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Abstract

New heat flow data corrected for climate change over Northeastern Japan were obtained using the temperature
profile of the borehole of the High Sensitivity Seismograph Network (Hi-net). The obtained spatial distribution of
heat flow shows low heat flow on the forearc side, high heat flow along the Ou Backbone Range, and low heat flow
in the plains on the back-arc side. However, the distribution is not clearly divided into high and low heat flow along
the VF front; for example, the low heat flow extends from near the northern Kitakami Mountains on the forearc side
to the Ou Backbone Range crossing the VF, while the high heat flow extends to the central Kitakami Mountains and
Sendai plain on the forearc side. In addition, a crustal temperature structure model was developed that considers into
account the presence of sedimentary layers, the temperature dependence of thermal conductivity, and differences
in heat generation due to lithology. There is a good correlation between this temperature structure and the lower
limit of the seismogenic layer, which is between 400 and 450 °C. Compared to previous studies, the crustal thermal
structure calculation method assumed is a model whose estimated temperature distribution is sensitive to structural
differences; however, a more accurate estimation of the temperature structure is possible if detailed structural infor-
mation is available. On the other hand, it seems necessary to treat fluid behavior in more detail in areas of high heat
flow. However, the estimation of crustal temperature structure, especially in regions with thick sedimentary layers, is
considered an improvement over the previous study.
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Introduction

Measurements of heat flow and estimates of subsurface
temperature structure based on these measurements are
essential for determining the depth of the brittle/duc-
tile transition in the crust, which is considered to be the
lower limit of the seismogenic layer of the crust (Sibson
1984), understanding trench and slow earthquakes (e.g.,
Yoshioka et al. 2013), understanding the recent history
of plate tectonic activity (Erkan and Blackwell 2008; Tat-
sumi et al. 2020), and many other essential applications.
A dense seismic observation network has been developed
in Japan, and the detailed distribution of seismogenic
layers has recently been revealed (e.g., Omuralieva et al.
2012; Yano et al. 2017).

On the other hand, heat flow data around the Japanese
archipelago were first presented by Uyeda and Horai
(1964), and many measurements were made in the ter-
restrial and oceanic regions (e.g., Yamano 1995). The dis-
tribution of available boreholes has constrained land heat
flow measurement in Japan, but many data were obtained
in non-geothermal areas. However, there are many areas
with low data distribution density. Here we attempt to
compensate for this spatial distribution by measuring
new heat flow in Northeastern Japan. We investigated
temperature profiles of 132 borehole wells (100-200 m
depth) in the Northeastern Japan of the Hi-net, seismic
network, a uniformly distributed seismic network over

land in the Japanese archipelago. Thermal conductivity
was measured from the deepest rock cores obtained dur-
ing borehole drilling or estimated from lithology when a
measurement was difficult. From the results of process-
ing the data, taking into account the effects of climate
change and other factors, a new heat flow map was cre-
ated to estimate the subsurface temperature structure.

Tectonic setting

Northeastern Japan arc is one of the typical island arc—
trench systems formed by the subduction of cold plates
in ancient times. Northeastern Japan is in contact with
the Eurasian plate on the eastern side of the Sea of Japan.
To the east is the epicenter of the 2011 off the Pacific
coast of Tohoku earthquake, which caused a large reso-
nance slip of over 60 m (Ito et al. 2011), and The Pacific
Plate subducts westward at the Japan Trench under the
Japanese islands. There are many volcanoes and earth-
quakes in Northeastern Japan, and these active volca-
noes, seismogenic zone, and active faults are distributed
almost parallel to the Japan Trench, the boundary of the
plates. Active volcanoes are mainly distributed along the
Ou Backbone Range, and the eastern edge of their dis-
tribution area forms the volcanic front. The distribution
of volcanoes on the back-arc side extends to the Sea of
Japan side in Northeastern Japan.
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The opening of the Yamato Basin on the back-arc side
occurred from 21 to 15 Ma, and normal faulting developed
in the extensional stress field from the present Japan Sea
coast to the forearc from 15 to 13.5 Ma, when the volcanic
front also moved in the trench direction (Yoshida et al.
2013). After the opening of the Japan Sea ended around
13.5 Ma, a period of neutral stress field continued (Yoshida
et al. 2013). At about 4 Ma, the westward movement of the
Pacific Plate increased (Pollitz 1986), followed by strong
compression of the entire island arc. It is thought that
most of the Miocene normal faults were reactivated, and
the volcanic arc was uplifted (Yoshida et al. 2013). These
imply tectonic inversion (Sato 1994) (see Fig. 1).
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Data collection

Hi-net borehole temperature logging data

After the disastrous 1995 Kobe earthquake, a new
national project has drastically improved Japan’s seismic
observation system. Many strong-motion, high-sensitiv-
ity, and broadband seismographs were installed to con-
struct dense and uniform networks covering the whole of
Japan. (Okada et al. 2004). After the 2011 off the Pacific
coast of Tohoku Earthquake, a submarine observation
network was also constructed, and this integrated ocean—
land observation network is called MOWLAS (Aoi et al.
2020). The high-sensitivity seismic observation network
consisting of about 700 stations is called Hi-net.
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Fig. 1 Tectonic setting of the Northeastern part of Japan. Quaternary volcanoes in Northeastern Japan arc are shown by red triangles. Active
volcanoes are also shown by pink triangles. The thick black cross indicates Hi-net observation sites. The red dashed line indicates the volcanic front
(Yoshida et al. 2013). The green hatch area indicates the location of the Ou Backbone Range
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Since the limit of the depth of the epicenter of inland
earthquakes in Japan is usually 15-20 km, it was neces-
sary to construct a seismic observation network at inter-
vals of 15-20 km in order to accurately determine the
depth of the epicenter of earthquakes of such depth. In
order to perform stable and highly sensitive seismic
observations by avoiding noise on the ground surface,
seismometers are installed at the bottom of a borehole
at a depth of more than 100 m at each Hi-net station.
Although the majority of the Hi-net stations have bore-
holes of 100-200 m in depth, deep observation wells were
made at some specific sites if necessary. Hi-net borehole
wells are cased and full-hole cemented around the cas-
ing for long-term stable observation (Okada et al. 2004).
Therefore, there is no ingress or egress of groundwater,
and good-quality temperature profiles are expected to be
obtained.

In Northeastern Japan, Hi-net stations were con-
structed between 1998 and 2000. In addition, two sta-
tions were constructed in 2012 to replace those damaged
by the Tohoku earthquake. Of the 133 Hi-net stations in
Northeastern Japan, 132 stations conducted thermal log-
ging of each borehole well within a few months of the
completion of drilling. For the observation wells with a
depth of 100 m to 200 m, the effect of thermal distur-
bance caused by mud circulation during drilling is con-
sidered to be small because the time required for drilling
is short, and the temperature difference between the sur-
face and the bottom of the well is slight, generally within
10 °C. In order to test this hypothesis, eight observation
wells were re-examined after a certain period. However,
it is not easy to conduct temperature logging in Hi-net
boreholes with seismometers installed.

Therefore, about six years after the drilling, the tem-
perature logging was conducted by inserting an opti-
cal fiber into the borehole. The distributed temperature
sensor (DTS) used was a Sumitomo Electric SUT-2. DTS
can measure a physical quantity along the fiber length
at many multiplexed points. Dakin et al. (1985) were the
first to demonstrate that the temperature could be deter-
mined from measured Stokes and anti-Stokes Raman
scattering ratio. The typical performance of a Raman-
based DTS is 1 m spatial resolution and 1 K temperature
uncertainty for a 5-min measurement integration period,
with a sensing range of 10 km.

However, these figures can be substantially improved
if the experimental conditions are alleviated (i.e., shorter
range, worse spatial resolution) (Thévenaz 2006). For
example, the performance of SUT-2 is 0.5 m spatial reso-
lution and 0.1 K temperature uncertainty for a one-hour
measurement integration period, with a sensing range of
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2 km. As a result, the difference between the temperature
logging data obtained a few months after the end of drill-
ing and the data obtained a few years later was small, and
the temperature profiles obtained in these two periods
can now be considered to be of good quality with little
influence from the temperature disturbance caused by
drilling (see Fig. 2).

Thermal conductivity

Rock cores are collected from the deepest 25 m or 30 m
section in a typical Hi-net borehole. However, in bore-
holes drilled to depths of 1,000 m or more, rock cores
were collected from multiple sections at intervals of 250
to 500 m. The thermal conductivity of these rock cores
was measured using a Kyoto Electronics QTM-500. The
thermal conductivity measurement device used in this
study, the QTM-500 Rapid Thermal Conductivity Meter,
is based on the hot wire method (e.g., Arakawa and Shi-
nohara 1981). The QTM-500 is a one-dimensional (lin-
ear) heat wire placed on the surface or inside of a sample
to measure the temperature increase inside the sample
when a certain amount of heat (electric power) is applied,
and the thermal conductivity is calculated (e.g., Tadai
et al. 2009).

Rock cores from about 50% of the Hi-net boreholes
were shaped, and thermal conductivity was measured
using the QTM-500. In addition, for about 50% of the
Hi-net boreholes where thermal conductivity measure-
ment by the hot wire method was difficult due to fractur-
ing of the rock core, thermal conductivity was estimated
by referring to the columnar map and PS logging results
of the well. In the estimation, we referred to Sato et al
(1999) and Gueguen and Palciauskas (1994) (see Table 1).

For the thermal conductivity of sedimentary forma-
tions, which are particularly difficult to core-shape, data
from Hi-net 2000m-class boreholes drilled in the Kanto
region were used as a reference, as described below.

Generally, the thermal conductivity of surface soils in
plain areas is about 1.2 Wm™! K~!. However, accord-
ing to the results of rock core tests in Hi-net boreholes
in the Kanto region, the thermal conductivity is about
1.0-1.2 W m~! K™, even in Tertiary sedimentary layers
when the elastic wave velocity V), is less than 2.0 km s
(Suzuki and Omura 1999). Since PS velocity logging was
performed in all Hi-net boreholes during construction,
based on the PS velocity data, the thermal conductivity
was set as 1.2 W m ™! K~! for Tertiary sedimentary layers
in Northeastern Japan with elastic wave velocity V), less
than 2.0 km s~ and 1.0 Wm™! K™ for Quaternary sedi-
mentary layers.
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from the second temperature logging performed using DTS

Fig. 2 Temperature profiles of Hi-net boreholes. The red dots show the data from the first temperature logging, and the blue dots show the data
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Fig.2 continued

Terrestrial heat flow

Data quality

Borehole wells used for heat flow analysis are often
deeper than 300 m to avoid thermal disturbance caused
by climate change, groundwater flow, and topographic
effects. In the case of the Hi-net borehole well, drilling
down to the basement rock is desirable to avoid surface
ground noise. However, due to the spatial arrangement
of the observation points, some wells are constructed

in areas with thick sedimentary layers. Furthermore, as
mentioned earlier, the Hi-net borehole wells are covered
with a casing, and full-hole cementing prevents water
inflow into the borehole, so very stable temperature gra-
dient data are expected to be obtained.

In this study, the quality of the temperature logging
data were evaluated by the characteristics of the T-D
curve, referring to Erkan (2015), who performed heat
flow analysis using shallow wells. The data were classified
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Table 1 Thermal conductivity and thermal diffusivity by
lithology
Lithology Thermal Thermal
conductivity diffusivity
(Wm~'K™) (m?s™)
Granite, basalt, andesite, schist 2.86 105%107°
Gabbro, diorite, rhyolite 236 840x 107
Sedimentary Paleogene (sandstone) ~ 3.19 115%10°°
Sedimentary Paleogene (tuff) 268 951 x 107
Sedimentary Neogene (sandsotne) 1.56/1.2 963 x 107
Sedimentary Neogene (tuff) 1.62/1.2 921 x 107
Sedimentary Quaternary 1.2/1.0 580x 107

See Sato et al. (1999) and Gueguen and Palciauskas (1994)

into four classes; A, B, C, and D. Sections up to 10 m in
depth were excluded from the evaluation because they
are likely to be affected by seasonal variations in surface
temperature and artificial ground improvements such as
embankments and cuttings.

Temperature log data classified as Class-A are those
that show the effects of long-term climate change over
the past century in the range of 10 to 30 m below the
surface, are largely undisturbed except for tempera-
ture inversions, and also show a heat conduction type at
depths below 50 m and are undisturbed throughout the
entire area. For wells deeper than 100 m, linearity must
be obtained in temperature logging data at depths greater
than 100 m.

The temperature log data classified as Class-B show the
effects of long-term climate change over the past century
in the range of 10-30 m from the surface and shows the
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effects of groundwater flow and other factors in addition
to a temperature inversion, but without significant dis-
turbance and also shows a heat conduction type in about
50% of the sections at depths of 50 m or deeper.

The temperature logging data classified as Class-C has
poor linearity and is greatly affected by groundwater flow
and other factors, but there is no significant disturbance
in the deepest 25-m section. The temperature logging
data likely strongly influenced by groundwater through-
out the section were classified as Class-D. This Class-D
data was deemed unsuitable for heat flow analysis. Exam-
ples of T-D curves for the four classes are shown in
Fig. 3.

The rock cores were collected only in the deepest 25-m
or 30-m section. Therefore, the temperature gradient in
the deepest 20-m section where the rock core was col-
lected was used to analyze the heat flow. The temperature
gradients in the deepest 50 m or 200 m sections where
the lithology remains the same were used to analyze the
heat flow for the two wells over 1000 m. In determining
the temperature gradient, a regression line was obtained
using the least-squares method, which was used as the
temperature gradient before correction.

Climate change correction

The subsurface temperature field also records climatic
changes at the surface. The effects of Pleistocene glacia-
tion over several hundred thousand years extend several
thousand meters below the surface, and climate change
since the end of the nineteenth century has been par-
ticularly significant, affecting depths of 50 to 100 m (Jes-
sop 1990). Therefore, in determining the heat flow, it is
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Fig. 3 Example of well temperature logging data quality. The blue section in the background (0-10 m depth) is affected by seasonal variations in
surface temperature, artificial ground modification, and soil cut and fill and is excluded from the evaluation. The section in the beige background
(10-30 m depth) is excluded from the evaluation because it is mainly affected by the temperature increase over the past 100 years. Sections that
may be affected by groundwater are shown with a sky-blue background. Class-A data are considered high data quality, while Class-D data are
considered unsuitable for heat flow analysis
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necessary to correct the effects of climate change for
wells with depths between 100 and 200 m in the Hi-net
standard specifications.

The Japan Meteorological Agency (JMA) analyzes that
the annual mean temperature in Japan has been rising
with various fluctuations and is rising at a rate of 1.28 °C
per 100 years in the long term (JMA 2022). However, it is
said that there is a difference in the trend of temperature
increase between suburban and non-urban areas, known
as the heat island phenomenon. Matsumoto (2007) cal-
culated heat flow corrected for the effects of climate
change, assuming a uniform 2.0 °C temperature rise over
the past 100 years in the Japanese archipelago and con-
sidering the temperature rise in urban areas.

This uniform nationwide correction method was insuf-
ficient, especially for Hi-net boreholes with many obser-
vation points in non-urban areas. Regarding climate
change in Japan over the past 100 years, Fujibe (2012)
quantitatively assessed background (non-urban) and
urban warming trends. According to this, the national
average background (non-urban) daily mean tempera-
ture was estimated to be 0.88 °C per 100 year, reaching
2.08 °C per 100 year around large cities, where the warm-
ing trend increases with increasing population density
(Table 2).

According to "Climate Change in Northeastern Japan"
(JMA 2016), the temperature in Sendai, the largest city
in Northeastern Japan, is 2.4 °C per 100 year, 1.9 °C per
100 year in Aomori, and 1.7 °C per 100 year in Morioka.
In the non-urban areas, many areas rely on the records of
the past 50 years, with Fukaura at 0.4 °C per 50 year and
Miyako at 0.7 °C per 100 year. These results are in general
agreement with those of Fujibe (2012).

Based on this model, we estimated the temperature
increase over the past 100 years according to the popu-
lation density around the boreholes, using the Regional
Economic Analysis System (https://resas.go.jp/) operated
by the Cabinet Office for data on population density as of
2005 (Table 2).

Table 2 Climate change parameters. Fujibe (2012) shows the
rate of temperature increase over the past 100 years, evaluated
according to population density

Population densities ‘C/Century N-station
(Hi-net)

Non-urban area 0.88 4

P<300 km~? 1.00 11

300 <P< 1000 km™> 1.10 38

1000 < P< 3000 km ™2 1.60 41

P>3000 km™> 208 36

The number of Hi-net observation points applicable to each case is also shown
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Long-term near-surface temperature changes in sub-
surface thermal structure vary with lithology. Therefore,
in this study, for the seven lithology models listed in
Table 1, we evaluated the change in the geothermal gra-
dient after 100 years of continuous increase in surface
temperature, according to Jessop (1990). The parameters
for the Quaternary sedimentary layers were taken from
Miyakoshi and Uchida (2001). Of the seven lithology
models, those using granite as the lithology and Qua-
ternary sedimentary layers as the lithology are shown in
Figs. 4a—f and 5a—f. Both show the initial temperature
distribution and the temperature distribution 100 years
after the surface temperature started to rise. For the tem-
perature trend, five cases of 0.88 °C per 100 year, 1.00 °C
per 100 year, 1.10 °C per 100 year, 1.60 °C per 100 year,
and 2.08 °C per 100 year were prepared for each of the
seven lithology models, based on Fujibe (2012). Thus, a
total of 35 cases were considered in this study.

The calculation results show that in Japan, the impact
of climate change on the subsurface temperature gradi-
ent is very large up to a depth of 100 m, and the degree of
impact on the temperature gradient due to different rates
of temperature increase is also very different.

Three types of temperature profile data for Hi-net
boreholes were collected in this study. The first one is
two deeper than 200 m depths less affected by the climate
change in the recent 100 years described here. There-
fore, these two borehole wells are not subject to correc-
tion for climate change. Next are the temperature data
for standard boreholes with 100 to 200 m depths. There
are two sampling intervals for the temperature logging
data here, one with a dense sampling interval of 1 m or
0.5 m (9 boreholes) and the other with a coarse sampling
interval of 5 m (121 boreholes). For the former nine bore-
holes, we first tried fitting the observed T—D curve to the
T-D curve calculated based on the temperature gradient
of the initial conditions and the estimated temperature
increase rate. The temperature gradient was arbitrarily
assumed in 0.5 K km™! units, and the fitting temperature
gradient was selected by visual inspection.

For the latter 121 boreholes (115 boreholes excluding
the 6 Class-D boreholes) that were coarsely sampled at
5-m intervals, a simple correction method was adopted
because it was challenging to fit them using the same
method as above.

Figures 4g—k and 5g-k show the ratio of the tempera-
ture gradient after 100 years from the initial condition
for the five sections (60-80 m, 80—100 m, 100-120 m,
130-150 m, 180-200 m) in Figs. 4a—f and 5a—f. The tem-
perature gradient ratios before and after 100 years in
Fig. 4g-k for stations where the lithology is granite and
Fig. 5g—k for stations where the lithology is Quaternary
sedimentary formation were used as climate change
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temperature rise over the past 100 years is expressed using five cases (0.88 °C per 100 years, 1.00 °C per 100 years, 1.10 °C per 100 years, 1.60 °C per
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correction factors for the measured temperature pro-
files. The other lithology sites were also classified into the
remaining five lithologies listed in Table 1, and the tem-
perature gradient ratios before and after 100 years were
determined and used as correction factors.

In the case of the most common 100-m borehole, the
average temperature gradient of the 80-100 m section is
used for comparison, but the corrected temperature gradi-
ent is generally 5-20% larger. The error in the temperature
gradient is calculated by multiplying the error in the tem-
perature gradient before correction by the correction fac-
tor and is shown in Table 3. The larger the disturbance in
the temperature profile due to groundwater and so on, the
larger the error in the temperature gradient. The error is
about 5% for Class-A boreholes, but for Class-B and Class-
C boreholes, the error is about 10% and 10%, respectively
(Fig. 6).

As we have discussed, we have attempted to correct for
climate change with the model of Fujibe (2012). Here, we
examine how the model is consistent with actual surface
temperature rise over the past 100 years. Compared to JMA
observations for each region in Northeastern Japan, there
is a difference of about 0.3 °C, as mentioned above. In addi-
tion, a check of the temperature profiles of the Hi-net wells
shows no significant temperature rise of more than 3.0 °C,
which corresponds to a large city. If we allow an estimated
range of temperature rise of up to 0.5 °C, we will attempt to
calculate how much error we can expect. The effect of the
different rates of temperature rise at the surface on the cor-
rection factor depends on the magnitude of the temperature
gradient and which depth section was used in the analysis.
In the 180-200 m section, the coefficient is less than 1%
regardless of the magnitude of the temperature gradient; in
the 130-150 m section, the coefficient is up to about 5% for
temperature gradients below 25 K km ™ and less than 2% for
gradients above 25 K km™. In the 80—100 m section, which
is the most affected, the error in the temperature gradients is
estimated to be-£12% at 20 Kkm ™, 7% at 30 K km ™, £5%
at 40 K km™, and+4% at 50 K km ™. Errors of this magni-
tude could be further added to the temperature gradient
errors shown in Table 3.

Heat flow map

Heat flow data at 126 stations were obtained by meas-
uring temperature gradient values and thermal conduc-
tivities of rock cores. In addition, heat flow data of 65
stations were obtained by measuring the thermal con-
ductivity of rock cores, and 61 stations were obtained
by using lithology estimates shown in Table 1. The
error in heat flow data is about 11% for Class-A, 15%
for Class-B, and 12% for Class-C, due to this error in
temperature gradient plus the measurement error in
thermal conductivity measurement. A comparison

Page 14 of 38

with Matsumoto (2007), who assumed a uniform cli-
mate change correction of 2.0 °C increase in 100 years
and estimated the thermal conductivity of rock cores at
unmeasured sites from the average of surrounding sta-
tions, shows that the average value of the two is about
100 mW m™2, which is not significantly different. How-
ever, when comparing the heat flow values for each
borehole well, the heat flow in this study is 5% larger
(Fig. 7). On the other hand, when restricted to bore-
holes with unmeasured thermal conductivity, the heat
flow estimated from thermal conductivity based on
Sato et al. (1999) and Gueguen and Palciauskas (1994)
(Table 1) is about 14% larger in comparison.

In order to fill in the gaps in the distribution of Hi-
net stations, the existing temperature logging data,
Database on the Temperature Profiles of Boreholes in
Japan (Sakagawa et al. 2004) (hereinafter referred to as
DTPBJ), was examined for heat flow values, taking into
account the geological conditions. However, because
the DTPBJ includes many geothermal wells and hot
spring wells in geothermal areas, many of these wells
have been temperature logging immediately after drill-
ing or not long enough after the temperature recovery
test. The temperature recovery is not sufficient. There-
fore, we extracted data only from these vertically drilled
borehole wells, which are less affected by groundwater
flow and exhibit good heat conductive type tempera-
ture profiles. The temperature gradient was determined
when examining the heat flow by selecting the tempera-
ture profile section showing a straight line at the deep
side. For high-temperature locations (above 100 °C),
we attempted to correct the temperature dependence
of thermal conductivity based on Miao et al. (2014) for
granite and Funnell et al. (1996) for other lithologies
when using the thermal conductivity of core samples
registered in DTPB]J.

Although most of the 5000-m class boreholes drilled
for resource exploration were not drilled vertically, Akiy-
ama and Hirai (1997) estimated the vertical temperature
gradient in these boreholes, which was adopted in this
study. In addition, the government Ministry of Inter-
national Trade and Industry (MITI) exploratory well
Mishima, which is not included in the DTPB]J but was
analyzed by Akiyama and Hirai (1997), was also analyzed
in the same way as the DTPB]J. These results are shown in
Table 4.

Figure 6 is a map of heat flow at the surface. Figure 6a
plots the heat flow data for each measurement point, and
Fig. 6b is plotted by interpolation using the nearest neigh-
bor method. As shown in Fig. 6a, we obtained heat flow
data over a large area of Northeastern Japan. There is a
trend of less heat flow in the forearc, and more heat flow
in the volcanic regions, and some regions have slightly
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less heat flow in the back-arc. In the volcanic region of
the Ou Backbone Range, the heat flow values are very
different despite the close distance between the meas-
urement points, suggesting that the influence of ground-
water behavior is significant. The interpolated Fig. 6b
shows that high heat flow areas are distributed along the
Ou Backbone Range, while low heat flow areas are dis-
tributed on the front arc side, especially in the northern
and southern parts of the Kitakami Mountains, the east-
ern part of Abukuma Mountains, and near the Niigata
Plain on the back-arc side (see Fig. 6¢).

Thermal structure

Method

Based on this study’s heat flow data, 1-D steady-state
conductive geotherms are computed using finite differ-
ence approximations (e.g., Beardsmore and Cull 2001).
Previous studies that estimated crustal temperatures by
one-dimensional heat conduction include Okubo et al.
(1998) and Tanaka (2009). The 1-D heat conduction is
shown in Eq. (1), where T is the temperature at depth z,
A is the thermal conductivity, and A is the crustal heat
generation:

S0 Lazo
9z \' 0z o 1

Therefore, we need to know the constituent materi-
als of the subsurface, thermal conductivity, and crustal
heat generation. In this study, we adopted a model that
incorporates current knowledge of the crustal struc-
ture of Northeastern Japan and takes into account the
temperature dependence of the thermal conductivity of
rocks. The crustal structure model used in this study is
explained in section “Structure model” In addition, how
the temperature dependence of thermal conductivity is
treated is explained in section “Thermal conductivity”
Finally, the crustal heat generation model is explained in
section “Heat generation” (Fig. 9).

Structure model

In assuming the crustal structure model for Northeastern
Japan, we followed the crustal structure model treated by
Muto et al. (2013). We consider the lithospheric structure
obtained from wide-angle reflection and seismic refrac-
tion profiles throughout Northeastern Japan (Iwasaki
et al. 2001; Nishisaka et al. 2001; Ito et al. 2004; Takahashi
et al. 2004). Following the petrological interpretation
of the seismic structure of Northeastern Japan Arc by
Nishimoto et al. (2005), we assume that the upper crust
is granite, and the lower crust is hornblende-bearing gab-
bro. The thickness of the upper crust is assumed to be
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18 km; according to Matsubara et al. (2017a), the depth
of the Moho discontinuity is distributed between 30 and
35 km, so we set the Moho discontinuity at 30 km and
calculate the temperature structure from the surface to
30 km (Model A). It has also been noted that some areas
on the forearc side of Northeastern Japan have granite
in the lower crust (Nishimoto et al. 2008; Ishikawa et al.
2014; Ishikawa 2017). Therefore, instead of a simple hori-
zontal layer structure, we calculate a temperature struc-
ture with granite as the lower crust in the region shown
in Fig. 9a (Model B).

In addition, there are plains with thick sedimentary
layers and areas thickly covered with pyroclastic depos-
its in Northeastern Japan (e.g., Ozawa and Hirayama
1970; Ikebe et al. 1979; Yamanoi 2005; Kobayashi 1996;
Tamanyu 2008). As shown in Table 1, the thermal con-
ductivity of sedimentary layers is about half that of
basement rocks. Therefore, to estimate the subsurface
temperature structure of these areas, it is necessary to
incorporate the sedimentary layers into the subsurface
structure model. For this purpose, the shallow and deep
layers combined model (SDLCM) (NIED 2019) was used
to obtain the depth of the basement rock at each observa-
tion point and improve the accuracy of the temperature
structure estimation.

Based on the lithologic information from the bore-
holes, five cases of tectonic models were created for
Model A and Model B, respectively (Fig. 9b, c). Case A-1
and B-1 assume that the granite is exposed at the sur-
face. In Case A-2, A-3, B-2, and B-3, where metamor-
phic and pre-Paleogene sedimentary rocks are exposed,
we assume that the near-surface lithology continues up
to 5 km below the surface, and granite is assumed below
5 km below the surface. In Case A-4 and Case B-4, the
thickness of the Tertiary sedimentary layer is used as
the estimated depth of the basement rock at the well
location, and the depth below is assumed to be granite.
Finally, in Case A-5 and Case B-5, where the bottom of
the borehole is Quaternary sedimentary layers, the Qua-
ternary sedimentary layers are assumed to be present up
to a depth of 500 m, and the Tertiary sedimentary layers
are assumed to be present from there to the estimated
depth of the base rock, and the granite is assumed to be
present below that.

Thermal conductivity

The thermal conductivity of rocks tends to decrease with
increasing temperature (e.g., Cermak and Rybach 1982).
Therefore, a model in which a simple linear function rep-
resents thermal conductivity and temperature is often
used (Royer and Danis 1988; Bodri et al. 1989). On the
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Fig. 6 Distribution of terrestrial heat flow. a Plots the heat flow rate at each measurement point. The circles indicate the heat flow at the Hi-net
station, and the squares indicate the heat flow at the DTPBJ (Sakagawa et al. 2004). b Is plotted by interpolation using the Nearest neighbor method
(nearest neighbor method). The grid size is set to 4 min. Triangles in ¢ indicate volcanoes in Northeastern Japan. The red dashed line indicates the
volcanic front (Yoshida et al. 2013). The green hatch area indicates the location of the Ou Backbone Range. Dashed continuous lines indicate depth
(km) contours to the top of the subducted Pacific plate (PAC) slab (Iwasaki et al. 2015; Lindquist et al. 2004)
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Fig. 7 Comparison of heat flow values between Matsumoto (2007) and this study. a The histogram of heat flow in this study. b A histogram of
the heat flow in Matsumoto (2007). ¢ The ratio of the heat flow estimated in Matsumoto (2007) to the heat flow estimated in this study for each
borehole

other hand, to consider the large variability in the meas-
ured values, a model with a constant thermal conduc-
tivity in the upper crust is also used instead of a simple
linear function model (Furukawa and Uyeda 1986; Tan-
aka 2009).

Miao et al. (2014) measured the thermal diffusivities
and specific heat capacities of four types of rocks (gran-
ite, granodiorite, mafic rock, and hornblende) from room
temperature to 1,173 K using the laser flash method and
thermal analyzer simultaneously and then combined
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Table 4 DTPBJ terrestrial heat flow

Site no. Latitude (°E) Longitude (°N) Elv (m) Depth (m) Interval (m) Thermal Thermal Heat flow
gradient conductivity (MW m™2)
(Kkm™") (Wm~'K™)

438 414501 141.0870 160 1702 1200-1700 55 212 117
442 414207 141.0639 500 1492 750-1100 60 1.62 97
443 414026 140.8548 13 1000 400-600 39 (2.86) 112
444 41.3904 141.0895 35 1007 600-950 71 1.72 122
445 41.3540 141.1189 99 1503 1000-1500 70 2.37 165
446 41.2860 140.9742 91 1302 500-800 57 (2.36) 134
448 40.7402 141.1631 31 1001 500-1000 56 (1.56) 88
450 40.7052 140.8395 571 1000 800-1000 90 2.05 183
455 40.6666 140.6395 645 1501 1100-1500 113 1.75 197
458 40.6471 140.8181 733 1000 600-1000 129 2.59 334
461 40,6355 140.7070 250 503 300-500 102 1.89 193
462 40.5858 140.7157 100 1202 800-1200 83 1.86 154
470 40.5163 140.7084 356 1505 1000-1500 31 (1.62) 51
471 404527 141.3798 30 1123 600-1000 41 (1.62) 67
479 40.0002 140.8129 869 502 300-500 185 1.57 290
491 39.9808 140.8751 1,120 802 500-800 207 (2.76) 571
494 39.9789 140.7646 1,040 1701 1100-1700 94 (2.02) 190
498 39.9377 140.7057 490 1505 1000-1500 83 293 243
504 39.9186 140.9198 873 1002 800-1000 128 197 252
511 39.8847 140.9521 731 1004 700-900 164 1.39 228
514 39.8556 140.7604 551 2002 1700-2000 74 291 214
518 39.8245 1409109 955 1503 1250-1490 193 (2.13) 410
520 39.8159 1409718 707 1203 1000-1200 93 1.32 123
524 39.8047 140.7749 630 1501 1000-1500 72 3.66 263
532 39.7570 140.7654 710 1,501 1000-1500 75 2.69 202
534 39.7261 140.9379 462 1005 800-1000 135 1.03 139
536 39.5223 140.8271 410 1470 1100-1300 28 234 66
538 39.4438 141.0907 250 501 400-500 149 1.37 204
540 394195 139.8589 — 143 4800 3800-4600 25 (2.34) 58
541 39.4003 1404835 30 850 600-850 49 (1.92) 94
543 39.3501 140.7210 250 1501 1000-1500 48 213 102
546 39.2945 140.7743 280 402 300-400 83 157 130
549 39.2687 140.6835 350 1004 800-1000 60 227 135
553 39.2195 139.8966 5 703 400-703 42 (1.45) 61
554 39.1862 140.5299 350 1002 800-1000 62 (2.08) 129
555 39.1437 140.1505 420 486 400-473.2 46 (2.14) 99
558 39.0368 140.6332 265 1004 750-1000 56 1.66 94
565 39.0085 140.5822 483 1803 1500-1800 103 (2.08) 213
586 38.9790 140.6588 640 1501 1000-1500 115 3.01 347
589 38.9740 140.7096 670 1202 1000-1200 134 149 199
591 389732 1405191 330 1501 1000-1500 62 197 123
601 38.9448 140.5618 480 1032 800-1000 124 215 266
602 38.9446 141.0632 105 1100 800-1000 68 (1.83) 124
603 38.8287 140.6488 335 1500 1000-1450 94 151 142
616 38.7857 140.6946 307 1500 100-1500 132 277 366
623 38.6951 140.5721 325 1304 1000-1300 44 1.83 80
625 38.6356 140.1833 381 1502 1000-1500 81 1.50 122
626 38.6307 139.8494 70 1310 1150-1280 52 (2.83) 146
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Table 4 (continued)

Site no. Latitude (°E) Longitude (°N) Elv (m) Depth (m) Interval (m) Thermal Thermal Heat flow
gradient conductivity (mWm™3)
(Kkm~") (Wm™'K™)

630 386154 139.5955 14 503 300-500 98 193 188
637 38.5974 140.1716 309 1802 1500-1800 82 2.16 176
640 38.5738 140.7218 180 1300 1000-1300 63 (1.67) 106
642 38.5654 140.5321 230 1703 1500-1700 46 2.24 102
643 38.5651 140.5621 470 1360 1000-1350 56 1.36 76
647 38.5418 141.1521 4 1000 100-1000 44 (1.83) 81
648 384860 139.5242 10 1300 100-1300 41 (1.83) 76
649 38.3775 141.1603 6 1700 1500-1700 34 (2.36) 80
650 38.1590 140.3566 545 801 500-800 73 2.25 164
652 38.0863 1403105 295 501 300-500 36 332 120
653 38.0482 1384596 10 1000 800-1000 36 1.83 66
654 38.0363 138.3524 72 1105 1015-1105 49 2.53 124
656 37.9965 1384071 22 1300 1100-1300 30 1.77 53
657 37.8780 139.1734 3 4920 - 35 1.62 57
658 37.8757 138.9854 3 5007 - 32 1.62 51
662 378113 138.2691 30 1200 1000-1200 61 1.66 101
669 37.7861 140.2630 799 1303 1000-1500 62 (2.22) 137
672 37.7711 138.8754 4 6310 - 29 191 55
674 37.7621 138.9487 1 5015 - 32 1.62 52
675 37.7530 139.0165 2 4903 - 33 1.62 53
679 37.6683 140.2128 1000 1301 1000-1300 115 234 268
685 37.6291 140.2455 1100 1502 1000-1500 142 1.94 275
688 37.6086 139.4384 120 700 500-700 65 2.50 163
689 374750 139.7187 490 491 300-490 101 1.10 11
693 374530 139.6667 475 1005 600-1000 85 1.87 159
704 374189 139.6939 411 1800 1000-1800 93 258 239
705 373811 139.2076 575 800 600-800 29 (2.29) 65
706 37.3619 1385729 2 853 600-800 34 (2.34) 78
707 373539 139.1823 560 1200 1000-1200 45 2.29 103
708 37.3350 139.3187 590 1300 1000-1300 53 (1.67) 89
709 37.3289 139.1034 450 1200 1000-1200 48 (2.15) 102
710 37.3003 140.1967 415 1200 800-1200 50 (1.83) 92
713 37.2302 1383974 7 3781 - 37 (1.62) 60
716 37.2030 138.7440 297 4500 - 36 (1.62) 59
718 37.1031 1389129 90 1200 1000-1200 23 (2.37) 55
720 37.0319 140.9944 5 1507 1000-1507 25 (2.14) 54
721 37.0225 138.6968 50 1500 900-1300 42 (1.83) 77
722 37.0197 139.6251 780 1002 750-1000 34 (2.13) 72
728 369714 140.8036 30 1151 900-1055 19 (2.18) 41
Mishima 37.5008 138.7819 5 6300 - 34 (1.62) 54

Adapted from Terrestrial Heat Flow on Database on the Temperature Profiles of Boreholes in Japan (DTPBJ) (Sakagawa et al. 2004). The depths used to calculate the
temperature gradients are listed. The numbers in round brackets indicate estimated values in the thermal conductivity values. The latitude and longitude values of
DTPBJ were converted to WGS-84 Datum assuming the Japan Geodetic System (Tokyo Datum) in the original paper, considering the geodetic system and the timing
of acquisition of the original data is not mentioned in this paper
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Fig. 8 Temperature gradient and heat flow distribution in previous studies. a Distribution of thermal gradient compiled by Tanaka et al. (2004). b
Distribution of heat flow compiled by Tanaka et al. (2004). ¢ Distribution of heat flow estimated by Sakagawa et al. (2006)
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them with density data to calculate the thermal con-
ductivity. In this study, we use the results of Miao et al.
(2014) for granite and gabbro, which require calculations,
especially at high temperatures. For Case A-2 and B-2,
the Paleogene sedimentary rocks, the values in Table 1
based on lithological information from the boreholes
were used as room temperature thermal conductivity
using the formula of Funnell et al. (1996), and the tem-
perature dependence of thermal conductivity was con-
sidered. For Case A-3 and B-3 metamorphic rocks, the
measured thermal conductivities in Table 3 were used as
room-temperature values, and the temperature depend-
ence of thermal conductivity was considered using the
Funnell et al. (1996) equation. For Case A-4, A-5, B-4, and
B-5, which include Tertiary and Quaternary sedimentary

formations, the thermal conductivities in Table 1 are
used, and the temperature dependence was not consid-
ered here (see Table 5).

Heat generation

Regarding the content of radioactive materials in rocks,
which is necessary for estimating crustal heat genera-
tion, Minato (2005) conducted a detailed study on the
concentration of U, K, and Th in soils in various parts of
Japan. The difference between the data for soil and rock is
not very large, and it is safe to assume that the relation-
ship between U, K, and Th is reasonably well maintained
even when soil is replaced by rock. Therefore, for rocks
that make up the upper part of the earth’s crust, such as

(See figure on next page.)

Fig.9 Crustal structure models. a The blue region is the area where granite is present in the lower crust, as noted by Ishikawa (2017). The crustal
structure of this region is Model B. The crustal structure of the other regions is Model A. The continuous dotted lines denote depth (km) contours to
the top of the subducted PAC slab (Iwasaki et al. 2015; Lindquist et al. 2004). b The crustal structure of Model A is shown. The upper crust is granite,
and the lower crust is gabbro. The thickness of the upper crust is 18 km, and the depth of the Moho discontinuity is 30 km. Five cases are assumed,
depending on the type of rock exposed at the surface and the thickness of the sedimentary layers. The depth of the basement rocks is based on the
Shallow and deep layers combined model (SDLCM) (NIED 2019). Rock thermal conductivity and crustal heating values are as noted. ¢ The crustal
structure of Model B is shown. The upper crust and lower crust are granite. As in Model A, five cases are assumed, depending on the type of rock
exposed at the surface and the thickness of the sedimentary layer. d The crustal structures of Model C and Model D are shown. The crustal structure
of Model Cis based on Tanaka (2009). The thermal conductivity of the rock is assumed to be constant. The crustal structure model D is based on
Okubo et al. (1998). The upper crust is granite, and the lower crust is gabbro. The thickness of the upper crust is 18 km, and the depth of the Moho
discontinuity is 30 km. Rock thermal conductivity and crustal heating values are as noted
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Fig.9 (Seelegend on previous page.)
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Table 5 Temperature dependence of thermal conductivity

Rock type Thermal conductivity (Wm~" K~")

Granite K(T)=1/(C+d x (273154 T))  ¢=0.240%4
d=46019x 107

Gabbro K(T)=1/(C+d x (273.154T))  (=033727
d=3.5002x 107*

Other Bedrock  K(T) = K(0)/(1 + b x (T — 20)) b=0.0005

Based on Miao et al. (2014) for granite and gabbro. Based on Funnell et al. (1996),
K(0) indicates thermal conductivity at room temperature for other rocks

Table 6 Heat generation, A. Radiogenic heat value estimated
based on Minato (2005). Based on Beardsmore and Cull (2001) for
gabbro only

Rock type Heat
generation A
(MW m3)
Granite 2.16
Gabbro and diorite 0.11(%)
Granodiorite 1.13
Rhyolite 1.23
Dacite 0.86
Andesite 0.77
Basalt 0.51
Metamorphic 1.38
Sedimentary Quaternary 0.63
Sedimentary Neogene 0.73
Sedimentary Paleogene 143

sedimentary layers and igneous rocks, we used this as a
reference, and for gabbroic rocks that make up the lower
part of the earth’s crust, we estimated radiogenic heating
based on Beardsmore and Cull (2001) (Table 6).

Two models have been proposed for heat generation
in the earth’s crust: one that decreases with depth (e.g.,
Furukawa and Uyeda 1986; Tanaka 2009) and one that
varies from layer to layer (e.g., Erkan and Blackwell 2008;
Okubo et al. 1998). This study adopts the layer model,
defining multiple heating values depending on the crustal
structure. Then, based on Eq. (2), the temperature T can
be expressed as follows.

Q. A,
T_Ts+iz oYk (2)

Figure 10a shows the crustal structure model calcula-
tions in Model A (Case A-1) for seven cases with heat
flow ranging from 50 to 200 mW m~2 in 25 mW m™2
increments. In the case of 75 mW m™2, which is the aver-
age heat flow, the temperature reaches 300 °C at a depth
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of about 11 km, which seems reasonable compared to the
depth of the seismogenic layer.

For comparison, we also calculated two models from
previous studies (Fig. 9d): one is the structural model
employed by Tanaka (2009), which assumes a constant
thermal conductivity of 2.5 Wm ™ K~! and a crustal heat
generation A(z) that decreases exponentially with depth
z:

A(z) = A(O)exp(—%). 3)

Here, D=10 km and heat generation at the surface
A(0)=1.4 uW m~3 (Model C).

The other is a structural model adopted by Okubo
et al. (1998), in which the heat generation of the crust
is assumed to be 1.5 uW m™> for the upper crust and
0.15 uW m ™ for the lower crust. Thermal conductivity
was estimated to be 2.5 W m~! K~ for the upper crust
and 2.0 W m~! K™! for the lower crust, with lower val-
ues on the lower crust side to account for temperature
dependence (Model D). Thermal structure calculations
were performed for these two models (Fig. 10b and c).

In the shallow area of about 5 km, all three models do
not differ much, but Model A tends to have a slightly
higher temperature; for example, in the 100 mW m™2
calculation example, Model A is about 30 K warmer
than Models C and D at 5 km. In the 200 mW m~2 cal-
culation example, Model A has a temperature about
70 K higher than Models C and D at 5 km. As the heat
flow increases, the temperature gradient increases,
the temperature dependence of thermal conductivity
becomes more pronounced, and the thermal conduc-
tivity decreases, further increasing the temperature
gradient.

On the low heat flow side, in the case of 50 mW m~2,
the attenuation effect of heat flow due to radiogenic
heating in the upper crust is significant. As a result,
the temperature in the deep underground will be lower.
However, as shown in Fig. 11, for example, when there
is a thick sedimentary layer at the surface, the temper-
ature gradient in the sedimentary layer increases, and
the heat generated in the earth’s crust decreases, so the
heat flow does not decrease with increasing depth, and
the temperature deep underground tends to be higher.

On the other hand, if granite is also present in the
lower crust as in Model B, and the heat generation rates
of the upper and lower crust are constant at, for example,
2.16 uW m 3, the temperature gradient in the lower crust
begins to reverse around 25 km depth when the surface
heat flow is 55 mW m~2 Therefore, referring to Furu-
kawa and Uyeda (1986), we set the heat generation in the
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Model A : Case A-1 Model C Model D
(This Study) (Tanaka (2009)) (Okubo et al., (1998))
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Fig. 10 Example of underground temperature calculation (1). The examples of calculations for seven cases with heat flow ranging from 50 to 200
mW m~2in 25 mW m~2 increments. a Example calculation in Model A (Case A-1). b Example calculation in Model C. ¢ Example calculation in Model

30

lower crust, i.e., below a depth of 18 km, to 1.0 pW m~3,
which is almost the lower limit. If the surface heat flow is
50 mW m~2, the temperature gradient becomes zero at
a depth of 30 km. If the surface heat flow is 45 mW m~2,
the temperature gradient reverses at a depth of 23 km.
However, at 30 km depth, the temperature is several K
lower than the peak at 23 km depth (Fig. 12).

However, the heat flow measured in the relevant
area in this study was below 50 mW m~2 in two wells,
and the lowest value was around 47 mW m™ 2 There-
fore, although the temperature at 30 km depth will be
about 5 K lower than the peak temperature, we decided
to allow for this temperature drop in the present cal-
culations based on the assumption that the results
will be filtered to average the calculation results from
multiple surrounding stations when discussing spatial
distribution.

The heat flow values obtained estimate an error
of 10-15%. The impact of this error on the estima-
tion of subsurface temperature is estimated. In a typi-
cal case A-1 structural model with a heat flow of 50
mW m~?, assuming an error of 5%, the range of esti-
mated temperatures at 5 km below ground would be
about+6 K, at 10 km below ground about+15 K,
at 15 km about+23 K, and at 20 km below ground
about =30 K. However, with an error of 15%, the esti-
mated temperature range is about+16 K at 5 km below

the surface, &34 K at 10 km below the surface, =50 K
at 15 km below the surface, and 70 K at 20 km below
the surface. Uncertainty is higher at deeper depths,
reaching4 110 K at 30 km. In the case of 75 mW m™2
an error of 5% would result in4+19 K at 10 km below
ground, and an error of 15% would result in+50 K.
In the case of 100 mW m™?2 the error of 5% would
be+25 K at 10 km below the surface, and the error of
15% would be +80 K. Uncertainty tends to increase at
shallow depths with high heat flow. Thus, the method
of estimating crustal thermal structure assumed in this
study is a model in which the estimated temperature
distribution is more sensitive to differences in crustal
structure than in previous studies.

Solidus temperature

The partial melting state above the solidus temperature,
where the assumption of one-dimensional heat conduc-
tion does not hold, is considered as follows. In the upper
crust, granitoid have solidus temperatures of 600—700 °C at
depths greater than 10 km (Robertson and Wyllie, 1971).
The temperature of the lower crustal constituents, such
as hornblende and waterless gabbro, is estimated to be
800-900 °C (Tatsumi et al. 1994; Yoshida et al. 2005). Here,
following the methods of Okubo et al. (1998) and Nishida
and Hashimoto (2007), we assume that the temperature
of the upper crustal solidus is 650 °C, the temperature of
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Result
the lower crustal mafic rocks is 800 °C, and the tempera-
ture of the Moho discontinuity (30 km depth) is 900 °C.  Hi-net borehole wells, 86 DTPB] wells, and 1 MITI
If the temperature reached 650 °C in the upper crust, the exploratory test well for 213 locations. Figure 13 shows
model was designed to monotonically increase over depth  the temperature distribution at depths of 5 km, 10 km,
to reach 900 °C at a Moho discontinuity depth of 30 km. 15 km, and 20 km, and Fig. 14 shows the depth of the
If the temperature did not reach 650 °C in the upper crust 300 C, 400 C, and 450 C isotherm, based on Model A
but reached 800 °C in the lower crust, the temperature was ~ and Model B. The depth distribution of isotherms for
assumed to increase to reach 900 °C at a depth of the Moho =~ Model C is shown in Fig. 15. Depths are converted to
discontinuity monotonically. depths from 0 m above sea level, not surface. Nearest

The subsurface temperature was calculated for 126

(See figure on next page.)

Fig. 13 Map of estimated subsurface temperatures. Estimated temperatures at depths of 5 km (a), 10 km (b), 15 km (c), and 20 km (d) are shown.
The subsurface temperatures obtained at each measurement point are interpolated by averaging filtering based on the nearest neighbor method.
The grid size was set to 4 min, and the search area to 50 km. Based on the values of this grid, isotherms were described at 100 °C intervals. Note that

since a simplified method is used to estimate the solidus temperature above 650 °C, the values in the high-temperature region have relatively large
uncertainties at 15 km (c) and 20 km (d)
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This Study
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Fig. 14 The depth of the 300 °C, 400 C, and 450 °C (Model A+ B). This study estimated depth profiles of 300 °C, 400 °C, and 450 °C (Model A +B).
The depth values reaching each temperature obtained at each measurement point are interpolated by averaging filtering based on the nearest
neighbor method. The grid size was set to 4 min, and the search area to 50 km. Based on the values of this grid, isobaths were described at 2.5 km
intervals

Tanaka 2009
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Fig. 15 The depth of the 300 °C, 400 °C, and 450 ‘C (Model C). The depth values reaching each temperature obtained at each measurement point
are interpolated by averaging filtering based on the nearest neighbor method. The grid size was set to 4 min, and the search area to 50 km. Based
on the values of this grid, isobaths were described at 2.5 km intervals

neighbor interpolation was used to create the map. The The high-temperature region extends along the cen-
interpolated grid size was set to 4 min or approximately  tral axis of the Ou Backbone Range, and local high-tem-
7.5 km, and a filter was used to interpolate from the perature anomalies exist around volcanoes distributed
values of multiple observation points within a 50-km  along this axis. Therefore, there are many places where
radius. Isotherms were created in 100 °C steps based on  the depth of 650 °C is less than 10 km in these regions.
the values for each grid. On the other hand, in the coastal area on the forearc side,
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where low heat flow regions of about 50 mW m™? exist,
a low-temperature structure of about 300 °C to 400 °C is
estimated at a depth of 30 km. In the low heat flow region
in the southern part of the back-arc, where the thickness
of the sedimentary layer is as much as 5 km, the tempera-
ture structure is about 300 °C at a depth of 10 km.

Discussion

Heat flow

Heat flow distribution and characteristics

Compared with the previous study by Tanaka et al.
(2004), shown in Fig. 8b, and Sakagawa et al. (2006),
shown in Fig. 8c, the spatial distribution of heat flow
characteristics shows almost the same trend. Com-
pared to the geothermal gradient distribution shown in
Fig. 8a (Tanaka et al. (2004)), the same trend appears
to be true. By interpolating the forearc side, where the
amount of data was previously small, it can be said
that entire Northeastern Japan can now be covered,
although the amount of data for the plains in the north-
ern region is relatively small. Along the Ou Backbone
Range, where the present volcanic front (VF) is located,
many heat flow data estimates above 200 mW¥ m~2. On
the forearc side, heat flow is generally low in the area,
but some heat flow data are estimated to be around 100
mW m~? in some parts of the area. In addition, many
heat flow data exceeding 200 mW m~2 have been esti-
mated along the Ou Backbone Range.

On the other hand, low heat flow areas can extend
to the plains and other areas. Low heat flow areas are
distributed on the forearc side, especially in the north-
ern and southern parts of the Kitakami Mountains, the
eastern part of the Abukuma Mountains, and near the
Niigata Plain on the back-arc side.

Influence of subsurface fluids
Tamanyu (2008) proposed a model of hydrothermal
convection related to the thickness of the sedimentary
layers in Northeastern Japan and estimated that hydro-
thermal convection is dominant down to the depth of
the Pre-Paleogene basement rocks, from 1 to 3 km in
plains and basins, and up to 1 km in volcanic regions.
For example, hydrothermal convection systems are
thought to be dominant in areas where high heat flow
is observed, which exist around volcanoes in the Ou
Backbone Range. In this case, the near-surface heat
flow is the heat transfer due to heat conduction at depth
plus the heat transfer due to fluid at shallow depth.
Therefore, overestimated heat flow values may be used
when estimating the temperature structure at depths
greater than a few kilometers. Sakagawa et al. (2006),
who have conducted many heat flow analyses, especially
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in geothermal regions, analyzed heat flow due to heat
conduction and heat flow due to fluid involvement in
many borehole wells and estimated that heat as much as
the heat conduction flux is transported to the surface by
fluids. Therefore, it should be noted that estimating the
temperature structure of the subsurface in areas that
exhibit such high heat flow is subject to fluid effects.

On the other hand, it has been pointed out that
groundwater flow systems are widespread in the plains
(Miyakoshi and Uchida 2001). In these areas, subsurface
temperature gradients are complex, with large tempera-
ture gradients in the ascending groundwater basins and
small temperature gradients in the descending basins
(Uchida et al. 2014; Kaneko et al. 2020). On the other
hand, most of the D-class wells, which were judged to
have powerful groundwater influence, are in the plains
with thick sedimentary layers, and their temperature pro-
files show downward flow type. The temperature profiles
of the Hi-net borings showed the influence of surface
groundwater in about 10% of the stations, including the
C-class wells that were judged to be partially affected.
Heat flow in these boreholes is generally estimated to
be low. Therefore, more careful analysis that consid-
ers groundwater effects may be necessary, especially for
borehole wells in geological conditions such as basins
and plains where sedimentary layers are thick, and water
can easily penetrate.

High heat flow regions and volcanic distribution

In geothermal zones in plains with thick sedimentary lay-
ers and around volcanoes, shallow ground structures and
groundwater behavior are thought to influence heat flow
strongly, and we attempt to interpret the heat flow dis-
tribution obtained in this study based on the assumption
of the existence of these effects. First, we attempt here
to discuss the distribution of high heat flow regions. It is
said that in subduction zones, low heat flow is observed
on the forearc side, high heat flow on the VF, and mod-
erate heat flow on the back-arc side (e.g., Fukahata and
Matsu'ura 2000), and we first examine regions where
this pattern and high heat flow distribution are differ-
ent. Then, we find that there is a region of high heat flow
along the eastern side of the Ou Backbone Range.

In the central part of the Kitakami Mountains and
near the Sendai Plain, there are areas of high heat flow
extending from the VF to the forearc side. Therefore, we
will consider the current distribution of volcanoes and
the correlation with the past distribution of volcanoes.
The position of the VF in Northeastern Japan was about
30-40 km east of its present position at 16 Ma, but it has
moved from about 10 km west to east at 10 Ma (Yoshida
et al. 2013). Consider the possibility that these past VF
movements still influence the thermal structure of the
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Fig. 16 The spatial distribution of D90, the cut-off depth of shallow
seismicity in Northeastern Japan. D90 is the depth above which 90%
of the earthquakes occur. The D90 distribution for the area enclosed
by the red line is based on Omuralieva et al, (2012). The dotted lines
denote depth (km) contours to the top of the subducted Pacific plate
(PAC) slab (Iwasaki et al. 2015; Lindquist et al. 2004)

crust. Since 8 Ma, many large calderas have formed along
the central axis of the Ou Backbone Range (Yoshida et al.
2013), but only one caldera has been identified on the
forearc side of the present VF.

The time required to cool a magma reservoir with
a diameter of 10 km is said to be about 1 Ma (Tomiya
2000), so the time scales may not match. On the other
hand, there are cases where calderas are assumed to
have been active for more than 600,000 years after their
formation (Takehara et al. 2017), and hydrothermal res-
ervoirs and low-velocity bodies have been observed
beneath calderas formed in the Late Miocene (Sato et al.
2002). It has also been pointed out that magma reser-
voirs with lifetimes longer than several million years may
exist if conditions like continuous fluid supply from deep
underground are met (Yoshida et al. 2020). However, the
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Fig. 17 Curie depth contour map of Northeastern Japan, indicating
the locations of temperature measurements. Curie depth contour
interval is 1 km, the contours denoting inferred Curie depths (km)
below sea level. Based on Okubo et al. (1989)

distribution of calderas in Northeastern Japan (Yoshida
et al. 2013) shows no evidence of calderas extending over
the central Kitakami Mountains and the Sendai Plain.
Therefore, the cause of this high heat flow is unrelated to
the VF, and we should consider that other factors bring
about the high heat flow.

Low heat flow regions

Next, we will discuss the distribution of the low heat
flow regime. As discussed in the previous section, we will
focus on the differences from the assumed pattern of heat
flow distribution in the subduction zone. For example,
in the northern part of the Kitakami Mountains, areas
of low heat flow are on the Ou backbone Range side of
the VE. As mentioned in the previous subsection, the
VF existed about 30-40 km east of the present at 16 Ma
(Yoshida et al. 2013), but the time when the VF existed
west of the present, where low heat flow is expected, goes
back to 30 Ma, and it is estimated that it existed near
the present Japan Sea coastline at that time (Sato 1994).
Therefore, the relationship between the movement of the
VF and the existence of a region of low heat flow near the
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northern Kitakami Mountains, which extend farther to
the Ou Backbone Range than the VF, is unclear.
Although heat flow is low in areas where crustal sub-
sidence and sedimentation are in progress (e.g., Fukahata
and Matsu’ura 2000), the cause of this is also unknown
because the area is not significantly subsided compared
to the analysis of crustal deformation in Northeastern
Japan over the past 120 years (Nishimura 2012). On the
other hand, the Niigata Plain on the back-arc side also
has many areas of low heat flow, but these are areas where
sedimentation is estimated to be high (Nishimura 2012;
Kobayashi 1996), and in these areas, the consistency
between low heat flow and crustal activity is recognized
to some extent. The impact of this crustal movement and
the current tectonic setting that drives it on the distribu-
tion of heat flow will need to be examined, including the
results of estimating the subsurface thermal structure.

Thermal structure

D90 and thermal structure

In order to examine the validity of the calculated tem-
perature structure, we first compare it with the D90 dis-
tribution estimated by Omuralieva et al. (2012), shown
in Fig. 16, which is an indicator of the lower limit of
the seismogenic layer of the crust. There seems to be
a good correlation between the temperature structure
and the spatial distribution of D90, and the isotherm at
a depth of 400 °C and 450 °C is correlated. On the other
hand, in the case of Model C (Fig. 15), where isobaths
were calculated for comparison, the correlation seems
to be at 400 °C or slightly cooler.

Further study of the correlation between Model A + B
and D90: among 300 °C, 400 °C, and 450 °C, the 450 °C
isothermal depth and the D90 depth seems to be con-
sistent overall. Along the Ou Backbone Range, both
isothermal depth and D90 are shallow, but the isother-
mal depth is slightly different where it is estimated to
be shallower. On the forearc side, isothermal depths
tend to be consistent in the south near the Kitakami
Mountains but slightly different in the north, where
isothermal depths tend to be deeper than those of D90.
Finally, in the Sendai Plain area, where the D90 is shal-
lower, the isothermal depth is consistent with 450 °C or
400 °C (Fig. 16).

Next, the back-arc side is examined. The Niigata
Plain, the epicenter of the Mid Niigata Prefecture
Earthquake in 2004, is an area with thick sedimentary
layers (Kobayashi 1996). There is a good correlation
between temperature and the lower limit of the seismo-
genic layer in this area, which shows the effect of intro-
ducing a detailed crustal structure. On the back-arc
side, isothermal depth is consistent with 450 °C near
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the Niigata Plain, but D90 tends to be a little deeper in
areas farther north.

Thus, while regional differences between D90 and the
inferred temperature structure may be seen, the relation-
ship between the lower limit of the seismogenic zone and
the depth to the brittle—ductile transition in the crust has
been extensively investigated in seismically active litho-
tectonic belts (e.g., Magistrale and Zhou (1996); Albaric
et al. 2009; Hauksson and Meier 2019). In addition, some
reports suggest that the occurrence of shallow intraplate
earthquakes is governed by friction that depends on the
temperature and lithology of the upper crust (Maeda
et al. 2021). The characteristics of the subsurface tem-
perature structure obtained in this study may provide
information on how D90 temperatures vary with depth,
lithology, and other factors.

Curie point depth and thermal structure
Next, we compare it with the Curie point temperature
distribution by Okubo et al. (1989), shown in Fig. 17.
Although both have resolution limitations, there seems
to be a good correlation in terms of trends in spatial
distribution. However, compared to the estimated tem-
peratures, Model A+ Model B (Fig. 14) seems to match
400 °C near the Ou Backbone Range and 300 °C on the
back-arc and forearc sides. As mentioned in the previous
section, there is a region of low heat flow extending from
the northern side of the Kitakami Mountains to the Ou
Backbone Range side of the VF, and there is a correlation
between this distribution and the Curie point tempera-
ture distribution. However, there is no clear correlation
between the distribution of high heat flow in the central
part of the Kitakami Mountains and the Sendai Plain.
This Curie point temperature distribution is inter-
preted by Nishida and Hashimoto (2007) as correspond-
ing to 400-450 °C, or about 300 °C, depending on the
rock type. However, as with D90, this may need to be
carefully considered in terms of the physical conditions
of the rock.

Influence of tectonic models

Now that we have mentioned that the rock zone’s physi-
cal conditions (temperature, structure, and lithology) are
essential issues, we will again review the tectonic model
of this study. First, the crustal structure is assumed to be
a simple horizontal layered structure with an upper crus-
tal thickness of 18 km and a lower crustal thickness of
12 km. However, in many models, the Moho discontinu-
ity is estimated to be deeper just below the Ou Backbone
Range and slightly shallower on the frontal and back-
arc sides (e.g., Nishimoto et al. 2005; Muto and Ohzono
2012; Matsubara et al. 2017a).
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Since the thickness of the upper crust determines the
total amount of crustal heat generation, heterogeneity
in the upper crust’s thickness significantly impacts the
lower crust’s estimated temperature structure. In addi-
tion, the 3D seismic velocity structure shows heterogene-
ity (e.g., Matsubara et al. 2017b), making it likely that the
crustal components are not simple horizontal layers. The
model used in this study is that the lower crust near the
Kitakami Mountains is composed of granite (Nishimoto
et al. 2008; Ishikawa et al. 2014; Ishikawa, 2017). Since the
thermal conductivity and amount of radiative heat gen-
eration vary depending on the type of rock, it will be nec-
essary to construct a 3-D structure that considers these
characteristics. The existence of high heat-flow regions
on the forearc side and low heat-flow regions near the VF
may be explained to some extent by the heterogeneity of
heat generation in the upper and lower crust.

In addition, Northeastern Japan is an area where tec-
tonic inversion is in progress (Sato 1994), and as Fuka-
hata and Matsu’ura (2000) point out, the influence of the
active crustal movement of uplifts such as uplifts and
sedimentation needs to be taken into account.

However, this method, which considers the detailed
structure of the crust, tends to estimate temperatures
on the low side for low heat fluxes and on the high side
for high fluxes, compared to previous studies. A further
improvement of this method would be to consider heat
transfer by fluids. For a more accurate estimation, it may
be helpful to use an approach proposed by Sakagawa
et al. (2006) to elaborately model the heat flux, which is
the sum of heat conduction in the rock mass and heat
transport by the fluid, as observed heat flow at the sur-
face. In the future, it will be necessary to collaborate with
groundwater models, for example, to separate the heat
flux from the surface to 1 to 2 km, where the influence of
fluid is significant, from the heat conduction below the
base rock conduction is dominant.

For example, a factor other than structure is the behav-
ior of fluids deep in the crust. Nakajima and Hasegawa
(2003) proposed a model in which an S-wave reflection
surface exists on the east side of the volcanic front, and
water is supplied from the lower crust. The effect on the
thermal structure of the movement of such fluids from
the lower crust to the upper crust, such as the cause of
the high heat-flow regions that exist east of the VF and
on the forearc side, would need to be considered.

Mantle wedge

Finally, the relationship between deep structure and tem-
perature structure, i.e., the possibility that the tempera-
ture structure of the mantle wedge may affect the inferred
thermal structure, is discussed. Compared to the hot fin-
ger model (Tamura et al. 2002), in which particularly hot
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regions of the mantle wedge are distributed at regular
intervals, the spatial distribution of regions hotter than
the surroundings appears to be in good agreement. How-
ever, a quantitative comparison may be difficult since
this study uses a simplified model for calculating thermal
structure above the solidus temperature.

The lower temperatures, especially on the forearc side,
may also be consistent with the model inferred by Wada
and Wang (2009) and Wada et al. (2011) that the slab and
the mantle are fully decoupled until a depth of 70-80 km,
but fully coupled at greater depths. Using shear-wave
splitting analysis, Uchida et al. (2020) found a distinct
lack of anisotropy in the forearc mantle wedge, indicat-
ing that the forearc mantle wedge is decoupled from the
slab and does not participate in the viscous flow. While
the correlation between the location of the 70-km slab
isobath (Fig. 16) and the low-temperature regions in
the estimated temperature distribution (Fig. 14) is cer-
tainly good, the low-temperature regions in the northern
Kitakami Mountains and the high-temperature regions
in the central Kitakami Mountains may become consist-
ent if we assume some regional variation in the depth
at which these mantle wedges become uncoupled to the
slab, for example.

Suppose these issues can be overcome, such as address-
ing the behavior of groundwater in the shallow part of the
crustal structure model used to estimate thermal struc-
ture in this study and the behavior of fluids rising from
deeper parts of the crust. In that case, it may be possible
to increase the accuracy required for comparison with
D90 and improve the accuracy of temperature estimates
to the Moho discontinuity.

Conclusion

New heat flow data covering Northeastern Japan, corrected
for climate change, were obtained using borehole tempera-
ture profiles of the NIED Hi-net. The obtained spatial dis-
tribution of heat flow shows low heat flow on the forearc
side, high heat flow along the Ou Backbone Range, and low
heat flow in the plains on the back-arc side. However, the
distribution is not clearly divided into high and low heat
flow along the VF front; for example, the low heat flow
extends from near the northern Kitakami Mountains on
the forearc side to the Ou Backbone Range crossing the VE,
while the high heat flow extends to the central Kitakami
Mountains and Sendai plain on the forearc side. In addi-
tion, the crustal temperature structure was obtained by
using a crustal structure model that takes into account the
temperature dependence of thermal conductivity and the
difference in heat generation due to lithology, using a crus-
tal structure model that takes into account sedimentary
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layers rather than a uniform structure model with exposed
bedrock at the surface.

Good correlation was observed with D90 and Curie
point depth distribution, with D90 ranging from 400 to
450 °C, Curie point depth around 400 °C near the Ou Back-
bone Range, and a strong correlation around 300 °C on the
anterior and back-arc sides. Compared to previous studies,
the crustal thermal structure calculation method assumed
is a model whose estimated temperature distribution is
sensitive to structural differences; however, a more accu-
rate estimation of the temperature structure is possible if
detailed structural information is available.

On the other hand, it seems necessary to treat fluid
behavior in more detail in areas of high heat flow. However,
the estimation of crustal temperature structure, especially
in regions with thick sedimentary layers, is considered an
improvement over the previous study. We hope that this
study will be useful in developing initial models for future
complex analyses of crustal thermal structure.
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