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Geothermal gradient and heat flow data in and around Japan (II):
Crustal thermal structure and its relationship to seismogenic layer
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The high-quality database of seismicity of Japan (JMA, Japan Meteorological Agency) and an extensive
compilation of thermal measurements (Tanaka et al., 2004a) are used to quantify the concept of temperature
as a fundamental parameter for determining the thickness of the seismogenic zone. Qualitative comparisons
between each data of heat flow and geothermal gradient, and the lower limit of crustal earthquake hypocentral
distributions beneath the Japanese Islands show that, as expected, the lower limit of seismicity is inversely related
to heat flow and geothermal gradient. However, the density of the data is not uniform but highly clustered and
spatially concentrated instead. To fill the data gaps, the available data were interpolated onto regular grids of
points with a spacing of 0.25° x 0.25°. Gridded heat flow or geothermal gradient and Dgg, the depth above
which 90% of earthquakes occur, correlated well with each other. The evaluated temperatures for Dgy range
between 250°C and 450°C except for higher heat flow data. The consistency of temperature for Dgj over a large
depth interval almost all over the Japanese Islands support the concept that the temperature is the dominant factor
governing the focal depth in the crust. A comparison of our results with other tectonic regions could provide

evidence for variations in temperatures for Dgy.
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1. Introduction

Laboratory studies of the transition from unstable to sta-
ble sliding in rocks provide strong evidence for the impor-
tance of temperature in determining the maximum nucle-
ation depth of large earthquakes (Blanpied et al., 1995).
Thermal models must incorporate the considerations of
geotherms from surface heat flow data. Complications in
the crustal thermal model arise from contrast of lithologies
and fluid flow. Furthermore, due to uncertainties in crustal
heat production, the geotherms are ambiguous. Therefore,
many studies focus on the correlation between the seismic-
ity depth and heat flow, rather than the temperature at depth.
Relationships between continental heat flow and the depth
of the seismogenic zone provided evidence of an inverse
correlation (e.g., Sibson, 1982; Ito, 1990). The higher the
heat flow, the shallower the depth of seismogenic zone.
This correlation is confirmed and quantified using care-
fully determined heat flow data for the San Andreas Fault
(Williams, 1996) and the Western Nagano area (Tanaka and
Ito, 2002). Although this relationship seems to be plausible,
uneven data distribution preclude improving on the general
correlation between heat flow and the depth of the seismo-
genic zone over some regional areas.

The Japanese Islands, because of its abundant, well-
located seismicity and well-characterized heat flow, provide
an excellent natural laboratory for improving this limita-
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tion. In this paper, we used the recently published com-
pilation of thermal data (Tanaka et al., 2004a) to show the
relationship over regional areas and to address whether the
seismic/aseismic transition corresponds to a critical temper-
ature.

2. Lower Limit of Seismogenic Layer and Crustal
Thermal Regime

A fundamental property of crustal seismicity is the depth
confinement. Focal depths are restricted to the upper sev-
eral tens kilometers of the crust. Beneath the Japanese
Islands, earthquake foci reach less than 5 km in volcanic
and geothermal areas, 10-30 km beneath several sedimen-
tary basins, and up to 30 km beneath the Hidaka Moun-
tain Range on Hokkaido, which have formed by collisional
processes. Due to the large number of seismic station net-
works in Japan, earthquake location accuracies are fairly
reliable beneath the Japanese Islands. JMA (Japan Meteo-
rological Agency) determined good quality hypocenters by
relocating earthquakes recorded since October 1997 (Ueno
et al., 2002). The data set comprises the earthquakes that
occurred shallower than 30 km between October 1997 and
March 2003. Artificial events, noises and low-frequency
events were eliminated. We used this re-determined data
for the hypocentral distribution and selected crustal earth-
quakes with magnitude greater than 1 recorded more than
10 stations. Even if only high-quality locations are con-
sidered, several outliers are evident. They may be due to
inaccurate locations or isolated seismic events generated by
local anomalies. To avoid bias due to a few outliers, the lo-
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Fig. 1. (a) Heat flow and (b) geothermal gradient plotted as a function of Dgg, the depth above which 90% of earthquakes occur. Dgg was calculated
at the location of each heat flow or geothermal gradient data using seismic events within a distance of 0.1°. Dgg is reported only if more than 50

earthquakes occurred in that location.

cal maximum depth of earthquakes is defined as the depth
above which 90 percent of the earthquakes occur, Dgy.

Surface heat flow studies and their relationship to other
geophysical parameters provide useful insight on the ther-
mal state of the crust. It is closely related to the deeper tem-
perature regime and has direct relevance to regional tectonic
interpretation. Heat flow determinations constitute the prin-
cipal direct observation we have of the current crustal ther-
mal state. Sea areas in and around Japan are generally well
covered by heat flow measurements (e.g., Yamano, 1995).
On land, however, heat flow data is relatively sparse. Re-
cently updated databases of geothermal gradient data might
be useful to unravel crustal thermal structure extensively
(Tanaka et al., 2004b).

Figure 1(a) and (b) show the correlations between heat
flow or geothermal gradient and Dgy. Dyy was calculated
for each heat flow or geothermal gradient data using seis-
mic events within a distance of 0.1°. Dy is considered re-
liable and is reported only if more than 50 events occurred
in a given domain. In general, the heat flow or geothermal
gradient data show a similar pattern to Dy, with Dgy in-
creasing with decreasing heat flow or geothermal gradient.
Figure 1(a) has substantially more scatter than Fig. 1(b).
Most of the scatter in Fig. 1(b) for regions with relatively
deep seismicity is due to five outliers with Dgy around 25
km and elevated geothermal gradient. The data correspond-
ing to these outliers were collected in the Hongu area of
Kii Peninsula, where Quaternary volcanoes are not known.
These geothermal anomalies in non-volcanic regions were
explained as effects of magma that has not erupted at the
surface (Wakita et al., 1987). The heat flow and geothermal
gradient data are not evenly distributed over the entire area.
On land, they are collected mainly in specific areas such as
volcanic and geothermal areas.

3. Heat flow and Geothermal Gradient Data on
0.25°-grid
Each data of heat flow and geothermal gradient is in-
versely related to Dgy. However, each data set is distributed
unevenly geographically; some are dense, and other sparse.
To estimate the regional thermal state, we used the median
values of regular grids beneath the Japanese Islands. All the

data sets were interpolated onto regular grids of points. The
grid is at latitude and longitude with a spacing of 0.25° by
0.25°. We find that the simple mean is inaccurate, because
it is often significantly biased. By contrast, using the me-
dian of gridded heat flow or geothermal gradient distribu-
tions yields reasonable estimates of the regional heat flow,
as they exclude extremely high values taken at volcanic and
geothermal areas.

We considered only onland or near-shore locations be-
cause focal depths at off-shore locations are uncertain due
to the spatial poor coverage of seismic stations. Figure 2(c)
shows the distribution of Dyy using the data with number
of data more than 50 within the grid. Figure 2(a) and (b)
show the medians of heat flow and geothermal gradient val-
ues, HF5y and GGsy, at points on a regular rectangular grid.
These maps characterize each data distributions; HFsy has
a poor coverage, GGso covers all over land area, and Dyg
covers land area except Hokkaido area.

Figure 3(a) and (b) provide the plots between HFsy or
GGsp, and Dgg on grid cells of 0.25° by 0.25° in size. The
data used to produce Fig. 3(c) are derived from heat flow
distributions from measurements of heat flow and estimates
from geothermal gradient (Tanaka et al., 2004b). Every
plot of Fig. 3 shows the same correlation, with HFsy and
GGs( decreasing with Dggy. Figure 3(c) is a plot similar to
Fig. 3(a), but with more scatter and a less tightly correlated
relationship, because the data in Fig. 3(c) involved more
assumptions.

Dashed lines in Fig. 3(a) and (c) show isotherms, cal-
culated using the steady-state, one-dimensional, heat con-
duction equation with an exponential decrease in the ra-
dioactivity heat generation. We estimate the isotherms us-
ing the following values: the average temperature of ground
surface all over Japan is 13.51°C (National Astronomical
Observatory, 1988); the average thermal conductivity us-
ing recently published deep boreholes data (Tanaka et al.,
2004a) is 3 W m~'K~!; the average heat production is 1.0
wWm—3 (Fowler, 1990); the characteristic thickness of the
layer enriched in radioactive elements has been estimated
to be about 10 km (Lachenbruch, 1970). These isotherms
are consistent with a correlation of the seismogenic depth
with heat flow. However this depth does not correspond to
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Fig. 3. Median of (a) heat flow (HF5), (b) geothermal gradient (GGs), and (c) estimates of heat flow derived from HFsp and geothermal gradient (from
Tanaka et al., 2004a), plotted against Dgg. The data set was restricted to cells in which more than 5 estimates of heat flow or geothermal gradient are
available and more than 50 earthquakes occurred. The gray dashed lines indicate isotherms between 200°C to 500°C.

a unique temperature. With the exception of regions with
heat flow in excess of 200 mW/m?, where the uncertainty
is greater, the temperature at Doy appears evenly distributed
between 250 and 450°C.

4. Discussions and Conclusion

The maximum focal depth of crustal earthquakes beneath
the Japanese Islands ranges from the near surface to more
than 20 km. Many studies support that the seismogenic
depth is thermally controlled. New estimates of the thermal
structure of the crust, based on geothermal gradient mea-
surements coupled with existing heat flow data, help resolv-
ing how the lower limit of seismicity varies with the thermal
field. This information fill gaps in the previous heat flow
coverage and allows us to better delineate the crustal ther-
mal structure. We are combing geothermal gradient data
with heat flow data to investigate possible thermal controls
on crustal seismicity beneath Japanese Islands. Both heat
flow and geothermal gradient shows a similar relationship,
and it suggests that the pattern of the heat flow and geother-
mal gradient data is useful as an index of the thermal struc-
ture in the crust and Dgg.

Relationships using gridded data of heat flow and
geothermal gradient are found to be more useful even at
larger spatial scales. Using the derived heat flow from
geothermal gradient in combination with observed heat
flow, Figure 3(c) shows a relationship similar to Fig. 3(a),
albeit with more scatter. Nevertheless, the results provide
useful constraints on the relationship.

Some problems are associated with determining the seis-
mogenic layer from seismicity data. The first is the com-
pleteness of the seismic record. It is difficult to determine
whether the spatial extent of seismicity recorded over sev-
eral years accurately represents the seismogenic portion of
faults. The second problem is the accuracy of the focal
depths themselves. The absolute uncertainty of hypocen-
ter locations is determined by the precision of the velocity
model. JMA used the same velocity model all over Japan
to avoid discontinuities among velocity models. And, the
limiting depth to which earthquakes are observed, may de-
pend on focal mechanism, but it is not considered to esti-
mate Dgg. These problems are involved in estimating Dgy,
but this approach is satisfactory as a first approximation.

To quantitatively compare the data sets, the temperature
for the lower limit of seismogenic zone was calculated using
the steady-state, one-dimensional heat conduction equation.
The consistency of the temperature at the lower limit of
seismogenic zone of 250-450°C over a large depth interval
3-30 km at different locations beneath the Japanese Islands
supports that temperature is the dominant factor governing
the depth extent of seismogenic zone. Our results are rea-
sonably consistent with the 300°C value corresponding to
the onset of dislocation creep in quartz, which is assumed
to control the seismic/aseismic transition zone by Scholz
(1998). The variation in limiting temperature suggests that
additional factors, such as strain rate, stress regime, pore
pressure, and/or lithology, may contribute. For example,
Blanpied ef al. (1995) showed that the transition tempera-
ture should increase or decrease approximately 50°C with
each order of magnitude increase or decrease in the fault
slip rate. These could explain some of the scatter in Figs. 1
and 3. On the other hand, in oceanic intraplate environ-
ments, earthquakes are limited to temperatures around 600—
800°C (Wiens and Stein, 1983). Hirth (2002) showed that
what limits the seismogenic zone is still controversial. And,
it is still impossible to differentiate between a transition in
sliding dynamics and a deformation regime.

A comparison of our results with other regions could
provide evidence on possible causes for variations in the
seismic-aseismic transition temperature. This transition
may be controlled by a complex interaction of thermal, ge-
ological, and hydrological processes. Additional work is
required to resolve this issue. The revived interest in the
seismogenic depth and crustal thermal regime seems likely
to continue.
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