
Page 1/23

Relationship between Crustal Temperature and Depth of
Seismogenic Layer Estimated from the Inland
Earthquakes along the Sea of Japan Beneath Japanese
Islands
Tomoko Elizabeth Yano  (  tomoyano@gmail.com )

NIED https://orcid.org/0000-0001-9844-9110
Makoto Matsubara 

National Research Institute for Earth Sciences and Disaster Resilience
Takumi Matsumoto 

National Research Institute for Earth Science and Disaster Resilience
Tatsuya Ishiyama 

Earthquake Research Institute, The University of Tokyo

Full paper

Keywords: Earthquake, Seismogenic zone, Crustal temperature, Earthquake Hazard, Crustal structure, 2003 northern
Miyagi earthquake, 2004 Chuetsu earthquake, 2008 Iwate-Miyagi earthquake, 2016 Kumamoto earthquake, 2016
Tottori earthquake

Posted Date: February 9th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1313798/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full
License

https://doi.org/10.21203/rs.3.rs-1313798/v1
mailto:tomoyano@gmail.com
https://orcid.org/0000-0001-9844-9110
https://doi.org/10.21203/rs.3.rs-1313798/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/23

Abstract
We found the depth of the seismogenic layer based on D95, the cut-off depth at which 95% of the earthquakes
occurred, from the event catalog before the mainshock of �ve major earthquakes, such as the 2003 Northern Miyagi,
the 2004 Chuetsu, the 2008 Iwate-Miyagi, the 2016 Kumamoto, and the 2016 central Tottori earthquakes. Our results
show that the main event depth, aftershock distribution, and main slip area are con�ned above the base of the
seismogenic zone. A simple modelling of the geothermal gradient based on surface heat �ow shows that the
temperature at the base of the seismogenic zone is constrained to a range of 250-450 ºC. We con�rmed that
mainshock depths for �ve cases nucleated at the deepest portion of the seismogenic layer, and large rupture areas
occurred within the seismogenic layer. Some aftershock streaks of the 2016 Kumamoto earthquake occurred at 5 km
deeper than the bottom of seismogenic depth.

1. Introduction
Seismogenic depth is an important parameter in�uencing earthquake hazards and crustal mechanical properties. The
cut-off depth distribution of seismicity has been interpreted as the brittle-ductile boundary of rock deformation
(Kobayashi 1976; Chapman 1986; Ito 1993). Sibson (1982) examined the distribution of heat �ow and cut-off depth
of seismicity (D90) above which 90% of the shallow earthquakes occur in various continental settings in the United
States and found a correlation between the theoretical frictional to quasi-plastic transition models and the observed
cut-off depth. Scholz (1988) proposed a schematic diagram relating the temperature and depth to geologic features,
fault rock mechanisms, friction rate behavior, seismic behavior, and strength of the structure for the major geological
and seismological features, intended for quartzo-feldspathic rocks. The shallow part is a brittle zone as a
seismogenic layer corresponding to temperatures of approximately 300°C. Between 300 and 450°C, it enters a brittle–
ductile state and may partially rupture in the transition zone. In Japanese Islands, Tanaka and Ishikawa (2002) found
a correlation between heat �ow data and D90 beneath northeastern Japan. Their results follow the thermal structure
derived from seismic tomography (Hasegawa et al. 2000). Tanaka (2004, 2009) showed the relationship between the
temperature and depth of earthquake nucleation using actual seismic activity and temperature observations. This
study indicates that the temperature of 250°C to 450°C corresponds to the D90, assuming a typical heat �ow value of
silicates.

The relationship between the size of earthquakes and thickness of the seismogenic layer has long been discussed.
For example, Das and Scholz (1983) reported that large earthquakes tend to nucleate at the base of the seismogenic
zone and often rupture the entire brittle seismogenic layer. Ito (1990, 1993) studied thickness of the seismogenic layer
beneath the Japanese Islands and recognized its local depth variations. He suggested that the cut-off depth of
seismicity is closely related to the depth of large crustal earthquakes with magnitudes greater than 7 where the
seismic-aseismic boundary sharply changes. Hashimoto and Matsu’ura (2000) and Shibazaki (2002) argued that
nucleation of the large earthquakes is determined by the seismic-aseismic boundary, where high gradients in strength
and critical weakening displacement on the edges of the base of the seismogenic zone.

Studies have recognized the spatial distribution of the thickness of seismogenic layer beneath Japanese Islands. In a
recent study, Omuralieva et al. (2012) estimated the spatial distribution of the D90 over the whole of Japan using
relocated hypocenters, which eliminated interplate or intraslab events from the geometry of the subducting Paci�c
and Philippine Sea plates. They found that D90 is shallow in volcanic areas, the Kinki district, and the middle of
Shikoku district and deep along the coastal area of the Paci�c Ocean, with the lateral variation ranging from 5 km to
40 km.
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In this research, we investigated the local variation of D95, the depth above which 95% of the earthquakes occurred,
where major inland earthquakes stroked after 2001, such as the 2003 Northern Miyagi, the 2004 Chuetsu, the 2008
Iwate-Miyagi, the 2016 Kumamoto, and the 2016 central Tottori earthquakes. The hypocenter catalog to compute D95
was used as the seismic activity before the mainshock occurred. These events were relocated from the Hi-net
earthquake catalog. We then compared the nucleation depth, aftershock area, estimated depths of 250, 300, and
450°C, and seismic velocity structure corresponding to the D95.

2. Materials And Methods
We �rst calculated D95 for each event region from high-resolution catalog including hypocenters occurred before
each mainshock. To justify the meaning of the value of D95, we needed to compare D95 to the depth range of
hypocenter of mainshock, aftershocks, rupture area, and crustal temperature for each event region to �nd whether
there is an agreement to D95. Additionally, we estimated the depth of the crustal temperature where it reaches 250 ˚C,
300 ˚C, and 450 ˚C, hereinafter referred to as D250deg, D300deg, D450deg, respectively. In this section, we explain the
method to prepare the dataset to calculate D95, D250-450deg and that to compare other seismic parameters.

2.1 Earthquake event catalog
The high-sensitivity seismograph network (Hi-net) operated by the National Research Institute for Earth Science and
Disaster Resilience (NIED) has been under operation since 2000 and has been generating its own earthquake catalog
using seismic records from Japanese multiple institutes and universities (Okada et al., 2004). Because seismometers
of Hi-net are installed at the bottom of a borehole at depths of over 100 m at approximately 800 locations nationwide
(with 20–25 km mesh) on Japanese Islands, their records contain relatively low noise with dense coverage. These
seismic data are open to the public through the NIED MOWLAS website and are heavily used for earthquake research
and for monitoring from micro- to mega earthquakes (Obara et al., 2005; National Research Institute for Earth Science
and Disaster Resilience, 2019).

Yano et al. (2017) took advantage of this Hi-net seismic data to generate a high-resolution catalog called the “Japan
Uni�ed hIgh resolution relocated Catalog for Earthquakes” (JUICE), which is resolved highly enough to be used to
evaluate the geometry of the local faults and seismogenic depth around active faults in Japan. In this study, we
adopted the local relocated hypocenter catalog based on the JUICE catalog and its relocation method to prepare the
dataset for computing D95.

Because Hi-net event catalog has been available from October 2000, we selected earthquakes with su�cient
evidences such as, the number of available phase arrival time data. For three cases that occurred before 2012, the
2003 Northern Miyagi, the 2004 Chuetsu, and the 2008 Iwate-Miyagi earthquakes, we used the JUICE catalog to
compute D95. This is because their full range of periods are covered by the JUICE catalog.

For the other two cases that occurred after 2012, the 2016 central Tottori earthquake, and the 2016 Kumamoto
earthquake (based on Yano and Matsubara, 2017), we carried out relocation of earthquake events in the Hi-net
catalog using the same method as JUICE to generate its own local relocated earthquake catalog; the hypocenter
determination method called hypoDD (Waldhauser and Ellsworth, 2000) was adopted to re�ne the relative event
locations by reducing the differential travel-time residual between pairs of events recorded at a common station. We
applied the differential travel time data, including the waveform correlation data, and ordinal phase arrival time data
to hypoDD algorithm under the weighting/reweighing parameters given in Table 1. Under these parameters, local high-
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resolution event catalogs were created for all �ve cases (detailed descriptions are in Table 2). These catalogs were
based on the D95 calculation.

 
Table 1

Parameters for weighting scheme used for JUICE catalog and local event catalogs
Set Iterations Cross correlation data Catalog data

A priori,
P-wave
WTCCP

A priori,
S-wave
WTCCS

Mis�t
weight
(residual
cutoff.
Factor
times
SD)
WRCC

Dist.
Weight
(separation
in km)
WDCC

A priori,
P-wave
WTCTP

A priori,
S-wave
WTCTS

Mis�t
weight
(residual
cutoff.
Factor
times
SD)
WRCT

Dist. Weigh
(separation
in km)
WDCT

1 1–6 0.01 0.01 − 9 − 9 1.00 0.3 − 9 − 9

2 7–12 0.01 0.01 − 9 − 9 1.00 0.5 10 10

3 13–18 1.0 0.5 − 9 2 0.01 0.005 8 5

4 19–24 1.0 0.5 6 2 0.01 0.005 6 4

5 25–30 1.0 0.5 6 0.5 0.01 0.005 6 4

Table 2 Relocation parameters for relocated hypocenter used for D95 and aftershock catalog

2.2 D95
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In this study, D95 was used to estimate the depth corresponding to the seismogenic depth. The seismogenic depth
has been thought as the depth of onset of quartz plasticity as well as temperature above 300°C (Scholz 1998),
assuming the presence of quartz as a dominant mineral in the crust. Earthquakes were selected from magnitudes
larger than M1.5 from the relocated catalog (see section 2.1). This selection satis�es the Gutenberg–Richter rule for
proper analysis. Only the crustal events, shallower than the depth of 40 km, between 2001 and the time before the
mainshock were considered to compute D95. This is because we wanted to verify if any pre-condition can predict the
maximum depth of the main event before the mainshock occurred. The �nal D95 result is available at every grid point,
evenly spaced at 0.1 ° in the latitude and longitude directions. To calculate D95, we �rst counted the total number of
earthquakes that occurred within the depth column. The dimension of this depth column is 0.02 ° × 0.02 ° (latitude ×
longitude) × depth. Then, we resampled by averaging the �nal grid points evenly spaced at 0.1 °. The size of grid
space is justi�ed by the fact that it is larger than the location uncertainty of the JUICE catalog, 0.37 km and 0.85 km in
the horizontal and vertical direction, respectively, in the good station coverage. We assumed these uncertainties are
compatible with this study because we used similar station combinations and the same technique as the JUICE
catalog. D95 was left as an undetermined value if the total number of events within the depth column is less than 50
events due to the insu�cient sample size.

2.3 D250deg – D450deg
We used the combined borehole temperature measurements of Matsumoto (2007) and Sakagawa et al. (2004, 2005).
The data by Matsumoto (2007) contains a total of 663 temperature measurements at Hi-net borehole sites. The
temperature pro�le ranges from the surface to about 300 m in depth. Those by Sakagawa et al. (2004, 2005) contain
a total of 1099 measurement sites. Their temperature measurements were taken from the surface to approximately
1000 m. Using these measurements, we estimated the temperature pro�le in depth for our study regions. For
estimating the heat �ow at sites measured by Sakagawa et al. (2004, 2005), we used the difference of top and bottom
temperature and thermal conductivity. If thermal conductivity is not listed, we adopted 2.5 W m-1 K -1 (Fowler 2005).
Then, these heat �ow data were used to estimate the isotherms at 250, 300, and 450°C (hereafter referred as
D250deg, D300deg, and D450deg, respectively) using the steady-state one dimensional heat conduction equation
with an exponential decrease in the radioactivity heat generation (e.g., Lachenbruch, 1970), as follows:

[Equation 1] (Turcotte and Schubert 1982).

We estimated the isotherm using the following parameters introduced by Tanaka(2009). T0 as 13.51°C is the average
temperature of the ground surface all over Japan (National Astronomical Observatory 1998); q0 is the surface heat

�ow obtained from the temperature data; A as 1.4 µWm−3, is the average heat production of the continental crust, k is
the average thermal conductivity from the data, otherwise 2.5 W m−1 K−1 (Fowler 2005); Z1 as 10 km is the
characteristic thickness of the layer enriched in radioactive elements has been estimated (Turcotte and Schubert,
1982); Z is the depth where temperature becomes T. Therefore, we solved for Z for each T (i.e., 250, 300, 450°C).
Alternatively, Tanaka (2009) varies two parameters A as 1.8µWm−3 (Fowler 2005) and k as 3 W m−1 K−1 (median
value from Stein (1995)). The result by Tanaka (2009) shows that estimated temperature changes by approximately
50 ˚C due to the uncertainty in the thermal properties of the shallow and deep rocks alone. This result implies that
D300deg can change up to about 4 km due to uncertainty in the thermal properties. Another caveat is that it is
possible for very hot �uids reaching the surface, crustal structure, climate change, and heat sources can alter the
geothermal pro�le. Further discussion of this caveat is in the discussion session.
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2.4 Vertical cross-sections along the coseismic faults of large
earthquakes
We obtained the vertical cross-sections along the approximate fault locations which intersect with main aftershocks
and mainshocks for the 2003 Northern Miyagi, the 2004 Chuetsu, the 2008 Iwate-Miyagi, the 2016 Kumamoto, and
the 2016 central Tottori earthquakes. We then compared (1) the D95 depth with 5 other parameters; (2) patterns of
D250-450deg, (3) hypocenters of mainshocks and (4) their aftershocks, (5) their coseismic rupture from results by
Honda et al. (2005) for the 2004 Chuetsu earthquake, Suzuki et al. (2010) for the 2008 Iwate–Miyagi earthquake,
Kubo et al. (2016) for the 2016 Kumamoto earthquake, and Kubo et al. (2017) for the 2016 central Tottori earthquake,
and (6) local velocity structure from Matsubara et al., 2019. In �gures 1-5, D300deg are interpolated from the D300deg
result; We used the GMT command “surface” with 0.5˚ as the search radius and eight maximum iterations to obtain
the minimum curvature solutions for the 0.05 ° grid. D95 in the map view is not interpolated but shown in color corded
circle. The color indicates the D95 at the site. Note that the cross-sections are all vertical cut. This means that if a
coseismic fault has low-angle dipping, the interpretation from the cross-section �gure is needed to be cautious. For
our reference, we inserted the F-net CMT solutions.

3. Results
The summary of results is shown in Table 3. D95 and D250-D450degs do not remain constant locally for most cases,
rather �uctuate about 4 km and 19 km in depth at most, respectively. Except for some aftershocks that occurred in the
southwestern part of the Kumamoto earthquake penetrated 5 km deeper than D95, mainshock hypocenters and their
aftershocks nucleated mainly above the D95 and D250-450degs. Therefore, our results indicate that D95 is suitable
representation for the base of the seismogenic layer. Isodepth surface of D95 lies within Vp/Vs (the ratio of
compressional wave velocity to shear wave velocity) of the range between 1.68 and 1.82 and Vp (compressional
wave velocity) of the range between 5.9 and 6.8 km. For most cases, mainshock occurred in the region between
D300deg and D450deg. Except for mainshocks of the Iwate-Miyagi earthquake occurred about 2 km deeper than
D450deg and of the Kumamoto earthquake occurred in the range between D250deg and D300deg. Overall patterns of
D250-450deg and D95 are compatible particularly to Vp/Vs structure. However, the patterns of D250-450deg for the
Iwate-Miyagi earthquake is extremely shallow and for the epicentral region of the Kumamoto earthquake is extremely
deep.
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Table 3
Summary of results for all �ve study regions

  2003

Northern
Miyagi (Fig. 1)

2004

Chuetsu
(Fig. 2)

2008

Iwate- Miyagi
(Fig. 3)

2016

Kumamoto
(Fig. 4)

2016

central Tottori
(Fig. 5)

1. D95 (km) 12-13 SW NE 8–18 10–14 13

22 17

1. D450deg

(km)

11–18 22 8 3-5 SW NE 7–16

25–
30

3–
6

3.

Mainshock

depth (Hi- net/our local
relocated catalog) [km]

12.3 /13.6 14.1/14.8 6.7 12.6/12.2
(4/14)

13.1/12.7
(4/16)

11.6/10.1

 

4.

Aftershock

5–15 5–20 3–13 Most: 5–15

SW:20

5–15

5. Main slip unknown 3–20

(Honda

et al.,
2005)

2–6

(Suzuki

et al., 2010)

0–15

(Kubo et al.,
2016)

4–13

(Kubo et al., 2016)

6. Vp (km/s),
Vp/Vs

6.2–6.4,

1.68–
1.76

6.1–6.8,

1.76–1.82

6.0–6.3, 1.70–
1.78

5.9–6.4,

1.68–1.74

6.2–6.3,

1.72–1.74

3.1 Case 1. The 2003 Northern Miyagi earthquake
D95 was undetermined due to a lack of su�cient background seismicity events before the mainshock listed in the Hi-
net catalog (Figure 1 (a, d)). Instead, D95 of 12-13 km estimated in the northern extension of the study region was
used for this study case. We con�rmed that the mainshock occurred near D95 by comparing the depth of D95 as 12-
13 km to the depth of mainshock nucleated is at 12.3 km according to Hi-net catalog; and 13.6 km in JUICE catalog
(Yano et al., 2017).

D250-450deg are the range of 7 and 18 km (Figure 1 (b, e))). Isotherm along the cross-section is deep in the southern
part and shallower by 5 km in the northern part. Aftershocks mainly occurred within the range of 5 to 15 km. The
mainshock and main aftershock were located within the D300-D450deg between 11-18 km, apparently within a depth
of D250-450deg.

Vp along the cross-section in Figure 1 (g) is nearly layered structure as well as Vp/Vs except there were two low Vp/Vs
zones in the epicentric region and its northern extension (Figure 1 (h)). The distribution of seismicity is mainly above
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these two low Vp/Vs zone. D95, D250-450deg, and Vp gently lean southward to deeper. D95 laid within the narrow Vp
range between 6.2 and 6.4 km/s and within the Vp/Vs range between 1.68 and 1.76.

3.2 Case 2. The 2004 Chuetsu earthquake
Overall D95 pattern in this region (Figure 2 (a)) tend to be deeper, compare to those in the other study areas. D95
varies from about 17 km to 22 km in depth and appears to deepen northward in the cross-section (Figure 2 (d)).
Particularly, the deepest D95 is located at about 10 km southwest of the mainshock. Focal depth of the mainshock, as
14.1 km according to the Hi-net event catalog and 14.8 km in JUICE catalog (Yano et al., 2017) are shallower than the
D95. Majority of aftershocks occurred between 5 and 15 km in depth, with the sprinkling deep events. Main coseismic
slip was estimated around 3-20 km in depth (Honda et al., 2005). Therefore, D95 lies deeper than the hypocenter of
the mainshock, majority of aftershocks, and area of large coseismic slips. D250deg is about 4-10 km in depth and
D450deg is about 8-22 km (Figure 2 (b, e)). D250, 300, 450deg are shallow in the northeastern area and deep in the
southwestern area. This pattern is similar to D95 curve. High Vp zone and Vp/Vs can be seen around 20 km in depth
at southwest from the mainshock (Figure 2 (g, h)). This high Vp zone and Vp/Vs location is compatible to the region
where D95 and D250-450deg both be deeper. D95 laid within the Vp range of between 6.1 and 6.8 km/s and within the
Vp/Vs range of between 1.76 and 1.82.

3.3 Case 3. The 2008 Iwate-Miyagi earthquake
D95 is relatively within a narrow range between 9-11 km in depth near the mainshock hypocenter (Figure 3 (a, d)),
whereas its northeastern part is extremely deep to 18 km. Hypocenter of the mainshock lies at a depth of 6.7 km.
Aftershocks are located between 3 to 12 km in depth and can be subdivided into two segments based on their spatial
patterns; in a southern segment, aftershock clouds exhibit concave up between 3 and -12 km, whereas they appears
more �at in a northern segment between 9 and 4 km (Figure 3 (e)). D95 encloses most of these deeper portion
aftershocks distributions. Main coseismic slip was estimated around 2-6 km in depth (Suzuki et al., 2010). Therefore,
D95 lies below the hypocenter of the mainshock, and the deeper bound of where majority of aftershocks and
coseismic rupture occurred. In contrast to other cases, D250-450deg is very shallow at a depth of 1-5 km (Figure 3 (b,
e)). D250-450deg is much shallower than D95. There are low Vp/Vs zones around 10 km away in both strike
directions from the mainshock (Figure 3 (h)). High Vp/Vs zone penetrates about 3 km deeper just beneath the
mainshock. This concave pattern of high Vp/Vs is comparable to the pattern of aftershock distribution and D95. D95
lies within the Vp between 6.0 and 6.3 km/s (Figure 3 (g)) and within the Vp/Vs between 1.7 and 1.78.

3.4 Case 4. The 2016 Kumamoto earthquake
Except epicentric area, shallower D95 and D300deg of about 10 km in depth lies along a wide range of the Beppu-
Shimabara graben where our cross-section runs (Figure 4 (a, b)). D95 tend to be slightly deeper about 3 km at
southwest than northeast along the cross-section (Figure 4 (a, c)). Cloud of background seismicity before the
mainshock appear to be shallower around Mt. Aso area (Figure 4 (d)). Majority of aftershocks occurred down to 13
km and becomes shallow in the vicinity of Mt. Aso. This pattern is similar to D95. There are less aftershocks
southwest of Mt. Aso region. Some streaks of aftershocks penetrated about 5 km deeper than D95. Mainshocks
occurred on April 14 2016 and April 16 2016 had depths of 12.6 km (12.2 km in Yano and Matsubara, 2007) and 13.1
(12.7 km in Yano et al., 2007) km respectively. Main co-seismic slip was estimated around 0-15 km in depth (Kubo et
al., 2016). Therefore, D95 lies below the hypocenter of the mainshock, and the bases of where majority of aftershocks
occurred, and on the deeper limit of co-seismic rupture.

D250deg, D300deg, and 450deg vary in wide range about between 3 km and 14 km, between 6 km and 18 km, and
between 8 km and 30 km in depth, respectively (Figure 4 (d)). Particularly, deepest depths of all D250-450deg are at
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about 10 km to the southwest from the mainshock along the cross-section. D450deg appears to enclose the deep
streaks of aftershocks. There is a shallower kink in the pattern at the southwest from Mt. Aso region in the same area
of less aftershock activity. Depths of mainshocks are on or slightly above the D300deg.

Layered structure of Vp and Vp/Vs can be seen generally except Mt. Aso region (Fig. 4 (e,f)). Low Vp layer stretching
out the surface along the cross-section depresses about 10 km in depth around Mt. Aso region. Low Vp/Vs zone rises
to shallower depth about 5 km than underneath Mt. Aso region. D95 lies within the Vp between 5.9 and 6.4 km/s and
within the Vp/Vs between 1.68 and 1.74.

3.5 Case 5. The 2016 central Tottori earthquake
D95 gives a constant value about 13 km in depth along the cross-section near the source region of the 2016 central
Tottori earthquake (Figure 5 (a, c)). Hypocenter of the mainshock was located at a depth of 11.6 km according to the
Hi-net catalog (10.1 km in the local relocated catalog). Background seismicity before the mainshock was slightly
active in the vicinity of mainshock hypocenter (Figure 5 (c)). Clouds of aftershocks can be seen mainly in the
southeast of the cross-section at a depth of shallower than 15 km (Figure 5 (d)). Main coseismic slip was estimated
around 4-13 km in depth (Kubo et al., 2016). Therefore, D95 lies below the hypocenter of the mainshock and
coseismic rupture and on or near the deeper limit of the cloud of aftershock.

D250deg, D300deg, and 450deg run between 3 and 8 km, between 4 and 10 km, and between 7 and 16 km in depth,
respectively (Figure 5 (b, d)). They commonly have a trend to become deeper toward the southeast along the cross-
section. While aftershocks occurred much deeper than the D250-450deg in the northwest the mainshock nucleated
between D300deg and D450deg. D95 lies within the Vp between 6.2 and 6.3 km/s and within the Vp/Vs between 1.72
and 1.74 (Figure 5 (e,f)).

4. Discussion

4.1 Case 1. The 2003 Northern Miyagi earthquake
The 2003 Northern-Miyagi earthquake occurred at the eastern edge of the Miocene northern Honshu rift system (Sato
et al., 2004a), and the damaged area is the boundary between the Neogene rocks and the Paleozoic and Mesozoic
rocks of the Kitakami Mountains (Kato et al., 2004). Marine Miocene sedimentary rocks spread widely in the
Asahiyama and Sue Hills. The Miocene basin �ll is subdivided into two units; the Matsushima-wan Group composed
of mainly syn-rift sediments such as volcanic rocks, �uviolucastrine sediments and marine-interbedded sandstone
and siltstone in ascending order and the Shida Group composed of post-rift sediments such as a shallow marine
sandstone (Ishii et al., 1982; Kato et al., 2004).

Hypocenters are located at downward extension of a west-dipping, inverted reverse fault (Sue fault) (Umino et al,
2003; Nishimura et al., 2003; Kato et al., 2004; Kimura and Okamura, 2009). Both the Sue fault was originally formed
in the extensional stress �eld during the Miocene opening Sea of Japan and reactivated in the compression stress
�eld due to the subduction of the Paci�c plate during Quaternary (Sato et al., 2004b).

Background seismicity before the mainshock was relatively quiet so that D95 was undetermined due to a lack of
su�cient data. However, there were at least three major historical earthquakes occurred in 1861, 1900, and 1962 in
the north extension of the study region. We assumed that these historical earthquakes and the 2003 Northern Miyagi
earthquake are related to each other, so that we borrowed D95 value from the north extension region. The mainshock
depth and D95 turn out to be compatible in this case, however, D250-450deg in this seismically inactive area is going
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to be critical to understand the seismogenic depth. We re-estimated D250-450deg from latest method (Matsumoto et
al., 2022), which included a careful analysis for climate change correction and crustal thermal structure based on the
sedimentary layers, rather than a uniform subsurface structure model, the temperature dependence of thermal
conductivity, and the difference in heat generation by lithology.

D300deg maps in both Figure 1 (b) and Figure 1 (c) show similar patterns with D95 (Figure 1 (a)) being shallower
toward to the west. However, a new D300deg shows better �t with D95 than the original result, particularly more
moderate change in depth towards the northwestern region. D250-450deg cross-sections in both Figure 1 (e) and (f)
appear compatible with Vp/Vs and aftershocks patterns as relatively a �at and constant depth. However, because of
new D250deg-450deg (Figure 1 (f)) and high Vp/Vs (around 1.8) being shallower in the south than the north, new
result is better �t with the Vp/Vs pattern. Because the new D450deg (Figure 1 (f)), in the epicentral region, is shallower
about 5 km than the original result (Figure 1 (e)), the location of the mainshock falls onto D450deg isotherm. The
kinks in the D250-450deg isotherms at about 12 km to the north from the epicenter may be artifact since it is due to
the one extreme value at the temperature measurement point.

4.2 Case 2 The 2004 Chuetsu earthquake
The 2004 Chuetsu earthquake occurred in the Niigata Basin that is �lled by > 6km thick sedimentary and
volcaniclastic rocks (Niigata Prefectural Government, 2000). Structural analyses and stratigraphy of Neogene strata
in this region suggest that reverse faults and fault-related folds have grown in the last 2 to 3 million years due to EW
compression (Sato, 1992).

We re-estimated D250-450deg from latest method (Matsumoto et al., 2022), which included a careful analysis for
climate change correction and crustal thermal structure based on the sedimentary layers, rather than a uniform
subsurface structure model, the temperature dependence of thermal conductivity, and the difference in heat
generation by lithology. D95 in Figure 2 (a) and D300deg maps for both Figure 2 (b) and Figure 2 (c) show similar
patterns as being deeper toward Sea of Japan. Particularly, D95 reaches deeper than 30 km near the Sea of Japan.

D250-450deg in both Figure 2 (e) and (f) appears compatible with Vp/Vs and aftershocks patterns as deeper in the
southwest. However, new D250deg-450deg in Figure 2 (f) shows better �t with D95 (Figure 2 (a)), particularly
aftershocks and Vp/Vs are having a concave upward pattern in the southwest from the mainshock.

4.3 Case 3 The 2008 Iwate-Miyagi earthquake
The 2008 Iwate-Miyagi earthquake struck with a magnitude of 7.2 near the volcanic front in the eastern �ank of the
Ou Backbone Ranges in Northern Japan. It recorded over 4G at the ground surface in the source region (Aoi et al.,
2008). The epicenter was located to the northeast of Mt. Kurikoma, a Quaternary active volcano, and this event
caused many landslides, debris �ows and landslide dams. Similar to the 2003 Northern Miyagi earthquake which
occurred in the south from the 2008 Iwate-Miyagi earthquake, this earthquake occurred near the eastern edge of the
Miocene failed rift (Sato, 1994). In the source region of this earthquake, there are many west-dipping Miocene normal
faults reactivated as reverse faults under the EW compressional stress �eld since Pliocene (Kato et al., 2006). The
basement rocks of the source region are Cretaceous granitoids (Sasada, 1985).

We re-estimated D250-450deg from latest method (Matsumoto et al., 2022), which included a careful analysis for
climate change correction and crustal thermal structure based on the sedimentary layers, rather than a uniform
subsurface structure model, the temperature dependence of thermal conductivity, and the difference in heat
generation by lithology. Isotherms of D250deg-450deg are much shallower than D95 (Figure 3). These extremely
shallow isotherms may be affected by active volcanoes close to this region.
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D300deg maps in both Figure 3 (b) and Figure 3 (c) show similar patterns with D95 (Figure 3 (a)) being shallower at
the epicentric region and the southwest from the epicenter. However, a new D300deg in Figure 3 (c) shows better �t
with D95 than the original result (Figure 3 (b)), particularly concentrated shallow depth in the volcanic region. D250-
450deg cross-sections in both Figure 3 (e) and Figure 3 (f) appear compatible with the pattern of high Vp/Vs (around
1.8) as relatively a �at depth while they are not alike to the aftershock’s patterns. Mainshock hypocenter is below the
D450deg. Although new D250deg-450deg (Figure 3 (f) in the northeast give deeper depth which are slightly closer to
the aftershocks in the area, new method for D250deg-450deg is not dramatically improve the original result. This
result con�rmed that an active volcanic region is challenging and need more consideration to estimate the
seismogenic depth by heat �ow data.

4.4 Case 4 the 2016 Kumamoto earthquake
The 2016 Kumamoto earthquake occurred at the Futagawa and Hinagu faults located at the topographic boundary
between the Kumamoto and Yatsushiro plain and the foothills composed of Cretaceous accretionary complex and
Jurassic metamorphic rocks. Aftershocks occurred along the Beppu-Shimabara graben and the southern side of the
graben (National Institute of Advanced Industrial Science and Technology, 2016a).

While the most of the aftershocks occurred within the seismogenic layer, we found an exception in the aftershock
distribution pattern during the 2016 Kumamoto earthquake below the southwestern strand of the Futagawa fault near
the junction with the Hinagu fault (Figure 4); aftershocks apparently extend 5 km deeper than D95, which are
signi�cant considering that uncertainty of the hypocenter locations from the JUICE catalog is about 1 km in the depth
direction. The estimated temperature of aftershock area is between 300°C and 450°C. The isotherm in this region is
signi�cantly deeper than that in the other part of the Futagawa Fault. This deep isotherm is constrained by the
temperature data from station #1129 at Azumimachi, Uto (Sakagawa et al., 2005). The temperature pro�le taken from
100 m to 900 m for every 100 m in depth shows that subsurface temperature increases nearly linearly, indicating that
the effect of local heat source on the data is apparently minimal. However, because the simple method we used in this
analysis has limitation to estimate the crustal temperature in the complex system of extremely active groundwater
�ow region, extremely deep D250-450deg around a depth of 30 km may not be signi�cant. The Vp and Vp/Vs values
in the region where deep aftershocks occurred are approximately 6.5 km/s and 1.7, respectively (Matsubara et al.
2019). These ranges are not extra ordinary to be in the seismogenic zone since they are within the range in the other
cases. Immediate deepening from pre-earthquake level was also recognized by the 1992 M 7.3 Landers earthquake.
The seismic-aseismic transition changes to shallower as much as 3 km over the course of 4 years (Rolandone et al.,
2004). They claimed that the brittle-ductile transition became deeper after Landers due to high postseismic stress and
strain rates at the base of the seismogenic zone. The time-dependent changes of depth relation of the postseismic
seismicity of Kumamoto earthquake may be important to monitor to understanding the mechanical behavior of rocks
in the crust.

4.5 Case 5 the 2016 central Tottori earthquake
The mainshock and aftershocks of the 2016 central Tottori earthquake occurred where pre-Neogene basement rocks
mainly composed by late Cretaceous and Paleogene granitic rocks are extensively exposed. While there are some
minor active faults which are striking NE-SW and NW-SE, orthogonal to NE-SW, recognized around the mainshock
(RGAFJ, 1991) and no major fault is known at the mainshock and aftershock region (National Institute of Advanced
Industrial Science and Technology, 2016b).

4.6 Relationship between D95 and aftershock area, seismogenic
layer, nucleation, and rupture process
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Both background seismicity before mainshocks and seismicity after the mainshock tend to be occurred at Vp/Vs in
the green color region (1.7-1.8) in Figure 1-5. Therefore, the analysis of Vp/Vs pattern is also shed light on
understanding the seismogenic depth and forecasting the future aftershock regions.

Our observation con�rmed that large earthquakes nucleated at the base of the deepest portion of the seismogenic
layer (e.g., Sibson 1984) The nucleation depths for the main shocks and the deepest portion of the main co-seismic
rupture are near or shallower than D95 for all 5 cases. Therefore, our results support that D95 is indeed a signi�cant
index for the base depth of the seismogenic layer.

For the solid crust, climate change correction and the temperature dependence of thermal conductivity and the
difference in heat generation by lithology should be precisely applied in the equation at each study site. These
parameters in equation 1 can be arguable since a continental crust, especially complicated island arcs as Japanese
Islands, may not be suitable to estimate the crustal temperature. We partially applied the latest temperature models
(Matsumoto et al, 2022) to the 2003 northern Miyagi, the 2004 Chuetsu, and the 2008 Iwate Miyagi earthquakes
(Figure 1 (c and f), Figure 2 (c and f), Figure 3 (c and f)). These models are obtained by a crustal structure model that
considers the temperature dependence of thermal conductivity, the difference in heat generation due to lithology, and
local climate differences. New version of isotherms tends to �t better with Vp/Vs patterns and aftershock
distributions.

5. Conclusion
We investigated the depth of the seismogenic layer based in D95, the cut-off depth at which 95% of the earthquakes
occurred, for �ve actual cases, such as the 2003 Northern Miyagi, the 2004 Chuetsu, the 2008 Iwate-Miyagi, the 2016
Kumamoto, and the 2016 central Tottori earthquakes. D95 is computed from the relocated event catalog, containing
only the background seismicity before the mainshocks occurred. Our results show that for all 5 cases, D95 is deeper
or close to the main event depth, and envelops the deeper portion of aftershock distribution and main slip area. A
simple modelling of the geothermal gradient based on surface heat �ow shows that D95 sits at the crustal
temperature of 250-450 ºC. Therefore, we concluded that D95 is a suitable parameter to show the bottom of
seismogenic layer. And the crustal temperature of 250-450 ºC corresponds with seismogenic layer.

We also witnessed that large earthquakes nucleated at the deepest portion of the seismogenic layer and that the large
slip region occurred at shallower than the bottom of seismogenic layer. Some deep aftershocks of the 2016
Kumamoto earthquake, occurred at 5 km deeper than the bottom of seismogenic depth, are similar phenomenon
observed in the 1992 M 7.3 Landers earthquake.

Abbreviations
D95
Cut-off depth at which 95% of the earthquakes occurred
D250deg, D300deg, D450deg
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P-wave to S-wave velocity ratio
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Figure 1

D95 and D250-450deg at the northern Miyagi earthquake site (Case 1)

Spatial distribution in the area of the 2003 northern Miyagi earthquake of (a) D95 and (b) D300deg based on Method
1 and (c) D300deg based on Method 2. Method 1 is the method applied in this paper, and Method 2 is the one
introduced in Matsumoto et al. (2022). Each colored circle in (a) indicates the D95 value at each grid. Each circle and
its inner color in (b) and (c) indicates the location of the heat �ow measurement (Matsumoto, 2007 and Sakagawa et
al., 2004, 2005) and estimated D300deg at the location. Colors throughout the map are interpolated using D300deg
values at circles. Pink line in (a) and gray line in (b) and (c) are active fault traces listed in RGAFJ (1991). Red stars
indicate the mainshock of the 2003 northern Miyagi earthquake, and its major aftershock, and their F-net CMTs
(Fukuyama et al., 1998) are shown. The location of the A-A’ is based on the trace of Sue fault, F-net CMT, and the
aftershock distribution of the 2003 Northern Miyagi earthquake. Three black dots are historical earthquakes by JMA
uni�ed catalog (2020) for 1962 event, Usami(1987) for 1861 event, and Takemura(2005) for 1900 events

(d)-(f):Cross-section along the A-A’ for D95, background seismicity (occurred before the mainshock (from 2000/10/01
to 2003/07/25)), mainshock, and major aftershock event are indicated in (d) with red broken line, gray dots, and red
stars, respectively. Mainshock hypocenter is plotted according to our local relocated depth. Because of lack of seismic
data in the southern part of cross section, shown in red solid line in (a), we could only estimate D95 along the red
broken line. D250deg, D300deg, and D450deg are shown in (e) and (f) with blue broken lines. The main shock and
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major aftershock event are located at red stars. Aftershocks (occurred from 2003/07/26 to 2012/12/23 within the
width between −10 km and 10 km around the cross-section line) of the 2003 Northern Miyagi earthquake.

(g) Vp and (h) Vp/Vs (results from Matsubara et al. (2019) shown in the cross-sections along the line A-A’.

Figure 2

D95 and D250-450deg at the Chuetsu earthquake site (Case2)

Spatial distribution in the area of the 2004 Chuetsu earthquake of D95 (a) and (b) D300deg based on Method 1 and
(c) D300deg based on Method 2. Red triangles in (a) are locations of the volcanoes in the Quaternary Period in Japan
(Nakano et al., 2013). Red stars indicate the mainshock of the 2004 Chuetsu earthquake and its F-net CMTs
(Fukuyama et al., 1998) are shown. The location of the B-B’ is based on the F-net CMT and aftershock distribution of
the 2004 Chuetsu earthquake.

(d)-(f): Cross-section along the B-B’ for D95 is indicated in (d) with red line. The main shock is located at red star. Gray
dots are background seismicity, occurred before the mainshock (from 2000/10/01 to 2004/10/22). Black dots are
aftershocks (occurred from 2004/10/23 to 2012/12/27 within the width between −10 km and 10 km around the
cross-section line) of the 2004 Chuetsu earthquake shown in (e) and (f).

(g) Vp and (h) Vp/Vs (results from Matsubara et al. (2019) shown in the cross-sections along the line B-B’. Otherwise,
colors and marks are the same manner as Figure 1.
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Figure 3

D95 and D250-450deg at the Iwate-Miyagi earthquake site

Spatial distribution in the area of the 2008 Iwate-Miyagi earthquake of D95 (a) and (b) D300deg based on Method 1
and (c) D300deg based on Method 2. Red triangles in (a) are locations of the volcanoes in the Quaternary Period in
Japan (Nakano et al., 2013). Red stars indicate the mainshock of the 2008 Iwate-Miyagi earthquake and its F-net
CMTs (Fukuyama et al., 1998) are shown. The location of the C-C’ is based on the F-net CMT, and aftershock
distribution of the 2008 Iwate-Miyagi earthquake.

(d)-(f): Cross-section along the C-C’ for D95 is indicated in (d) with red line. The main shock is located at red stars.
Gray dots are background seismicity, occurred before the mainshock (from 2000/10/01 to 2008/06/13). Black dots
are aftershocks (occurred from 2008/06/14 to 2012/12/31 within the width between −10 km and 10 km around the
cross-section line) of the 2008 Iwate-Miyagi earthquake shown in (e) and (f).

(g) Vp and (h) Vp/Vs (results from Matsubara et al. (2019) shown in the cross-sections along the line C-C’. Otherwise,
colors and marks are the same manner as Figure 1.
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Figure 4

D95 and D250-450deg at the Kumamoto earthquake site

Spatial distribution in the area of the 2016 Kumamoto earthquake of D95 (a) and (b) D300deg. Red triangles in (a) are
locations of the volcanoes in the Quaternary Period in Japan (Nakano et al., 2013). Red stars indicate the mainshock
of the 2016 Kumamoto earthquake and its F-net CMTs (Fukuyama et al., 1998) are shown. The location of the D-D’ is
based on the aftershock distribution of the 2016 Kumamoto earthquake and the Futagawa-Hinagu fault zone. Red
stars indicate the mainshocks of the 2016 Kumamoto earthquake occurred on 4/14 and 4/16.

(c)-(d): Cross-section along the D-D’ for D95 is indicated in (c) with red line. The main shocks are located at red stars.
Gray dots in (c) are the background seismicity, occurred before the mainshock (from 2000/10/01 to 2012/12/31), and
black dots in (d) are the aftershocks (from 2016/04/14 to 2016/08/31 within the width between −10 km and 10 km
around the cross-section line) of the 2016 Kumamoto earthquake. Locations of the volcanoes close to the cross-
section D-D’ are indicated in red triangles on top of (c). Mt. Aso is indicated in white �lled triangle.

(e) Vp and (f) Vp/Vs (results from Matsubara et al. (2019) along the line D-D’ are shown in the cross-sections.
Otherwise, colors and marks are the same manner as Figure 1.
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Figure 5

D95 and D250-450deg at the Tottori earthquake site

Spatial distribution in the area of the 2016 central Tottori earthquake of D95 (a) and (b) D300deg. Red triangles in (a)
are locations of the volcanoes in the Quaternary Period in Japan (Nakano et al., 2013). Red star indicates the
mainshock of the 2016 central Tottori earthquake and its F-net CMTs (Fukuyama et al., 1998) are shown. The location
of the E-E’ is based on the F-net CMT, and aftershock distribution of the 2016 central Tottori earthquake.

(c) Cross-section along the E-E’ for D95 in red line and background seismicity, occurred before the mainshock (from
2000/10/01 to 2012/12/31) in gray dots. (d) Aftershocks (occurred from 2016/10/21 to 2016/10/24 within the width
between −10 km and 10 km around the cross-section line) of the 2016 central Tottori earthquake are shown in black
dots. (e) Vp and (f) Vp/Vs (results from Matsubara et al. (2019) along the line E-E’ are shown in the cross-sections.
Otherwise, colors and marks are the same manner as Figure 1.
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