-W compressional stress since the Pleisto-
cene (Tamaki et al. 1992; Jolivet et al. 1994), and a series
of NE- to SW-trending anticline-syncline systems have
formed along its eastern margin (Okamura et al. 1995).
The Joetsu Basin (Fig. 1) is located to the west of a major
oil and gas field along the coast of the Japan Sea in north-
eastern Japan and is expected to be potentially rich in fuel
resources (Osawa et al. 2005; Monzawa et al. 2006, 2011;
Okui et al. 2008; Nguyen et al. 2016). Six major formations
of mainly mudstone and sandstone have been identified
above the Green Tuff, supposedly from the regional vol-
canic basement in the basin: the Nanatani Formation (Early
to Middle Miocene); Lower Teradomari Formation (Middle
Miocene); Upper Teradomari Formation (Late Miocene);
Shiiya Formation (Early Pliocene); Nishiyama Formation
(Late Pliocene to Pleistocene); and Haizume Formation
(Pleistocene) (Muramoto et al. 2007; Okui et al. 2008). The
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basin is characterized by two major topographic features
formed by asymmetric anticline structures (Fig. 2). One
is a spur that sticks out from the continental slope, called
the Umitaka Spur; the other is an isolated NE-SW-trending
knoll, named the Joetsu Knoll, located 810 km northwest
of the Umitaka Spur. Several mounds (diameter ~450 m;
relative elevation ~30 m) and pockmarks (diameter ~ 600 m;
relative depth ~50 m) occur on the summit areas of the
Umitaka Spur and Joetsu Knoll (Matsumoto et al. 2009;
Saeki et al. 2009; Freire et al. 2011). Seismic profiles across
the Umitaka Spur and Joetsu Knoll reveal weak or blanking
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Fig.2 Surface heat flow distribution in the Joetsu Basin. Bathymetric
data are from Hiromatsu et al. (2011). Diamonds and circles represent
the surface heat flow measurement positions in the present study and
by Machiyama et al. (2009), respectively. The symbol colors repre-
sent surface heat flow values. Values close to the symbols are in units
of mW m™. The surface heat flow data by Machiyama et al. (2009)
are those that were unlikely disturbed by BWT fluctuations. Closed
triangles represent the positions of sediment core samples used for
the thermal conductivity measurements (Goto et al. 2017). Positions
of the wells (Toyama 1985; Japan Oil, Gas and Metals National Cor-
poration 2005) and long-term bottom-water temperature monitoring
(WT) are represented by the gray squares and black circle, respec-
tively. The solid line shows the METI 2D seismic survey line (Japan
National Oil Corporation 2003). The red interval on the line was used
for geothermal modeling in the present study
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reflections below the mounds and pockmarks, indicating
upward fluid migration controlled by the anticlinal fault sys-
tem (Muramoto et al. 2007; Matsumoto et al. 2009; Saeki
et al. 2009; Freire et al. 2011; Nakajima et al. 2014). BSRs
have been identified on seismic profiles obtained from the
Umitaka Spur and Joetsu Knoll (Matsumoto et al. 2009;
Saeki et al. 2009; Freire et al. 2011; Nakajima et al. 2014).
Gas hydrates in mud-dominant sediment have been recov-
ered in and around the mounds and pockmarks (Matsu-
moto et al. 2009; Hachikubo et al. 2015). Active cold seep
sites with biological communities, outcrops of massive gas
hydrates, and active methane gas seeps have been observed
on several mounds on the Umitaka Spur and Joetsu Knoll
(Matsumoto et al. 2009).

Machiyama et al. (2009) intensively measured surface
heat flow in the Joetsu Basin to investigate the pore fluid
flow in sediment associated with cold seep activity in the
basin. Prior to heat flow measurements by Machiyama
et al. (2009), heat flow data were unavailable in the Joetsu
Basin. Machiyama et al. (2009) used two types of geother-
mal probes to measure the geothermal gradient: (i) a piston
corer with several small temperature loggers mounted on
the barrel of several meters in length; and (ii) a stand-alone
heat flow meter (SAHF) with five thermistors inside a probe
of 60 cm in length (Kinoshita et al. 2006). The SAHF was
developed to measure sediment temperatures using a sub-
mersible. Machiyama et al. (2009) used these instruments
and obtained surface heat flow values ranging from 65 to
106 mW m™2 in areas without active cold seep sites in the
Joetsu Basin, and high surface heat flow values of > 150
mW m~2 were obtained at the active cold seep sites on the
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Fig.3 a Time-series BWT records (June 18, 2010 to May 25, 2012)
obtained at station WT on the Joetsu Knoll (Fig. 2). b Expansion of
the BWT records (June 1, 2011 to August 1, 2011)
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Umitaka Spur and Joetsu Knoll. Machiyama et al. (2009)
suggested that advective heat transport owing to upward
fluid flow contributed to produce the high surface heat flow
values. On the contrary, negative temperature profiles were
observed at and around the active cold seep sites on the
Umitaka Spur and Joetsu Knoll using the SAHF. Machiyama
et al. (2009) suggested that the negative temperature profiles
were caused by large-amplitude BWT fluctuations.

Sediment temperature disturbances due
to BWT fluctuations

To monitor the BWT fluctuations, a water temperature
recorder NWT-DN (NiGK Corporation, Kawagoe, Japan)
was deployed at the summit area of the Joetsu Knoll (Station
WT in Fig. 2) on June 17, 2010 and recovered on May 26,
2012 using a remotely operated vehicle. The accuracy and
resolution of the logger are 0.05 and 0.001 K, respectively.
The sampling interval was set to 20 min. 2 years of BWT
data were thus obtained (Fig. 3). The recorded BWT values
show long-period fluctuations with sudden large-amplitude
changes (~0.11 K), likely reflecting the replacement of bot-
tom-water mass. Such long-period and large-amplitude fluc-
tuations are characteristic for conditions that tend to substan-
tially disturb the sediment thermal field below the seafloor.

We calculated the sediment temperature variations
expected from the observed BWT fluctuations to evaluate
the effect of BWT fluctuations on the sediment thermal field
in the Joetsu Basin. We assumed semi-infinite sediment with
uniform thermal properties. As a boundary temperature
condition, we applied a series of step functions that could
approximate non-periodic, sudden, large-amplitude BWT
changes. Sediment temperature is expressed by the follow-
ing analytical solution (Carslaw and Jaeger 1959; Goto and
Yamano 2010):

where 7(z, t,) is the sediment temperature at depth z below
the seafloor at time ¢,;, T} is the average BWT, G is the geo-
thermal gradient, AT; is the temperature change relative to
T, in the time between #;_; and ¢, prior to t,,, k, is the thermal
diffusivity of the sediment, and erfc(x) is the complimentary
error function defined as:

2 x
=1—-— _EZ
erfc(x) =1 = fo e~ d¢ )

To evaluate the effect of BWT fluctuations on the sedi-
ment temperature, we assumed G =100 mK m~ and
k,=2.39x 10”7 m? 57!, which is the average thermal diffu-
sivity of sediment at a depth of 0-5 m in the Joetsu Basin
(Goto et al. 2017).

Figure 4 shows synthetic sediment temperatures at various
depths calculated from the assumed G and k, values along-
side the observed BWT fluctuations. The sediment tempera-
tures reflect values after the BWT fluctuation effect arrived at
those depths. Figure 5 shows synthetic sediment temperature
profiles at various times. These figures demonstrate signifi-
cant thermal disturbances of up to 0.02 K owing to the BWT
fluctuations at depths of 1.5 m below the seafloor. However,
the thermal disturbance is less than 0.02 K for synthetic tem-
peratures deeper that 2 m below the seafloor. The modeling
shows a potential error range of —63% to +75% for the geo-
thermal gradient calculated from sediment temperatures down
to 60 cm below the seafloor, — 19% to +23% for the gradient
calculated from temperatures down to 2 m below the seafloor,
+7% for the gradient calculated from temperatures down to
5 m below the seafloor, and +2% for the gradient calculated
from temperatures in the depth range of 2-5 m below the
seafloor. The results indicate that sediment temperatures must
be measured at several points at a depth greater than 2 m to
obtain a geothermal gradient without thermal disturbances
owing to BWT fluctuations in the Joetsu Basin.
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Fig.5 a Temporal variation of
sediment temperature pro-
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Surface heat flow measurements

To investigate the distribution and formation mechanism of
gas hydrates in mud-dominant sediments at relatively shal-
low depths below the seafloor, the MD179 cruise was carried
out in June 2010 using the French research vessel Marion
Dufresne in the Joetsu Basin. Surface heat flow measurements
were conducted at seven stations aligned along the METI 2D
seismic survey line (Japan National Oil Corporation 2003),
which crosses the southwestern part of the Joetsu Knoll and
northern to northeastern part of the Umitaka Spur (Fig. 2).
Several cold seep activities were observed on the seafloor of
the Joetsu Knoll and Umitaka Spur (Matsumoto et al. 2009).
Fluid migrations in and around such cold seep sites should
affect local geothermal structure. To avoid possible thermal
disturbance by migrating fluid, we carried out surface heat
flow measurements in areas without cold seep activity.
Sediment temperatures for calculating surface heat flow
were measured using a giant sediment core sampler of the
R/V Marion Dufresne, as shown in Fig. 6. A 15 m long
geothermal probe was prepared by welding a conical steel
to one side of a core barrel; thus no sediment was recovered
by the penetration. Seven miniaturized temperature data log-
gers (ANTARES Datensysteme GmbH, Stuhr, Germany; see
Pfender and Villinger (2002) for a detailed description) were
attached to the probe at an interval of 2 m. The geothermal
probe was connected to a weight head of 4.5 or 2.5 t for
penetration into the sediment. The tilt was measured dur-
ing the probe penetration to correct the sensor depth using
a tilt meter (Model FL-300-0002, Kaiyo Denshi Co., Ltd.,
Tsurugashima, Japan). During the MD179 cruise, two probe
penetrations were conducted in a pogo-style fashion at each
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station. The BWT values were measured using the tempera-
ture data loggers of the probe prior to penetration into the
sediment. Frictional heat due to the probe penetration into
the sediment was corrected using the linear regression of
temperature versus the inverse time elapsed since the probe
penetration (Hyndman et al. 1979). We obtained sediment
temperature profiles with a geothermal gradient in the range
of 88-97 mK m™! (Fig. 7; Table 1). Unfortunately, tempera-
ture data were not obtained from the two upper data loggers
at stations HF1 and HF2.

We estimated sub-bottom depths of the individual tem-
perature loggers assuming that (i) the BWT values were sta-
ble and (ii) the average BWT value measured prior to probe
penetration was equal to the temperature on the seafloor.
The estimation procedures were as follows. We first linearly
extrapolated the sediment temperature profile to the seafloor.
We then found the topmost temperature logger depth where
the extrapolated temperature equaled the average measured
BWT. The sub-bottom depths of the other temperature log-
gers were then calculated. The estimated sensor depths were
greater than 2.3 m below the seafloor (Fig. 7). The maxi-
mum depth of the sediment temperature measurements was
estimated to be 16.3 m below the seafloor, indicating that
the penetration of the probe into the sediment reached the
lower part of its weight head because of its heavy weight.
However, the BWT values obtained in the Joetsu Basin fluc-
tuated (Fig. 3), indicating inconsistency with assumption
(i) that the BWTs were stable. We evaluated the uncertain-
ties of the sensor depths using the standard deviation of the
BWT fluctuation (0.018 K) as ~0.20 m by applying the same
estimation procedure explained above. As shown in Fig. 4,
sediment temperatures at depths less than 2 m below the
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Fig.6 Schematic illustration of the 15 m long geothermal probe used
in this study

Fig.7 Sediment temperature
profiles obtained in the Joetsu ~>

seafloor are expected to be disturbed by BWT fluctuations
in the Joetsu Basin. By considering the uncertainty of the
estimated sensor depth, all of the sediment temperatures in
Fig. 7 can be used to calculate the surface heat flow undis-
turbed by BWT fluctuations.

The Joetsu Basin may have longer-period BWTs that can-
not be detected from the 2 years of BWT monitoring. If there
are such longer-period BWT fluctuations with large ampli-
tudes in the basin, sediment temperatures at depths greater
than 2 m below the seafloor will be affected by the fluc-
tuations, and sediment temperatures measured with a long
geothermal probe will show a non-linear profile. Sediment
temperatures measured with a 15 m long geothermal probe
in the present study show almost linear profiles (Fig. 7), sug-
gesting that there was no or little effect of longer-period
BWT fluctuations on the sediment temperatures.

Thermal properties, such as thermal conductivity, heat
capacity, thermal diffusivity, and index properties, such as
porosity, density, of the sediment were measured from core
samples recovered at eight stations (Fig. 2) using the R/V
Marion Dufresne corer during the MD179 cruise (see Goto
et al. (2017) for more details). The obtained thermal conduc-
tivity data showed large variability. The thermal conductivity
of the sediment near the seafloor was found to be approxi-
mately 0.8 W m~' K™!, and to increase with depth, reach-
ing~1.0 W m™! K! at a depth of 30 m below the seafloor.
Porosity decreases exponentially with depth over the same
depth interval, whereas bulk density increases. The observed
increase in thermal conductivity and bulk density can be
explained by compaction owing to sediment accumulation
(Goto et al. 2017).

The sediment thermal conductivity data by Goto et al.
(2017) were used to calculate surface heat flow. The Bullard
plot method (Bullard 1939) was applied to account for the
change of thermal conductivity with depth in the surface heat
flow calculation (see Appendix for calculation details). The
calculated surface heat flow values range from 81 to 88 mW
m~2 (Table 1). Two heat flow values obtained at each station
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Table 1 Heat flow measurements during the MD179 cruise

Station D (m) N G (mK m™) Q (mW m™)
MD179 HF1A 1030 5 88.9+0.1 83.0+4.5
MD179 HF1B 1030 5 88.2+0.0 82.2+4.5
MD179 HF2A 1094 5 90.5+0.1 87.3+5.0
MD179 HF2B 1094 5 92.2+0.0 85.5+4.8
MD179 HF3A 1046 7 90.8+0.2 83.8+2.6
MD179 HF3B 1046 7 91.2+0.1 84.7+2.6
MD179 HF4A 1186 7 89.3+0.4 84.0+2.7
MD179 HF4B 1186 7 92.6+0.1 85.2+2.5
MD179 HF5A 1016 7 91.8+0.1 81.1+2.4
MD179 HF5B 1016 7 93.7+0.1 83.7+2.4
MD179 HF6A 1215 7 94.6+0.2 88.0+2.5
MD179 HF6B 1215 7 96.6+0.1 87.6+2.4
MD179 HF7A 1418 7 94.1+0.2 86.7+2.5
MD179 HF7B 1418 7 96.9+0.1 87.5+2.4

D water depth, N number of temperature data used for the heat flow
calculation, G geothermal gradient, Q heat flow calculated by taking
account for an increase in sediment thermal conductivity with depth

are in good agreement with each other. The relatively large
standard deviation values were derived from the uncertain-
ties of the sensor depths and thermal conductivity data with
large variability.

The distribution of surface heat flow along the METI 2D
seismic profile is represented in Fig. 8. Except for station
HF1, the surface heat flow values seem to inversely cor-
relate with topography; surface heat flow is relatively high
near the base of the slope of the Joetsu Knoll and Umitaka
Spur and relatively low on the Joetsu Knoll and Umitaka
Spur. Because of topographic effects on the subsurface
thermal structure, the conductive heat flow focuses (defo-
cuses) over concave (convex) topographic regions, result-
ing in apparently higher (lower) surface heat flow values
(Lachenbruch 1968; Blackwell et al. 1980; He et al. 2014).
The surface heat flow variation (except for station HF1,
which is discussed below) can therefore be attributed to
topographic changes.

Station HF1 is located at the base of a steep scarp (Fig. 2)
and its surface heat flow value is expected to be relatively
high owing to the topographic effect on heat flow on the
seafloor; nevertheless, low surface heat flow values were
obtained (Fig. 8; Table 1). The seismic profile in Fig. 8 sug-
gests a sediment supply from the scarp to the seafloor around
station HF1. Rapid sediment accumulation at the seafloor is
known to reduce surface heat flow (Hutchison 1985; Wang
and Davis 1992). Such sedimentation effects are therefore
likely to be the cause of the low surface heat flow values at
station HF1.

95 _NW SE
o HF7  HF6
3 T 90- (a) é 1 e HF4 HF3 HF1 L
52 %] A
= £ 80+ HF2
75
(b) I¢—————— Thermal structure modeling =——————————3{
Northern to northeastern
slope of Umitaka Spur
Joetsu Knoll
Nishiyama F.
Shiya F.
Upper Teradomari F.
Lower Teradomari F.
» ‘Nanatani‘;’, =
T Green Tuff

Fig. 8 Relationship between topographic features and measured sur-
face heat flow values along the METI 2D seismic survey line (Japan
National Oil Corporation 2003). The location of the survey line is
indicated in Figs. 1 and 2. a Surface heat flow distribution along the
seismic survey line. Station names for surface heat flow measure-
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ments are indicated. b METI 2D seismic profile with its interpreta-
tion based on Muramoto et al. (2007). Vertical axis indicates two-way
travel time. The geothermal structure modeling interval is indicated
by a double-headed arrow. ¢ Expansion of METI 2D seismic profile
near the seafloor around station HF1
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Evaluation of the effects of BWT fluctuations
on existing surface heat flow data
in the Joetsu Basin

As mentioned, Machiyama et al. (2009) measured surface
heat flow in the Joetsu Basin using two types of geother-
mal probes; however, the effect of BWT fluctuations was
not evaluated because of the lack of such observation. We
evaluated the effect of BWT fluctuations on the Machiy-
ama et al. (2009) surface heat flow data considering two
criteria to select geothermal gradients that could not have
been disturbed by BWT fluctuations: (i) at least three sedi-
ment temperatures were measured at depths greater than
2 m below the seafloor; and (ii) the temperature profile,
including temperatures measured at depths shallower
than 2 m below the seafloor, is linear. According to these
criteria, all of the temperatures measured using a SAHF
were likely disturbed by BWT fluctuations because of
the short probe length (60 cm). Surface heat flow data
obtained using a SAHF were thus not used in this study.
For the geothermal gradient data measured by Machiy-
ama et al. (2009) using a piston corer, eight measurements
collected on and around the Umitaka Spur satisfied the
criteria (Fig. 2). In these measurements, the piston corer
barrel penetrated the sediment to a depth of ~5 m below
the seafloor. These surface heat flow values are equal to
or are greater than those measured in the present study. A
high surface heat flow value (101 mW m~2) was obtained
at the base of the steep western slope of the Umitaka
Spur (Fig. 2), which likely reflects the topographic effect.
Another high surface heat flow value in the basin floor
west of the Umitaka Spur (95 mW m™) was also likely
produced by the topographic effect because the measure-
ment position is close to the steep western slope of the
Umitaka Spur. Variable surface heat flow values (81-105
mW m~2) were obtained at and around the cold seep sites
in the summit area on the Umitaka Spur. Local advec-
tive heat transport owing to local pore fluid flow in the
sediment associated with cold seep activity might result
in such variation of surface heat flow values.

Estimation of the regional background heat
flow in the Joetsu Basin

Surface heat flow data obtained in this study do not rep-
resent the regional background heat flow from deep in the
basin owing to the topographic effect (Fig. 8). Lachen-
bruch (1968) presented a 2D analytical solution for calcu-
lating surface heat flow disturbed by topographic change
that can be used to correct for the topographic effect.

However, the correction is limited to areas with simple
topography and the accuracy is insufficient for calculat-
ing surface heat flow disturbed by complicated topography
(e.g., Ganguly et al. 2000; He et al. 2007).

To investigate the regional background heat flow in the
Joetsu Basin, we created a 2D finite element geothermal
structure model that involves the topographic change and
subsurface structure of the METI 2D seismic survey line in
the basin (Figs. 2 and 8). The model was used to calculate
the distribution of topographically disturbed surface heat
flow at the seafloor by assigning various heat flow values
to the bottom boundary of the model. COMSOL Mul-
tiphysics® software (COMSOL AB, Stockholm, Sweden)
was used to calculate the geothermal structure and surface
heat flow. The regional background heat flow in the Joetsu
Basin was estimated by comparing the calculated surface
heat flow distribution and measured surface heat flow val-
ues. The surface heat flow data obtained at station HF1
were not used because of the possible sedimentation effect,
as discussed previously. The surface heat flow data likely
undisturbed by BWT fluctuations obtained by Machiyama
et al. (2009) were also not used because the topography
of the measurement positions differed from those in the
northern to northeastern part of the Umitaka Spur where
the METI 2D seismic survey line is located (Fig. 2).

Structural model and boundary conditions

Figure 9 shows the 2D model used in the present study to
calculate the geothermal structure and surface heat flow
based on the topography and structure of the METI 2D
seismic profile (Fig. 8b). A seawater P-wave velocity of
1474 m s™! is assumed to calculate the water depth (Japan
Oil, Gas and Metals National Corporation 2005). A time-
depth conversion curve determined by vertical seismic
profiling conducted at wells A and B (Japan Oil, Gas and
Metals National Corporation 2005) was used to convert the
two-way travel times to a depth below the seafloor for each
formation boundary. No information is available regarding
the bottom boundary of the Green Tuff along the seismic
profile. We therefore assumed that the Green Tuff occurs
below the Nanatani Formation and the bottom boundary
of the model was set to be sufficiently deep (Fig. 9b). The
finite elements for the geothermal structure modeling are
shown in Fig. 9c.

For the model boundary conditions, the seafloor was
fixed as the top boundary with a constant temperature of
0 °C, and both sides of the model were assumed to be
adiabatic. Various heat flow values were set to the bottom
boundary of the model as the regional background heat
flow.
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Fig.9 Two-dimensional NW

[ Haizume and Nishiyama Fs.

structural model for geother- (@)
mal structure and surface heat
flow calculations. a Magnified
view of the structural model.
Boundaries between the Hai-
zume Formation and Nishiyama
Formation and between the
Lower Teradomari Formation
and Nanatani Formation are
indicated by thin dashed lines.
b Full view of the structural
model. ¢ Finite elements for
geothermal structure modeling
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Fig. 10 Vertical porosity distribution measured from samples recov-
ered during the MD179 cruise (Goto et al. 2017) and at well C (Toy-
ama 1985). Dotted horizontal lines show the formation boundaries.
Solid and dashed curves represent the porosity models for the calcu-
lation of thermal conductivity in the formations

Physical properties model

The thermal conductivity of sediment to a depth of 34 m
below the seafloor in the Joetsu Basin was measured
from sediment core samples recovered during the MD179
cruise (Goto et al. 2017). However, thermal conductivity
data are not available below 34 m. The thermal conductiv-
ity of sediment for the geothermal structure modeling was
therefore calculated using existing porosity data and an
empirical relationship between the porosity and thermal
conductivity of sediment.
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Porosity model

Figure 10 shows the vertical porosity distribution meas-
ured from samples recovered during the MD179 cruise
(Goto et al. 2017) and at well C (Toyama 1985). The
porosity data by Goto et al. (2017) were obtained to a
depth of 36 m below the seafloor. Porosity data were
obtained at well C at a depth interval between 572 and
3081 m below the seafloor (Fig. 10). Thus, porosity data
are presently unavailable for depths 36-572 m below the
seafloor. The dominant lithology of the Haizume Forma-
tion and Nishiyama Formation is mud. We assumed that
the porosity of the formations decreases exponentially
with depth and found that the vertical porosity distribu-
tion can be modeled by

¢(Z1) = 0.718¢=107x107, 3)

where z; is the depth from the seafloor and ¢ (z;) is the
porosity of sediment at depth z;. The modeled porosity dis-
tribution for the Haizume Formation and Nishiyama For-
mation is plotted as a thick solid line in Fig. 10. For the
Shiiya, Lower Teradomari, and Nanatani formations, which
are composed of mud, sand, and tuff, we applied a porosity
model by fitting the porosity data of the formations (dashed
curve in Fig. 10) to

¢ (z5) = 0.237¢7256x107 @)

where z, is the depth from the top of the Shiiya Formation
and ¢ (z,) is the sediment porosity at depth z,. The Upper
Teradomari Formation has a dominant lithology of mud
(Muramoto et al. 2007) and occurs between the Shiiya and
Lower Teradomari formations. We used the porosity model
(Eq. (4)) to estimate the porosity of the Upper Teradomari
Formation.
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Porosity data are also not available for the Green Tuff. We
therefore assumed that the Green Tuff has uniform porosity
and used an average porosity value (11.1%) of rock samples
from the Green Tuff regions in eastern Japan (Deguchi et al.
1996).

Thermal conductivity model

The thermal conductivity of the subsurface material for geo-
thermal structure modeling was calculated from the poros-
ity model (Fig. 10) using an empirical relationship between
porosity and sediment thermal conductivity following the
geometric mean model, as proposed by Woodside and Mess-
mer (1961). The geometric mean model approximates the
relationship between the porosity and thermal conductivity
of sediment using the following formula:

— 1-
K, = Kj;Kg 4 5)

where K is the thermal conductivity of sediment, ¢ is the
sediment porosity, K,, is the thermal conductivity of seawa-
ter that fills the pore spaces in sediment, and K, is the ther-
mal conductivity of the sediment grains. Goto et al. (2017)
estimated K, to be 2.76 W m~' K~! by assuming a thermal
conductivity of seawater (K,,) of 0.596 W m K! (Kaye and
Laby 1995)) and fitting Eq. (5) to the porosity and thermal

NW

conductivity data for mud-dominant sediment in the Joetsu
Basin. This K, value was therefore also used to calculate the
thermal conductivity in the Haizume, Nishiyama, and Upper
Teradomari formations in the present study.

The Shiiya, Lower Teradomari, and Nanatani formations
have lithologies consisting of an aggregate of mud, sand,
and tuff. Thermal conductivity data are not available for
sediment grains of this lithology. The K, of the formations
was therefore assumed to be an arithmetic mean of the K,
values of mud-dominant sediment (2.76 W m™' K!; Goto
et al. 2017) and sandy sediment (3.54 W m~! K™!), which
was estimated for sandy sediment in the eastern flank of the
Juan de Fuca Ridge by Goto and Matsubayashi (2009).

The K, of the Green Tuff was assumed to be 3.59 W
m™! K, which is an average value reported for rock samples
obtained in the Green Tuff regions in eastern Japan (Deguchi
et al. 1996).

We applied the Sekiguchi model (Sekiguchi 1984) to
account for the temperature dependence of K, for any lithol-
ogy. The thermal conductivity of the pore fluid in sediment
was assumed to be 0.596 W m~! K.

Regional background heat flow in the Joetsu Basin

We calculated surface heat flow from the geothermal struc-
ture model by setting various constant heat flow values at

SE

Assumed regional

Heat flow
(mW m=)

background heat flow
. 91 mW m=

l«— 85 MW m=

¥~ 79 mW m=2

Fig. 11 Surface heat flow distribution and geothermal structure along
the METI 2D seismic profile. a Surface heat flow values measured
during the MD179 cruise and surface heat flow distributions calcu-
lated from the geothermal structure models with three regional back-
ground heat flow values, which well describe the measured values.
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Station names for surface heat flow measurements are indicated.
b Geothermal structure for an assumed regional background heat
flow value of 85 mW m™2. Isotherms are indicated as thin solid lines.
Thick solid and thin dashed lines indicate the formation boundaries
shown in Fig. 9
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the bottom boundary of the model and visually searching
the range of regional background heat flow values that
can explain those obtained during the MD179 cruise. We
found that the measured surface heat flow distribution can
be explained by a regional background heat flow value of
85+6 mW m~ (Fig. 11a). Figure 11b shows the geothermal
structure calculated using a background heat flow of 85 mW
m~2. The geothermal structure near the seafloor is controlled
by the seafloor topography; for example, a 50 °C isotherm
is sub-parallel to the seafloor. The topographic effects on
the geothermal structure decrease with increasing depth
below the seafloor. The thermal structure becomes increas-
ingly influenced by the geological structure with depth. The
100 and 150 °C isotherm depths increase from southeast to
northwest. In contrast, the 200 °C isotherm depth increases
from northwest to southeast. These isotherms are likely con-
trolled by the thickness of the sedimentary rock above the
Green Tuff and the top depth of the Green Tuff, which has a
higher thermal conductivity than the overlying sedimentary
rock.

We evaluated the effects of the assumed sediment ther-
mal conductivity model on the calculation of the geothermal
structure model and surface heat flow using K|, values + 10%
of the originally assumed values. The evaluation indicates
that the geothermal structure model indeed depends on K,;:
applying 10% lower K|, resulted in a higher geothermal struc-
ture model than that calculated using the originally assumed
values. The temperature difference between these geother-
mal structure models increases with depth, reaching~13.1 K
on the top of the Green Tuff on the northwestern side of the
model. The opposite results were obtained for K, values 10%
higher than the originally assumed values. In this case, the
calculated geothermal structure was lower than the origi-
nally calculated structure, and the temperature difference
reached ~ 11.6 K on the top of the Green Tuff on the north-
western side of the model. However, surface heat flow values
calculated from the geothermal structure models using K,
values + 10% of the originally assumed values were nearly
the same as those calculated from the originally calculated
geothermal structure model. This indicates that the thermal
conductivity models have less of an effect on the estimation
of regional background heat flow.

We calculated the regional background heat flow, geo-
thermal structure, and surface heat flow expected from the
geothermal structure for the Joetsu Basin. These provide
geothermal constraints on other geophysical, geochemical,
biological, and geological factors in the basin. For example,
basin modeling is required to infer petroleum systems (e.g.,
Hantschel and Kauerauf 2009). The regional background
heat flow provides a constraint on the present-day heat flow
for constructing historical heat flow models of the basin to
infer the generation, migration, and accumulation of oil and
gas. The geothermal structure can be used to investigate
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gas hydrate stability (e.g., Dillon and Max 2000), subsea-
floor microbial ecosystems (Heuer et al. 2020), and the
present-day generation depths of oil and gas (Hunt 1996).
In areas with locally upward pore fluid flow in sediment,
higher surface heat flow can be expected to be measured.
However, higher relative surface heat flow can be measured
in areas with concave topographic changes (Lachenbruch
1968; Blackwell et al. 1980), even if upward pore fluid flow
does not occur in the sediment. Surface heat flow values
expected from a geothermal structure model that considers
topographic changes provide a baseline surface heat flow for
investigating advective heat transport owing to local pore
fluid flow in sediment.

Discussion

Surface heat flow measurement in areas
with significant BWT fluctuations

In the present study, the depth at which the effect of BWT
fluctuations on the sediment temperature decays was evalu-
ated using long-term BWT fluctuation data. Surface heat
flow values undisturbed by the BWT fluctuations were suc-
cessfully determined from sediment temperatures measured
at depths deeper than the critical depth using a 15 m long
geothermal probe.

There are two requirements to accurately measure surface
heat flow using a long geothermal probe in marine areas with
significant BWT fluctuations. One is that the penetration
of a long geothermal probe depends on the lithology and
consolidation state of the sediment. For example, increasing
the volume fraction of sand in sediment impedes the probe
penetration, and the geothermal probe cannot penetrate con-
solidated sediment. Surface heat flow measurements using a
long geothermal probe are possible in areas covered by soft
sediment, such as the mud-dominant sediment in the Joetsu
Basin. The other requirement is that information regarding
BWT fluctuations and sediment thermal diffusivity in the
survey area are required to evaluate the depth at which the
sediment temperature is thermally affected by BWT fluctua-
tions. This depth depends on the amplitude and frequency
of the BWT fluctuations and sediment thermal diffusivity
(Carslaw and Jaeger 1959; Goto et al. 2005). The informa-
tion can also be used for the special design of instruments,
such as an optimized geothermal probe length, to measure
surface heat flow undisturbed by BWT fluctuations.

Effect of thermal disturbance owing to topographic
changes using a 2D geothermal structure model

Surface heat flow values obtained along a 2D seismic survey
line in the Joetsu Basin showed thermal disturbances owing
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to topographic changes (Fig. 11). We estimated the regional
background heat flow in the basin by comparing the surface
heat flow distributions calculated from a 2D geothermal
structure model using various constant heat flow values at
the lower boundary and measured heat flow values at the
seafloor (Fig. 11).

The effect of topography on surface heat flow depends on
the complexity of the topographic change. He et al. (2014)
determined BSR-derived heat flow from three-dimensional
(3D) seismic data obtained in the mid-slope region of north-
ern Cascadia subducting margin. They used 2D and 3D
geothermal models to correct for the topographic effect on
BSR-derived heat flow and revealed that topographic distur-
bances owing to complicated topographic changes cannot
be corrected using a 2D geothermal model and a 3D geo-
thermal model is required. They also indicated that gentle
topographic disturbances have a small effect on surface heat
flow and the difference between topographic disturbances
calculated by 2D and 3D geothermal models is small.

The METI 2D seismic survey line used for our 2D geo-
thermal modeling was set nearly perpendicular to the long
axis of the Joetsu Knoll (Fig. 2). The topography of the
Joetsu Knoll along the seismic profile is relatively simple
(Fig. 8). We therefore consider this situation to be reason-
able for use of a 2D geothermal structure model to investi-
gate regional background heat flow. Surface heat flow values
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Fig. 12 Vertical thermal conductivity distributions measured from
mud-dominant sediment cores recovered during the MD179 cruise
(open circles). Data are from Goto et al. (2017). The solid curve
shows the sediment thermal conductivity model fitted by Eq. (A3).
The best estimates of the constant parameters and their standard devi-
ations for Eq. (A3) are indicated

measured at stations HF4—-HF7 on and around the Joetsu
Knoll can be explained using geothermal structure models
with a regional background heat flow of 85+6 mW m™
(Fig. 1112).

The METI 2D seismic survey line passes through ter-
race-like topography on the northern to northeastern slope
of the Umitaka Spur (Fig. 2), which is characterized by gen-
tle topography. The surface heat flow values measured at
stations HF2 and HF3 can also be explained using a 2D
geothermal model with a regional background heat flow of
85+ 6 mW m™ (Fig. 11), which indicates the small effect
of topographic changes on the surface heat flow values at
those stations.

Conclusion

To obtain reliable surface heat flow data in the Joetsu Basin
in the eastern margin of the Japan Sea where BWT fluctua-
tions have been suggested to disturb sediment temperatures
near the seafloor, we measured sediment temperatures at
seven stations in the basin by penetrating a 15 m long geo-
thermal probe to a depth where the effect of BWT fluctua-
tions is sufficiently negligible. Our results of a long-term
BWT monitoring study indicate that BWT fluctuations can
disturb sediment temperatures at depths less than 2 m below
the seafloor. Surface heat flow values of 81-88 mW m™
were determined from undisturbed sediment temperature
data measured between 2.3 and 16.3 m below the seafloor.

A comparison of the obtained surface heat flow data and
topography from an existing 2D seismic profile reveals that
surface heat flow values at six stations show thermal dis-
turbances owing to topographic changes. We constructed
a 2D geothermal structure model to reflect the topography
and geologic structure along the 2D seismic profile and esti-
mated a regional background heat flow of 85+6 mW m™
by comparing the measured surface heat flow values with
the surface heat flow distributions calculated from the 2D
geothermal structures.

Two requirements are proposed to accurately measure
surface heat flow undisturbed by BWT fluctuations in marine
areas using a long geothermal probe: (i) information regard-
ing the lithology and consolidation state of the seafloor sedi-
ment for probe penetration; and (ii) information regarding
the BWT fluctuation and thermal diffusivity of sediments
to accurately evaluate the depth to which BWT fluctuations
affect the sediment temperature. If these requirements are
not satisfied, other techniques must be applied to obtain heat
flow data undisturbed by BWT fluctuation, such as heat flow
measurements in a deep borehole, long-term monitoring of
bottom-water and sediment temperatures to obtain sediment
temperatures for which the effects of BWT fluctuations are
corrected, and heat flow estimations from BSR depths if a
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seismic profile exhibiting BSRs associated with gas hydrates
is available.

Appendix

A. Estimation of surface heat flow using the Bullard plot
method.

In the Joetsu Basin, the measured thermal conductivity of
sediment increases with depth below the seafloor owing to
reduced porosity (Goto et al. 2017). The Bullard plot method
(Bullard 1939) was therefore applied to account for the verti-
cal change in sediment thermal conductivity:

T(z)=T,+qR(z) (A1)

where T(z) is the temperature at depth z, 7, is the tempera-
ture at z=0, ¢ is the surface heat flow, and R(z) is the ther-
mal resistance expressed by

Z dq
R(z) = f — (A2)
o K(©)
In the present study, K(z) is approximated as
K() =a+ be™™ (A3)

where a, b, and m are constants estimated by fitting the
sediment thermal conductivity data obtained in the Joetsu
Basin (Fig. 12). Using Eq. (A3), the thermal resistance R(z)
becomes

_z_ 1 a+b
R(Z) T am lna+be""1

(A4)

Uncertainties of the sensor depth and modeled thermal
conductivity of the sediment result in thermal resistance
uncertainties. In the present study, the thermal resistance
uncertainties are calculated by error propagation (Taylor
1997):

2 2 2 2
on (';—f) ol + <%) o2 + (g—f) o; + (Z—:;) o2
where oy, is the standard deviation of the thermal resistance
R, o is the standard deviation of the sensor depth, and o,
o0, and o,, are the standard deviations of a, b, and m in Eq.
(A3), respectively. In the present study, the sensor depth
uncertainties (see surface heat flow measurement section in
the main text) estimated from the standard deviation of the
BWT fluctuations were used as the standard deviation of the
sensor depth o..

To estimate the surface heat flow from sediment tem-
peratures and thermal resistance using Egs. (A1) and (A4),
we applied the weighted orthogonal distance regression that

(A5)
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accounts for the sediment temperature and thermal resist-
ance uncertainties using Igor Pro software (WaveMetrics,
Inc., Lake Oswego, OR, USA).

Acknowledgements We are indebted to the captain and crew of R/V
Marion Dufresne and the onboard scientists for surface heat flow
measurements during the MD179 cruise. We are also indebted to the
ROV Hyper-Dolphin operational team, the captain and crew of R/V
Natsushima, and the onboard scientists for deployment and recovery
of the bottom-water temperature-monitoring instruments during the
NT10-10 and NT12-13 cruises. We thank Esther Posner, PhD, from
Edanz (https://jp.edanz.com/ac) for editing a draft of this manuscript
and helping to draft the abstract. The METI 2D seismic data and well
data were acquired by the Ministry of Economy, Trade and Industry,
Japan (METT). This study was conducted as part of the methane hydrate
research project funded by METI.

Author contribution Conceptualization: SG; Methodology: SG; For-
mal analysis and investigation: SG, HM, MT, SM, TK, AH, SK; Writ-
ing - original draft preparation: SG; Writing - review and editing: MY,
MT, OM, MK, HM, SM, TK, AH, SK, RM; Funding acquisition: RM,
MT, SG; Resources: OM, MK, MY; Supervision: MY, RM.

Funding This study was conducted as part of a national project of
methane hydrate research in the Japan Sea funded by the Ministry of
Economy, Trade and Industry (METI).

Data availability Because this study was conducted as part of a
national project of methane hydrate research in the Japan Sea, we do
not have permission to share the data obtained in this project. We also
do not have permission to share the METI two-dimensional seismic
data and the wells A and B data obtained by other national research
projects in Japan.

Declarations

Conflicts of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Blackwell DD, Steele JL, Brott CA (1980) The terrain effect on ter-
restrial heat flow. J Geophys Res 85:4757-4772. https://doi.org/
10.1029/JB085iB09p04757

Bullard EC (1939) Heat flow in South Africa. Proc R Soc Lond A
173:475-502. https://doi.org/10.1098/rspa.1939.0159

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


https://jp.edanz.com/ac
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/JB085iB09p04757
https://doi.org/10.1029/JB085iB09p04757
https://doi.org/10.1098/rspa.1939.0159

Marine Geophysical Research (2023) 44:2

Page 150f 16 2

Davis EE, Wang K, Becker K, Thomson RE, Yashayaev I (2003) Deep-
ocean temperature variation and implications for errors in seafloor
heat flow determinations. J] Geophys Res 108:2034. https://doi.
0rg/10.1029/2001JB001695

Deguchi M, Kiyohashi H, Enomoto H (1996) Thermal conductivity
of altered rock in the green tuff regions: studies on the thermal
conductivity of porous rocks. J] Geotherm Res Soc Japan 18:175—
199. https://doi.org/10.11367/grsj1979.18.175. (in Japanese with
English abstract)

Dillon WP, Max MD (2000) Oceanic gas hydrate. In: Max MD (ed)
Natural gas hydrate in oceanic and permafrost environments. Klu-
wer, Dordrecht, pp 61-76

Fisher AT, Von Herzen RP (2005) Models of hydrothermal circulation
within 106&nbsp;Ma seafloor: constraints on the vigor of fluid
circulation and crustal properties, below the Madeira Abyssal
Plain. Geochem Geophys Geosyst 6:Q11001. https://doi.org/10.
1029/2005GC001013

Freire AFM, Matsumoto R, Santos LA (2011) Structural-strati-
graphic control on the Umitaka spur gas hydrates of Joetsu
Basin in the eastern margin of Japan Sea. Mar Petrol Geol
28:1967-1978. https://doi.org/10.1016/j.marpetgeo.2010.10.
004

Ganguly N, Spence GD, Chapman NR, Hyndman RD (2000) Heat
flow variations from bottom simulating reflectors on the Casca-
dia margin. Mar Geol 164:53-68. https://doi.org/10.1016/S0025-
3227(99)00126-7

Goto S et al (2017) Physical and thermal properties of mud-domi-
nant sediment from the Joetsu Basin in the eastern margin of the
Japan Sea. Mar Geophys Res 38:393—407. https://doi.org/10.1007/
s11001-017-9302-y

Goto S, Matsubayashi O (2009) Relations between the thermal proper-
ties and porosity of sediments in the eastern flank of the Juan de
Fuca Ridge. Earth Planet Space 61:863-870. https://doi.org/10.
1186/Bf03353197

Goto S, Yamano M (2010) Reconstruction of the 500-year ground
surface temperature history of northern Awaji Island, southwest
Japan, using a layered thermal property model. Phys Earth Planet
Int 183:435-446. https://doi.org/10.1016/j.pepi.2010.10.003

Goto S, Yamano M, Kinoshita M (2005) Thermal response of sedi-
ment with vertical fluid flow to periodic temperature variation at
the surface. J Geophys Res 110:B01106. https://doi.org/10.1029/
2004JB003419

Grevemeyer I, Villinger H (2001) Gas hydrate stability and the assess-
ment of heat flow through continental margins. Geophys J Int
145:647-660. https://doi.org/10.1046/j.0956-540x.2001.01404.x

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. https://doi.org/10.3390/en8064647

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

Hamamoto H, Yamano M, Goto S, Kinoshita M, Fujino K, Wang K
(2011) Heat flow distribution and thermal structure of the Nankai
subduction zone off the Kii Peninsula. Geochem Geophys Geosyst
12:Q0AD?20. https://doi.org/10.1029/2011GC003623

Hantschel T, Kauerauf IK (2009) Fundamentals of basin and petroleum
systems modeling. Springer, Berlin

Harris RN, Schmidt-Schierhorn F, Spinelli G (2011) Heat flow along
the NanTroSEIZE transect: results from IODP expeditions 315
and 316 offshore the Kii Peninsula, Japan. Geochem Geophys
Geosyst. https://doi.org/10.1029/2011gc003593

Harris RN, Spinelli GA, Fisher AT (2017) Hydrothermal circulation
and the thermal structure of shallow&nbsp;subduction zones.
Geosphere 13:1425-1444. https://doi.org/10.1130/Ges01498.1

Harris RN, Spinelli GA, Hutnak M (2020) Heat flow evidence
for hydrothermal circulation in oceanic crust offshore Grays
Harbor,&nbsp;Washington. Geochem Geophys Geosyst
21:e2019GC008879. https://doi.org/10.1029/2019GC008879

Hartmann A, Villinger H (2002) Inversion of marine heat flow meas-
urements by expansion of the temperature decay function. Geo-
phys J Int 148:628-636. https://doi.org/10.1046/j.1365-246X.
2002.01600.x

He T, Spence GD, Riedel M, Hyndman RD, Chapman NR (2007) Fluid
flow and origin of a carbonate mound offshore Vancouver Island:
seismic and heat flow constraints. Mar Geol 239:83-98. https://
doi.org/10.1016/j.margeo0.2007.01.002

He T, Li HL, Zou CC (2014) 3D topographic correction of the BSR
heat flow and detection of focused fluid flow. Appl Geophys
11:197-206. https://doi.org/10.1007/s11770-014-0429-1

Heuer VB et al (2020) Temperature limits to deep subseafloor life in the
Nankai Trough subduction zone. Science 370:1230-1234. https://
doi.org/10.1126/science.abd7934

Hiromatsu M, Matsumoto R, Satoh M, YK10-08 Shipboard Scien-
tists (2011) High-resolution topographic features of shallow
gas hydrate field of Joetsu Basin, eastern margin of Japan Sea.
Proceedings of the 7th international conference on gas hydrates
(ICGH 2011). ICGH, Edinburgh

Hunt JM (1996) Petroleum geochemistry and geology, 2nd edn. W. H.
Freeman, New York

Hutchison I (1985) The effects of sedimentation and compaction on
oceanic heat flow. Geophys J Roy Astr S 82:439-459. https://doi.
org/10.1111/j.1365-246X.1985.tb05145.x

Hutnak M, Fisher AT, Zuhlsdorff L, Spiess V, Stauffer PH, Gable CW
(2006) Hydrothermal recharge and discharge guided by basement
outcrops on 0.7-3.6 ma seafloor east of the Juan de Fuca Ridge:
observations and numerical models. Geochem Geophys Geosyst
7:Q07002. https://doi.org/10.1029/2006GC001242

Hyndman RD, Davis EE, Wright JA (1979) The measurement of
marine geothermal heat flow by a multipenetration probe with
digital acoustic telemetry and insitu thermal conductivity. Mar
Geophys Res 4:181-205. https://doi.org/10.1007/Bf00286404

Hyndman RD, Foucher JP, Yamano M, Fisher A, Scientific Team of
Ocean Drilling Program Leg 131 (1992) Deep sea bottom-sim-
ulating-reflectors: calibration of the base of the hydrate stabil-
ity field as used for heat flow estimates. Earth Planet Sci Lett
109:289-301. https://doi.org/10.1016/0012-821x(92)90093-B

Ingle JC Jr (1992) Subsidence of the Japan Sea: stratigraphic evidence
from ODP sites and onshore sections. In: Tamaki K, Suyehiro K,
Allan J, McWilliams M (eds) Proceeding ODP science results.
Ocean Drilling Program, College Station, pp 1197-1218

Japan National Oil Corporation (2003) METI geophysical exploration
report for the fundamental exploration in Japan. Japan National
Oil Corporation (JNOC) internal report (in Japanese)

Japan Oil, Gas and Metals National Corporation (2005) METI drilling
report for the fundamental exploration in Japan. Japan Oil, Gas
and Metals National Corporation (JOGMEC) internal report (in
Japanese)

Jolivet L, Tamaki K, Fournier M (1994) Japan Sea, opening history and
mechanism: a synthesis. J Geophys Res 99:22237-22259. https://
doi.org/10.1029/93JB03463

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

Kinoshita M, Goto S, Yamano M (1996) Estimation of thermal gradient
and diffusivity by means of long-term measurements of subbot-
tom temperatures at western Sagami Bay, Japan. Earth Planet Sci
Lett 141:249-258. https://doi.org/10.1016/0012-821x(96)00081-7

Kinoshita M, Kawada Y, Tanaka A, Urabe T (2006) Recharge/discharge
interface of a secondary hydrothermal circulation in the Suiyo
Seamount of the Izu-Bonin arc, identified by submersible-operated

@ Springer


https://doi.org/10.11367/grsj1979.18.175
https://doi.org/10.1029/2005GC001013
https://doi.org/10.1029/2005GC001013
https://doi.org/10.1016/j.marpetgeo.2010.10.004
https://doi.org/10.1016/j.marpetgeo.2010.10.004
https://doi.org/10.1016/S0025-3227(99)00126-7
https://doi.org/10.1016/S0025-3227(99)00126-7
https://doi.org/10.1007/s11001-017-9302-y
https://doi.org/10.1007/s11001-017-9302-y
https://doi.org/10.1186/Bf03353197
https://doi.org/10.1186/Bf03353197
https://doi.org/10.1016/j.pepi.2010.10.003
https://doi.org/10.1029/2004JB003419
https://doi.org/10.1029/2004JB003419
https://doi.org/10.1046/j.0956-540x.2001.01404.x
https://doi.org/10.3390/en8064647
https://doi.org/10.1029/2005GL024138
https://doi.org/10.1029/2011GC003623
https://doi.org/10.1029/2011gc003593
https://doi.org/10.1130/Ges01498.1
https://doi.org/10.1029/2019GC008879
https://doi.org/10.1046/j.1365-246X.2002.01600.x
https://doi.org/10.1046/j.1365-246X.2002.01600.x
https://doi.org/10.1016/j.margeo.2007.01.002
https://doi.org/10.1016/j.margeo.2007.01.002
https://doi.org/10.1007/s11770-014-0429-1
https://doi.org/10.1126/science.abd7934
https://doi.org/10.1126/science.abd7934
https://doi.org/10.1111/j.1365-246X.1985.tb05145.x
https://doi.org/10.1111/j.1365-246X.1985.tb05145.x
https://doi.org/10.1029/2006GC001242
https://doi.org/10.1007/Bf00286404
https://doi.org/10.1016/0012-821x(92)90093-B
https://doi.org/10.1029/93JB03463
https://doi.org/10.1029/93JB03463
https://doi.org/10.1016/0012-821x(96)00081-7

2 Page 16 of 16

Marine Geophysical Research (2023) 44:2

heat flow measurements. Earth Planet Sci Lett 245:498-508.
https://doi.org/10.1016/j.epsl.2006.02.006

Kisimoto K (2000) Combined bathymetric and topographic mesh data:
Japan250m.grd. Geological Survey of Japan, Tsukuba

Lachenbruch AH (1968) Rapid estimation of the topographic distur-
bance to superficial thermal gradients. Rev Geophys 6:365-400.
https://doi.org/10.1029/RG006i003p00365

Machiyama H et al (2009) Heat flow distribution around the Joetsu Gas
Hydrate Field, western Joetsu Basin, eastern margin of the Japan
Sea. J Geogr 118:986-1007. https://doi.org/10.5026/jgeography.
118.986. (in Japanese with English abstract)

Matsumoto R et al (2009) Formation and collapse of gas hydrate depos-
its in high methane flux area of the Joetsu Basin, eastern margin of
Japan Sea. J Geog 118:43-71. https://doi.org/10.5026/jgeography.
118.43. (in Japanese with English abstract)

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 Japanese Assoc Petrol Technol 71:618-627.
https://doi.org/10.3720/japt.71.618. (in Japanese with English
abstract)

Monzawa N, Muramoto K, Nakanishi S, Baba K (2011) Evaluation of
generation, migration, and accumulation of hydrocarbon based on
fluid inclusion analysis: example of Sado Nanseioki, Japan Sea. J
Japanese Assoc Petrol Technol 76:60-69. https://doi.org/10.3720/
japt.76.60. (in Japanese with English abstract)

Muramoto K, Osawa M, Kida M, Arisaka H (2007) A petroleum sys-
tem in the deep water of the Sado Nanseioki area in the Japan Sea
based on the results of the MITI “Sadooki Nansei” seismic survey
and the METI “Sado Nanseioki” Wells. J Japanese Assoc Petrol
Technol 72:76-88. https://doi.org/10.3720/japt.72.76. (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. https://doi.org/10.1016/j.jseaes.2013.10.011

Nguyen BTT, Kido M, Okawa N, Fu H, Kakizaki S, Imahori S (2016)
Compaction of smectite-rich mudstone and its influence on pore
pressure in the deepwater Joetsu Basin, Sea of Japan. Mar Petrol
Geol 78:848-869. https://doi.org/10.1016/j.marpetgeo.2016.07.
011

Okamura Y, Watanabe M, Morijiri R, Satoh M (1995) Rifting and
basin inversion in the eastern margin of the Japan Sea. Isl Arc
4:166-181. https://doi.org/10.1111/j.1440-1738.1995.tb00141.x

Okui A, Kaneko M, Nakanishi S, Monzawa N, Yamamoto H (2008)
An integrated approach to understanding the petroleum system of
a frontier deep-water area, offshore Japan. Petrol Geosci 14:223—
233. https://doi.org/10.1144/1354-079308-765

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 Japanese Assoc Petrol Technol 70:347-357. https://doi.
org/10.3720/japt.70.347. (in Japanese with English abstract)

Pfender M, Villinger H (2002) Miniaturized data loggers for deep sea
sediment temperature gradient measurements. Mar Geol 186:557—
570. https://doi.org/10.1016/S0025-3227(02)00213-X

@ Springer

Saeki T, Inamori T, Nagakubo S, Ward P, Asakawa E (2009) 3D seis-
mic velocity structure below mounds and pockmarks in the deep
water southwest of the Sado Island. J Geogr 118:93-110. https://
doi.org/10.5026/jgeography.118.93. (in Japanese with English
abstract)

Sass JH, Stone C, Munroe RJ (1984) Thermal conductivity determina-
tions 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. https://doi.org/10.1016/
0377-0273(84)90071-4

Sekiguchi K (1984) A method for determining terrestrial heat flow in
oil basinal areas. Tectonophysics 103:67-79. https://doi.org/10.
1016/0040-1951(84)90075-1

Suenaga N, Ji Y, Yoshioka S, Feng D (2018) Subduction thermal
regime, slab dehydration, and seismicity distribution beneath
Hikurangi based on 3-D simulations. J Geophys Res 123:3080-
3097. https://doi.org/10.1002/2017JB015382

Suzuki U (1989) Geology of Neogene basins in the eastern part of the
sea of Japan. Mem Geol Soc Japan 32:143-183 (In Japanese with
English abstract)

Tamaki K, Suyehiro K, Allan J, Ingle JC Jr, Pisciotto KA (1992) Tec-
tonic synthesis and implications of Japan Sea ODP drilling. In:
Tamaki K, Suyehiro K, Allan J, McWilliams M et al (eds) Pro-
ceeding ODP, science results. Ocean Drilling Program, College
Station, pp 1333-1348

Tanaka A, Yamano M, Yano Y, Sasada M (2004) Geothermal gradient
and heat flow data in and around Japan (I): appraisal of heat flow
from geothermal gradient data. Earth Planet Space 56:1191-1194.
https://doi.org/10.1186/Bf03353339

Taylor JR (1997) Introduction to error analysis, 2nd edn. University
Science Books, Mill Valley

Toyama T (1985) MITI Naoetsu Oki Kita. J Japanese Assoc Petrol
Technol 50:34-42. https://doi.org/10.3720/japt.50.34

Villinger H, Davis EE (1987) A new reduction algorithm for marine
heat flow measurements. J Geophys Res 92:12846—12856. https://
doi.org/10.1029/JB092iB12p12846

Von Herzen RP, Maxwell AE (1959) The measurement of thermal
conductivity of deep-sea sediments by a needle-probe method. J
Geophys Res 64:1557-1563. https://doi.org/10.1029/J2064i010p
01557

Wang K, Davis EE (1992) Thermal effects of marine sedimentation in
hydrothermally active areas. Geophys J Int 110:70-78. https://doi.
org/10.1111/.1365-246X.1992.tb00714.x

Woodside W, Messmer JH (1961) Thermal conductivity of porous
media. I. unconsolidated sands. J Appl Phys 32:1688-1699.
https://doi.org/10.1063/1.1728419

Yamano M, Kawada Y, Hamamoto H (2014) Heat flow survey in the
vicinity of the branches of the megasplay fault in the Nankai
accretionary prism. Earth Planet Space. https://doi.org/10.1186/
1880-5981-66-126

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.epsl.2006.02.006
https://doi.org/10.1029/RG006i003p00365
https://doi.org/10.5026/jgeography.118.986
https://doi.org/10.5026/jgeography.118.986
https://doi.org/10.5026/jgeography.118.43
https://doi.org/10.5026/jgeography.118.43
https://doi.org/10.3720/japt.71.618
https://doi.org/10.3720/japt.76.60
https://doi.org/10.3720/japt.76.60
https://doi.org/10.3720/japt.72.76
https://doi.org/10.1016/j.jseaes.2013.10.011
https://doi.org/10.1016/j.marpetgeo.2016.07.011
https://doi.org/10.1016/j.marpetgeo.2016.07.011
https://doi.org/10.1111/j.1440-1738.1995.tb00141.x
https://doi.org/10.1144/1354-079308-765
https://doi.org/10.3720/japt.70.347
https://doi.org/10.3720/japt.70.347
https://doi.org/10.1016/S0025-3227(02)00213-X
https://doi.org/10.5026/jgeography.118.93
https://doi.org/10.5026/jgeography.118.93
https://doi.org/10.1016/0377-0273(84)90071-4
https://doi.org/10.1016/0377-0273(84)90071-4
https://doi.org/10.1016/0040-1951(84)90075-1
https://doi.org/10.1016/0040-1951(84)90075-1
https://doi.org/10.1002/2017JB015382
https://doi.org/10.1186/Bf03353339
https://doi.org/10.3720/japt.50.34
https://doi.org/10.1029/JB092iB12p12846
https://doi.org/10.1029/JB092iB12p12846
https://doi.org/10.1029/JZ064i010p01557
https://doi.org/10.1029/JZ064i010p01557
https://doi.org/10.1111/j.1365-246X.1992.tb00714.x
https://doi.org/10.1111/j.1365-246X.1992.tb00714.x
https://doi.org/10.1063/1.1728419
https://doi.org/10.1186/1880-5981-66-126
https://doi.org/10.1186/1880-5981-66-126

	Surface heat flow measurements in the eastern margin of the Japan Sea using a 15 m long geothermal probe to overcome large bottom-water temperature fluctuations
	Abstract
	Introduction
	Geologic setting
	Sediment temperature disturbances due to BWT fluctuations
	Surface heat flow measurements
	Evaluation of the effects of BWT fluctuations on existing surface heat flow data in the Joetsu Basin
	Estimation of the regional background heat flow in the Joetsu Basin
	Structural model and boundary conditions
	Physical properties model
	Porosity model
	Thermal conductivity model

	Regional background heat flow in the Joetsu Basin

	Discussion
	Surface heat flow measurement in areas with significant BWT fluctuations
	Effect of thermal disturbance owing to topographic changes using a 2D geothermal structure model

	Conclusion
	Acknowledgements 
	References




