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S U M M A R Y
The Nankai subduction fault in southwest Japan is a plate boundary along which large megath-
rust earthquakes have repeatedly occurred. A previous 2-D thermal model suggested that the
updip and downdip limits of the seismogenic zone are closely related to the temperature of the
plate interface. We estimated a new temperature distribution for the plate interface based on a
3-D thermal convection model that incorporates revised governing equations, temporal changes
in relative plate motion, the shape of the subducted slab, temperature variations related to basin
evolution and more heat flow data and model regions than have been used in previous models.
The margin-parallel spatial variation in the temperature of the plate interface was caused by
spatio-temporal changes associated with the cooling of the Shikoku Basin. The updip limit of
the thermally delineated seismogenic zone (thermal seismogenic zone) was approximately par-
allel to the trough axis due to a spreading rate that increased with distance from a fossil ridge,
although the margin-parallel age dependency of the subducting plate was taken into account.
The downdip limit of the thermal seismogenic zone was determined by temperature, except in
eastern Kyushu, where it was determined by a boundary between the continental Moho depth
and the upper surface of the subducting plate. The maximum coseismic slip associated with
the 1944 Tonankai (M 7.9) and the 1946 Nankai (M 8.0) earthquakes, and a strongly coupled
region estimated from GPS data inversion obtained by previous studies, were both located in
the thermal seismogenic zone on the plate interface. Low-frequency earthquakes located at the
downdip of the thermal seismogenic zone took place at temperatures of about 400–500 ◦C. This
may be related to the phase transformation of hydrous minerals in oceanic crust from lawsonite
+ blueschist + jadeite to amphibole + eclogite and the associated decreases in water content
of approximately 2.4 wt%. The thermal seismogenic zone is narrowest off the Kii Peninsula,
where the hypocentres of the Tonankai and Nankai earthquakes were located. The narrow
seismogenic zone may have determined the rupture initiation points for these earthquakes, as
was previously demonstrated by numerical simulations of the earthquake cycle.

Key words: fossil ridge, large earthquake, low-frequency earthquakes, Nankai subduction
fault, temperature distribution, thermal seismogenic zone.

1 I N T RO D U C T I O N

The Nankai Trough is a convergent plate boundary where the oceanic
Philippine Sea (PHS) plate is subducting beneath the continen-
tal Amuria (AM) plate, which forms southwest Japan (Fig. 1).
Megathrust earthquakes have occurred repeatedly on the Nankai
subduction fault at intervals of approximately 90–150 yr (e.g. Ando
1975).

The seismogenic zones of plate boundaries are generally con-
sidered to be controlled by temperature; thus, temperature distri-
butions on the upper surfaces of subducting oceanic plates in the
circum-Pacific region have been the focus of much attention (e.g.
Hyndman & Wang 1993; Hyndman et al. 1995; Oleskevich et al.
1999; Currie et al. 2002). According to Hyndman et al. (1995),
the updip limit of such seismogenic zones coincides with a region
where the temperature ranges from ∼100 to 150 ◦C, and where
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Figure 1. Tectonic map in and around the Japanese islands. Plate motion
velocity vectors (mm yr−1) of the AM plate relative to the adjacent plates
are shown in numerals (Wei & Seno 1998). The dashed line is the plate
boundary where the location is not clear. Heat flow data in the boxed region
is shown in Fig. 2(a).

smectite, a clay mineral in the sedimentary layer, transforms into
illite.

Hyndman et al. (1995) and Oleskevich et al. (1999) demonstrated
that the temperature for the downdip limit of seismogenic zones
ranges from 350 to 450 ◦C, based on a comparison of heat flow
data at subduction zones and thermal models for oceanic plate sub-
duction. Hyndman et al. (1997) proposed that the downdip limit
of any seismogenic zone that does not reach such a temperature
must correspond to a region where part of the mantle wedge is
serpentinized. Shear strength in the serpentinized region would be
very low, such that megathrust earthquakes could not occur. Low-
frequency tremors and earthquakes with aseismic slow-slip events
have occurred in the downdip extensions of the Nankai and Cascadia
subduction zones (e.g. Dragert et al. 2001; Obara 2002; Katsumata
& Kamaya 2003; Rogers & Dragert 2003; Obara & Hirose 2006),
but temperature conditions related to their occurrence have not been
determined, except for a 2-D case (Seno & Yamazaki 2003).

Hyndman et al. (1995) estimated the temperature distribution on
the upper surface of the subducting PHS plate at the Nankai sub-
duction zone. Since then, further information has become available.
Seismic surveys and the amalgamation of hypocentre data from
disparate research organizations have revealed the detailed shape
of the subducting PHS plate (e.g. Nakamura et al. 1997; Kodaira
et al. 2002). GPS data suggest that the continental plate involved
is not the Eurasia (EU) plate, but the AM plate (e.g. Miyazaki &
Heki 2001), indicating that boundary conditions for flow velocities
and temperatures on the oceanic side should be modified. Hyndman
et al. (1995) discussed the seismogenic zone of megathrust earth-
quakes off Shikoku and the Kii Peninsula based on the temperature
of the upper surface of the subducting PHS plate and interseismic
geodetic data. Because of a dramatic increase in heat flow data ob-
tained from bottom-simulating reflectors (BSRs) off Shikoku and
the Kii Peninsula (Ashi et al. 1999, 2002), it is now possible to
carry out an analysis with much higher spatial resolution. To esti-
mate the thermal distribution associated with the subduction of the

PHS plate, Hyndman et al. (1995) solved the energy equation for
a 2-D model. In contrast, we solve equations for conservation of
mass, momentum, and energy as a coupled problem, using a 3-D
model and taking induced flow in the mantle wedge into account.
Although such a calculation was carried out by Furukawa (1999) for
the Nankai subduction zone, his model was 2-D and focused only on
a profile through the Kii Peninsula. Another factor to be considered
is the margin-parallel age dependency of the Shikoku Basin floor,
which can be identified from the spatial distribution of heat flow
data. We present a new 3-D temperature distribution for the upper
boundary of the subducted PHS plate in southwest Japan and clarify
its relation to large interplate and low-frequency earthquakes.

2 H E AT F L O W DATA I N A N D A RO U N D
S O U T H W E S T JA PA N

We compiled heat flow data from borehole and heat-probe mea-
surements (Tanaka et al. 2004) and BSR-based estimates (Ashi
et al. 1999, 2002) for 355 and 1542 data points, respectively
(Fig. 2). Profiles roughly parallel to the trough axis indicate that
heat flow values are high near a fossil spreading ridge and decrease
gradually and symmetrically with increasing distance (Fig. 2b).
A similar tendency occurs along a more landward profile roughly
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Figure 2. (a) Spatial distribution of heat flow data in and around southwest
Japan. Red circles and blue triangles denote BSR (Ashi et al. 1999, 2002),
and borehole data on land and marine heat probe data (Tanaka et al. 2004),
respectively. (b) Heat flow data along the profile B–B′ in (a). All the data
within 30 km on both sides of the profile are plotted. (c) Heat flow data along
the profile C–C′ in (a).
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parallel to the trough axis (Fig. 2c). We assume that this decrease in
heat flow with increasing distance from the fossil ridge is attributed
to the age dependency of the subducting PHS plate. Heat flow data
along the profile B–B′, which is located close to the trough axis,
are scattered, probably because of the effect of hydrothermal fluid
circulation. Data along the profile C–C′ are more consistent. We
attempted to fit the heat flow values that we obtained by numerical
modelling to heat flow data along the margin-parallel profile C–C′

as well as margin-normal profiles.

3 S U B D U C T I O N H I S T O RY
O F T H E P H S P L AT E

The PHS plate is subducting along the Nankai Trough beneath the
AM plate, which includes the continental part of southwest Japan.
The relative plate motion of the AM-PHS convergence zone has
been determined using GPS data (Sella et al. 2002).

Following Wang et al. (1995), we assumed that the subduction
of the PHS plate along the Nankai Trough initiated at 15 Ma. Ac-
cording to Seno & Maruyama (1984), the PHS plate changed its
direction of motion relative to the continental plate from NNW to
NW during the interval from 10 to 5 Ma. Based on the geological
structure of the Baikal rift, located on the northwestern boundary
of the AM plate (Fig. 1), Mats (1993) concluded that the Baikalian
arch developed after 3.5 Ma by the deepening and spreading of
depressions. Based on the age of the Kurotaki unconformity near

the Boso Peninsula, central Japan, Takahashi (2004) suggested that
the location of the Euler pole of the PHS plate changed at 3 Ma
from east of the triple junction connecting the Japan trench, the
Izu-Bonin trench, and the Sagami trough, to northeast of Hokkaido,
north Japan. We considered that the change was partly caused by
the separation of the AM plate from the Eurasia (EU) plate at 5
Ma and assumed that the PHS plate was not subducting beneath
the current AM plate from 15 to 5 Ma, but beneath the EU plate.
The relative plate motion for this interval is not known, so velocity
vectors were assumed to be parallel to the fossil ridge and con-
stant (4.0 cm yr−1) along the Nankai Trough (Fig. 3c). Bathymetric
data indicate that the fossil ridge trended ∼330◦ (Sandwell & Smith
2000).

The age of the subducting PHS plate is one of the factors con-
trolling the temperature distribution in the subduction zone. The
PHS plate underlies the Shikoku Basin at its northern end, which
formerly spread in an ENE–WSW direction, away from the fossil
spreading ridge (e.g. Okino et al. 1994) (Fig. 3a). Subduction of
the fossil ridge in the PHS plate along the Nankai Trough is roughly
parallel to the ridge’s trend, so the age of the PHS plate at the Nankai
Trough increases with both elapsed time (e.g. Wang et al. 1995) and
margin-parallel distance from the fossil ridge. To calculate temper-
atures on the plate interface, it is necessary to know the spreading
rate of the Shikoku Basin prior to 15 Ma. An optimal local spread-
ing rate that best fit the heat flow data for the margin-parallel profile
investigated was determined by trial-and-error.
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Figure 3. Assumed subduction history in southwest Japan. (a) Time stage before 15 Ma. (b) Time stage at 15 Ma. (c) Time stage from 15 to 5 Ma. The red
arrows indicate plate motion velocity vectors of the PHS plate relative to the continental plate along the Nankai Trough. (d) Time stage from 5 Ma to the present.
For details, see the text.
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The following subduction history is indicated.

(1) The Shikoku Basin formed by ENE–WSW spreading away
from the now defunct ridge until 15 Ma (Fig. 3a).

(2) Shikoku Basin spreading ceased at 15 Ma, leaving the fossil
ridge in its centre (Fig. 3b).

(3) The PHS plate began to subduct along the Nankai Trough
beneath the EU plate in a direction parallel to the trend of the fossil
ridge with a constant velocity of 4.0 cm yr−1 (Fig. 3c).

(4) The PHS plate changed the direction of relative plate motion
northwestward at 5 Ma, which was partly caused by eastward motion
of the AM plate resulting from its separation from the EU plate at
5 Ma. As a result, the PHS plate began to subduct obliquely beneath
the AM plate along the Nankai Trough (Fig. 3d).

(5) The subduction velocity increased from 4.0 cm yr−1 to the
present rate over the last 5 Myr. The location of the fossil ridge
moved westward due to oblique subduction until reaching its current
position.

4 A 3 - D T H E R M A L C O N V E C T I O N
M O D E L

4.1 Model configurations and governing equations

The spatio-temporal distribution of temperature and flow velocity
associated with the subduction of the PHS plate along the Nankai
Trough were calculated using a 3-D Cartesian box model with finite-
difference and control volume methods (Fig. 4). The 3-D convection
code ‘Stag3d’ of Tackley (1996) was modified so that it could be
used for subduction zones. The y-axis was aligned with the trend
of the local trough axis, and the x- and z-axes were horizontal and
vertical, respectively. The continental plate consisted of an accre-
tionary prism, upper and lower crust and underlying upper mantle,
whereas the oceanic plate consisted of the subducting slab, includ-
ing the fossil ridge and the upper mantle beneath. The accretionary
prism was taken to a horizontal distance of 90 km landward from the
trough axis (Hyndman et al. 1995). The thicknesses of the upper and

lower crusts of the continental plate were both assumed to be 16 km,
and composed of rigid, conductive layers assigned a zero-velocity
condition, which restricts them from participating in the viscous
flow region. The length of the subducted slab increased with time
since the initiation of subduction, and induced flow took place in the
mantle wedge. To reduce the effect of the model’s lower boundary,
its position was set at a depth of 400 km. The horizontal length of
the model parallel to the local trough axis (y-axis) was 400 km,
and the horizontal length perpendicular to the local trough axis
(x-axis) was variable, depending on the dip angle. The model was
descretized into 96 × 96 × 96 elements. The plate interface was a flat
plane for which the local dip angle coincided with that at a central
cross-section bisecting the 3-D model space in the y-direction.

An anelastic approximation was used, and the theoretical for-
mulation follows the notation of Honda (1997). In the following,
the suffixes 0 and z refer to the model surface and a depth of z,
respectively, and s indicates adiabatic conditions. 3-D Cartesian co-
ordinates (x, y, z) are represented by (x1, x2, x3). The equation of
mass conservation is given by

∇ · [ρs(z)v] = 0, (1)

where ρ s(z) and v = (v1, v2, v3) are density and flow velocity
vectors, respectively. The ρ s is given by

1

ρs

dρs

dx3
= − Diz

�z
. (2)

Here, Diz and � z are the dissipation number and the Grüneisen
number, respectively, defined as

Diz = gαD

Cp0
(3)

and

�z = αKT 0

ρsCv0
, (4)

where g is gravity acceleration, α is thermal expansivity, D is the
model thickness, Cp 0 is specific heat at constant pressure, KT 0 is
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the isothermal bulk modulus, and Cv 0 is specific heat at constant
volume. The momentum equation is given by

− ∂ P

∂xi
+ ∂τi j

∂x j
+ Ra0α(T − Ts)δi3 = 0, (5)

where P is a pressure deviation from hydrostatic pressure, τ ij is a
stress tensor, T is temperature and δ ij is the Kronecher’s Delta. T s

can be represented by

dTs

dx3
= Diz Ts. (6)

Ra0 is the Rayleigh number, which is given by

Ra0 = gα0 D3�T

υ0κ0
, (7)

where �T is the temperature difference between the top and bottom
model boundaries, and υ 0 and κ 0 are dynamic viscosity and thermal
diffusivity, respectively. Thermal expansivity α can be expressed by
the density-dependent equation of Chopelas & Boehler (1992)

α = α0 exp

{
−4.3

[
1 −

(
ρ0

ρ

)1.4
]}

. (8)

The density ρ depends on temperature, such that

ρ = ρs[1 − ξα(T − Ts)], (9)

where ξ is the product of α0 and �T . For viscosity µ, the following
temperature- and depth-dependent form of Christensen (1996) was

Table 1. Thermal properties used for the temperature calculations.

Geological unit Thermal Heat Density
conductivity production (kg m−3)
Wm−1 k−1 (W k−1)

Upper crust (0–16 km) 2.5a 7.3 × 10−10a 2600a

Lower crust (16–32 km) 2.5a 1.4 ×10−10a 2900a

Mantle and oceanic plate 2.5 2.245 × 10−13a 3300a

Accretionary prism 1.4b 7.3 × 10−10a 2600a

aWang et al. (1995).
bAshi et al. (2002).

Table 2. Thermodynamic parameters and values used in this study.

Parameters Symbol Value Units Non-D value

Non-dimensional parameters
Surface Rayleigh number Ra0 1.4 × 106

Surface dissipation number Di0 0.05
Surface Grüneisen number �0 1.0
Product of thermal expansivity and temperature difference �T ξ 0.0405
Non-dimensional number expressing radioactive heating Rh0 0.007

Nominal dimensional parameters
Temperature difference between the top and bottom model boundaries �T 1300 ◦C 1.0
Standard density ρ0 3300a kg ·m−3 1.0
Standard thermal expansivity α0 3.0 × 10−5b K−1 1.0
Standard thermal conductivity k0 2.9c Wm−1 k−1 1.0
Standard viscosity η0 1.0 × 1020c Pa s 1.0
Standard specific heat at constant pressure Cp 1200a J kg−1 K−1 1.0
Depth of the model D 400 km 1.0
Radioactive heat production in the mantle Rhmantle 2.245 × 10−13a W kg−1 1.0

aWang et al. (1995).
bIwamori (1997).
cChristensen (1996).

used:

µ = µ0 exp

[
1 − T

0.097
+ x3

0.59
−

(
x3

2.72

)2
]

. (10)

The energy equation can be expressed by

ρCp0

(
∂T

∂t
+ v · ∇T

)
+ Di0ρsαv3T

= ∇ · (k∇T ) + Di0

Ra0
τi jεi j + Rh0ρRh, (11)

where Rh is internal heating per unit mass, Di0 is the dissipation
number, and Rh0 is a non-dimensionalized parameter representing
internal heating; they are given by

Di0 = gα0 D

Cp0
(12)

and

Rh0 = ρ0 Rhmantle D2

k0�T
. (13)

In eq. (11), the density ρ of the crust has a constant value with-
out following eq. (9), and k and Rh take different constant values,
depending on domains in the model (Table 1). Using MPDATA
(Smolarkiewicz 1984), the advection term in eq. (11) is solved. Val-
ues for model parameters are provided in Table 2.

Based on the difference in directions between geodetically ob-
tained margin-normal contraction and seismically obtained margin-
parallel compressive stress, and the 2-D finite-element modelling
of stress fields, Wang (2000) suggested that the subduction fault in
southwest Japan is very weak. This is consistent with geothermal
data that require very low frictional heating along the subduction
fault. For this reason, possible frictional heating at the plate interface
was not included in the model.

4.2 Initial and boundary conditions and 3-D models

Boundary conditions for flow velocity are rigid at the interface be-
tween the lower crust and the mantle, reflective at the +x plane, and
wrap around at the −y and +y planes (Fig. 4). Subducting velocity
vectors vs at the −x and +z planes can be expressed by
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vs = (vs1, vs2, vs3) = vOBS[cos(ϕ − λ) cos θ, sin(ϕ − λ) cos θ,

× cos(ϕ − λ) sin θ ] × κ0/D, (14)

where vOBS represents the velocity of the PHS plate relative to the
AM plate, ϕ represents the direction of relative plate motion, λ

represents the x-axis orientation in the model, and ϕ represents the
dip angle. The values of ϕ and λ are measured anticlockwise from
the north. For simplicity, subducting velocities apply to the whole
region of the lower trigonal pyramid, for which the upper part can
be regarded as the subducting slab.

Initial thermal conditions are based on a layered, 1-D temperature
field for the entire model domain. We used the following equation
(Yoshioka & Sanshadokoro 2002):

T = erf


 x3

2
√

ktcont
ρ


 (15)

where

tcont =
( zcont

7.5

)2
× κ0

/
D2, (16)

and zcont corresponds to the thickness of the continental lithosphere.
This equation was originally used for the cooling of an oceanic
plate (Yoshii 1975). Although heat flow data on land are affected
by the initial temperature distribution, they are scattered for dif-
ferent margin-normal profiles. An initial temperature distribution
was determined so that the calculated heat flow fitted the average of
the observed heat flow data along the margin-normal profile passing
through the central Kii Peninsula, which, of the investigated margin-
normal profiles on land, has the greatest number of heat flow data
points. The best-fitting heat flow value was obtained when zcont was
set at 48 km.

Temperature boundary conditions are isothermal (273.15 K) at
−z and adiabatic at the +x, −y, +y, and +z planes (Fig. 4). The
temperature boundary condition of the subducting PHS plate at the
−x plane can be given by the cooling of the oceanic plate,

T = erf


 x3

2
√

kts (x2)
ρ


 , (17)

where ts(x2) is the age of the subducting PHS plate at an arbitrary
position along the Nankai Trough.

Given that ridge subduction takes place along the Nankai Trough,
the age of the subducting slab is specified by the sum of the elapsed
time since the initiation of subduction and the age of the oceanic slab,
which depends on the margin-parallel distance from the fossil ridge,
that is, the shorter the distance from the fossil ridge, the younger
the age of the subducting plate. The oceanic plate was assumed to
be subducting beneath the continental EU plate from 15 to 5 Ma
(0–10 Myr in the model) in a direction parallel to the strike of the
fossil ridge, so the margin-parallel distance from the fossil ridge to
an arbitrary position on the y-axis was constant during that time,
and the age of the slab at the trough axis increased at the same rate
as the elapsed time since the initiation of subduction. The age of the
slab at the trough axis can be represented by

ts(x2) =
[

tcalc + |yridge(tcalc) − x2|
vridge

]
× κ0/D2 (tcalc < 10 Myr),

(18)

where tcalc is the elapsed time, |y ridge(t calc) − x 2| is the margin-
parallel distance at an arbitrary position x2 from the fossil ridge,
which is constant during the period from 15 to 5 Ma, and v ridge is

the local spreading rate of the Shikoku Basin before 15 Ma. Given
that the subduction direction was assumed to have coincided with
the relative plate motion of the PHS and AM plates from 5 Ma to
the present (10–15 Myr), the distance |y ridge(t calc) − x 2| changes as
a function of oblique subduction during that time, and the age of the
slab can be represented by

ts(x2) =
[

tcalc + |yridge(tcalc) − ∫ tcalc
10 vs2 dt − x2|

vridge

]
× κ0/D2

(tcalc ≥ 10 Myr). (19)

We assumed that the plate velocity increased gradually from
4.0 cm yr−1 at 5 Ma to vOBS at present.

In an example of the age of the subducting plate along the trough
axis for a model region that includes the eastern part of Shikoku
(Fig. 5), a half-spreading rate of 2.0 cm yr−1 was used so that the
calculated heat flow fitted the gradient and amplitude of the observed
heat flow away from the centre of the fossil ridge along the margin-
parallel profile C–C′ (Fig. 2c). The trough of each V-shaped line
(Fig. 5) represents the location of the fossil ridge at each time. The
ridge’s location did not move with respect to the Nankai Trough
until 10 Myr, after which it moved westward from 10 to 15 Myr due
to the effect of oblique subduction (eqs 18 and 19). It reached its
present position (distance = 0 km) at 15 Myr. In estimating the age of
the Shikoku Basin, however, the spreading rate is valid only within
about 70 km of its centre because adjacent model regions, including
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adjacent cross-sections spaced at about 70 km, have half-spreading
rates that are not 2.0 cm yr−1.

On the basis of hypocentre distributions (Nakamura et al. 1997;
Shimizu et al. 2000) and seismic surveys (Baba et al. 2000; Kodaira
et al. 2002), the 3-D shape of the upper surface of the subducting
PHS plate was established for the purposes of modelling (Fig. 6).
Ideally, a single 3-D model that incorporates the complicated 3-D
slab shape could be applied to all of southwest Japan, but because the
fluid flow associated with the subducting slab is given kinematically,
it is almost impossible to satisfy conditions for 3-D flow and mass
conservation with a slab that has a complex 3-D shape. In other
words, because the flow velocities must be cited with three different
components for each gridpoint, it is a formidable task to satisfy the
mass conservation equation for all of the control volumes, even if
an anelastic approximation is used. As a result, it is impossible to
obtain a stable solution for such a problem.

Instead, southwest Japan was divided into eight smaller regions
with different local dip angles, assuming a flat plane for each local
plate interface. The plane shapes and dispositions fit the previously
determined 3-D slab configuration well to a depth of about 60–70 km
along the margin-normal profiles passing through eastern Shikoku
and the Kii Peninsula. In this approach, fluid flows at slab gridpoints
are parallel to each other, so the mass conservation equation can be
readily satisfied. The temperature distribution on the plate interface
was determined by interpolating the calculated results for the eight
model regions (Fig. 6). The PHS plate is subducting beneath Shikoku
at an angle of less than 10◦. The dip of the PHS plate beneath the
Kii Peninsula is slightly higher than that beneath Shikoku.

5 R E S U LT S

5.1 Comparison of observed and calculated heat flow

We calculated the spatial distributions of temperature and flow ve-
locities associated with the subduction of the PHS plate in the x–z
plane at 0 Ma (15 Myr) along the profile A–A′ passing through

eastern Shikoku (Fig. 7). The results were obtained for model re-
gion 4 (Fig. 6). Because of the low dip angle and short time since
the initiation of subduction, seaward flow in the mantle wedge is
not remarkable. The calculated heat flow along the profile decreases
slightly landward to about 55 mW m–2 (Fig. 7c), then increases
gradually, reaching a constant of about 80 mW m–2 at a horizontal
distance of about 300 km from the trough axis. The calculated heat
flow agreed well with the observed heat flow data both in amplitude
and spatial pattern.

Fig. 8(b) shows temperature and flow velocity fields in the y–z
plane at 0 Ma (15 Myr) along the profile C–C′, which is almost
parallel to the local trough axis. Given the assumption of axisym-
metrical plate cooling perpendicular to the trend of the fossil ridge,
the hottest region would be located just below the fossil ridge. In
view of the oblique subduction, flow velocity vectors were ori-
ented westward with a downward component in the y–z plane. The
calculated heat flow along the profile has a maximum of about
65 mW m–2 near the fossil ridge, and decreases gradually with in-
creasing margin-parallel distance from the fossil ridge (Fig. 8c), cor-
responding to the temperature field in Fig. 8(b). The half-spreading
rate of 2.0 cm yr−1 was used so that the calculated heat flow fit-
ted the gradient and amplitude of the data away from the centre of
the fossil ridge. By constructing an elastic flexure model to accom-
modate margin-normal bathymetry data corrected for thick sedi-
ment effects, Yoshioka & Ito (2001) demonstrated that the effective
elastic plate thickness is thin near the fossil ridge and increases
gradually with increasing margin-parallel distance from the fossil
ridge. The calculated thermal state (Fig. 8b) is consistent with their
results.

Fig. 9 shows temperature and flow velocity fields for a verti-
cal cross-section along the profile A–A′, which passes through
the Kii Peninsula. The results were obtained for model region 6
(Fig. 6). The dip angles of the subducting PHS plate below the Kii
Peninsula are slightly higher than those below Shikoku (Fig. 6). As
a result, seaward high-temperature flow from the backarc region
tends to take place more easily in the mantle wedge (outside the
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Figure 7. (a) Map view showing the location of a 3-D model (dotted lines) (model region 4 in Fig. 6). The profile A–A′ is located slightly west of the NNW
extension of the strike of the current fossil ridge, as well as almost bisects the model space in the y-direction (400 km) along the trough axis. (b) Temperature
(colour) and flow velocity (arrows) fields in the vertical cross-section passing through the profile A–A′ in (a) at 15 Myr (0 Ma). (c) Comparison between
observed and calculated (solid line) heat flow along the profile A–A′ in (a) at 15 Myr (0 Ma). Red circles and blue triangles denote BSR and marine heat probe
data, respectively. All the data within 30 km on both sides of the profile are plotted.
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Figure 8. (a) Map view showing the location of the same 3-D model as Fig. 7 (dotted lines). The profile C–C′ is 39 km away from the −x plane in the +x
direction in Fig. 4. (b) Temperature (colour) and flow velocity (arrows) fields in the vertical cross-section passing through the profile C–C′ in (a) at 15 Myr
(0 Ma). (c) Comparison between observed and calculated (solid line) heat flow along the profile C–C′ in (a) at 15 Myr (0 Ma). Red circles and blue triangles
denote BSR and marine heat probe data, respectively. All the data within 30 km on both sides of the profile are plotted.

plotted range), and hot material reaches as far as its seaward cor-
ner. The dramatic change in the calculated heat flow along the
profile at a horizontal distance of about 90 km is caused by the
different values assumed for the thermal conductivity of the ac-

cretionary prism and the upper crust (Fig. 9c; Table 1). The cal-
culated results fit the observations well, except for some low heat
flow data at a horizontal distance of approximately 200 km. These
data are located on the Osaka Plain, which is covered by several
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Figure 9. The same as Figs 7 and 8 except for location of the 3-D model, the dip angle, temperature boundary condition on the −x plane (model region 6 in
Fig. 6). The heat flow data encircled by the dashed line in (c) are located in Osaka Plain. Blue triangles denote borehole data on land in addition to marine heat
probe data in (c).

hundred meters of post-Pleistocene sediments that cause the local
low heat flow values (Hyndman et al. 1995). The calculated heat
flow also fitted the observations well along the profile C–C′ (Fig.
9a and d). Based on the gradient and amplitude away from the cen-
tre of the fossil ridge, the half-spreading rate of the Shikoku Basin
off the Kii Peninsula before 15 Ma was determined to have been
3.0 cm yr−1.

In Figs 7 and 9, the 3-D parallelepiped box model was oriented
so that its centre passed through eastern Shikoku and the Kii Penin-
sula, and 3-D temperatures, flow velocities, and heat flow were
then calculated for the respective model regions. The dip angles
of the subducting plate were taken from the values along the central
parts of the respective models, bisecting each model region in the y
direction.

Temperatures, flow velocities, and heat flow along the margin-
normal and margin-parallel profiles were calculated for the six other
model regions (Fig. 6), yielding subduction parameters such as vOBS,
θ , ϕ and λ, as well as different temperature boundary conditions at
the −x plane, which arise from differences in the relative location
of the fossil ridge in the respective models. The observed heat flows
for the six regions can be generally explained by calculations along
both profiles A–A′ and C–C′. Based on the local half-spreading rates
for the eight profiles along C–C′, the age of the Shikoku Basin floor
can be estimated along the length of the Nankai Trough. The age
of the oceanic plate at the east flank of the Kyushu-Palau Ridge,
located approximately 290 km WSW of the fossil ridge, was es-
timated at approximately 25.6 Ma, which coincides well with that
estimated from magnetic anomalies (26 Ma; Kobayashi & Nakada
1978; Okino et al. 1994). The model is, therefore, consistent with

both the present margin-parallel heat flow data and the age of the
Shikoku Basin estimated from fossil magnetic anomalies. Another
interesting feature is that the spreading rate that we estimated tends
to increase gradually with increasing margin-parallel distance from
the fossil ridge, ranging from 2.0 to 4.0 cm yr−1. This indicates
that the spreading rate of the Shikoku Basin was faster at earlier
than at later stages, which is also consistent with magnetic anomaly
evidence (Okino et al. 1994).

5.2 Calculated temperature distribution on the upper
surface of the subducting PHS plate

Temperatures at the upper surface of the PHS plate were calculated
by interpolating the margin-normal temperature distributions at the
plate interface in the central part of each of the eight model regions
(Fig. 10). On the basis of this thermal model, we discuss the dis-
tribution of seismogenic zones. Plate interfaces in the temperature
range of 150–350 ◦C are referred to as the ‘thermal seismogenic
zone,’ and those from 350 to 450 ◦C belong to the ‘transition zone.’

The calculated results show that isothermal contours have margin-
parallel lateral variations, whereas the updip temperature limit of the
thermal seismogenic zone is roughly parallel to the trough axis.
The temperature of the deeper part of the plate interface is not
symmetrical away from the fossil ridge. The thermal seismogenic
zone is narrowest off the Kii Peninsula and widens both eastward
and westward because of spatial differences in the dip angle and the
former location of the fossil ridge.

The uncertainty of the temperature distribution on the plate inter-
face was investigated, taking into account observation errors in heat
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Figure 10. Estimated temperature distribution on the upper surface of the subducting PHS plate. Temperature ranges of 150–350 ◦C and 350–450 ◦C correspond
to the thermal seismogenic (dark grey) and transition (light grey) zones, respectively. The two dotted lines are isotherms of 350 and 450 ◦C, respectively, on
the plate interface estimated by Hyndman et al. (1995). The thick dashed line represents the boundary line between the continental Moho depth (32 km) and
the upper surface of the subducting PHS plate. The hypocentres of the 1944 Tonankai and the 1946 Nankai earthquakes are shown with solid stars. Small solid
circles and blue ellipses are epicentres of low-frequency earthquakes and source areas of slow slip events (Obara & Hirose 2006), respectively. (a) Coseismic
slip distributions associated with the 1944 Tonankai and the 1946 Nankai earthquakes obtained by inversion analyses of seismic data (Ichinose et al. 2003;
Murotani et al. 2006), geodetic data (Ito & Hashimoto 2004) and tsunami data (Baba & Cummins 2005). The unit of contour is m. (b) Slip deficit rate on the
plate interface estimated from inversion analyses of GPS data (Miyazaki & Heki 2001; Ito & Hashimoto 2004; Kobayashi & Hashimoto 2006). The unit of
contour is cm yr−1.

flow data. On-land data errors were estimated based on the standard
errors in Hyndman et al. (1995). The average of the observation
errors is about ±14 mW m–2 (positive values indicate increased
heat flow, and the corresponding relation of the order of the positive
and negative signs is kept in the following). The initial temperature
distribution was modified to fit this uncertainty range for a horizon-
tal distance of 400 km from the trough in model region 6, using
trial-and-error. Similar heat flow values were obtained when zcont

was set at 48 ∓ 16 km in eq. (16). Based on this range, temperatures
on the plate interface were calculated for the eight margin-normal

profiles, and the average uncertainty of their temperatures was es-
timated. The estimated uncertainties of the 150, 350 and 450 ◦C
isotherm locations were ∓0, ∓3 and ∓13 km (positive values indi-
cate margin-normal landward direction), respectively, measured in
the horizontally projected plate interface (Fig. 10). Uncertainty in
heat flow data on land affects only the temperatures on the continen-
tal side of the plate boundary. The observation errors of BSR heat
flow data are about ±5 mW m–2 (Ashi, personal communication).
The thermal conductivity of the oceanic plate and the mantle and
the potential temperature were modified to fit the uncertainty range
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along the eight margin-parallel profiles near the Nankai Trough. As-
suming the uncertainty in the thermal conductivity of the oceanic
plate and the mantle to be 2.5 ± 0.1 Wm−1 K−1, the uncertainty in the
potential temperature was 1300 ± 75 ◦C using trial-and-error. The
estimated average uncertainties in the 150, 350 and 450 ◦C isotherm
locations were ∓2, ∓16 and ∓17 km, respectively, measured in the
horizontally projected plate interface (Fig. 10).

The model parameters (Table 2) were tested for sensitivity by
changing them by ±5 per cent, and changes in the 150, 350 and
450 ◦C isotherm locations were determined (Fig. 10). A change
of ±65 ◦C in �T , which contributes to Ra0, ξ and Rh0, changed
the average locations of the eight profiles by ∓2, ∓9 and ∓12 km,
respectively. Changing mantle thermal diffusivity, defined by ρ, k
and Cp, by ±3.2 × 10−8 m2 s−1 moved the average locations by
∓1, ∓4 and ∓3 km, respectively. Changes in D, Rhmantle and α0,
which also affect Di0, �0 and ξ , had negligible effects on the aver-
age locations. If the continental Moho depth was 30 km, which was
2 km shallower than the depth used in this model, the average loca-
tions would change by ∓0, ∓0 and ∓3 km, respectively. We used
Christensen’s (1996) equation to represent temperature-dependent
viscosity, which yielded values ranging from about 1019 to
1024 Pa s in the range plotted in the figures (e.g. Fig. 7b). To investi-
gate the temperature dependency of viscosity over the temperature
field of the subduction fault, two cases with isoviscosity (1020 Pa s)
and lower temperature-dependent viscosity were calculated; for the
latter, the denominator of the temperature term in eq. (10) was
changed twice. Comparison of the calculated results for the three
cases showed that the effect of temperature-dependent viscosity on
the temperature field over the subduction fault was negligible in the
depth range from 0 to 32 km.

6 D I S C U S S I O N

6.1 Comparison with Hyndman et al. (1995)

Compared with the plate-interface isothermal contours of Hyndman
et al. (1995), the contours derived using our model exhibit more lat-
eral variation along the trough axis (Fig. 10). This is likely caused by
the differences in temperature boundary conditions on the oceanic
side and subduction velocity. The temperature at the fossil ridge,
the highest along the trough axis, is given as the seaward boundary
condition in their 2-D model. This may be the reason why the lower
limit of the thermal seismogenic zone (350 ◦C) in our results coin-
cides well with that of Hyndman et al. (1995) in eastern Shikoku.
Given that the second term in eqs (18) and (19) is a new factor in our
3-D model, the temperature along the Nankai Trough depends on
the distance from the fossil ridge, which has moved westward over
the last 5 Myr as a result of oblique subduction. The assumption that
the continental plate involved after 5 Ma was the AM plate means
that the present subduction velocity off Shikoku is about 2 cm yr−1

faster than the velocity of 4 cm yr−1 assumed in Hyndman et al.
(1995), who used only one margin-normal profile passing through
the eastern part of Shikoku to calculate the temperature distribu-
tion. Although they calculated a margin-normal temperature field
passing through the Kii Peninsula, the result does not explain the
marine BSR data there because the BSR data off western Shikoku
were used for data fitting. They also used land-based levelling data
from an interseismic interval, from which it would be very difficult
to reconstruct the details of the seismogenic zone, considering the
variable slip deficit distribution and the poor resolution for locations
far off the coasts of Shikoku and the Kii Peninsula.

The downdip limit of the thermal seismogenic zone off the Kii
Peninsula as derived using our model is located farther seaward
than that of Hyndman et al. (1995). This is because of the higher
dip angle there and the passage of the hot fossil ridge in the past.
The downdip limit of the transition zone (450 ◦C) is also differ-
ent, corresponding to the location of the thermal seismogenic zone
(350 ◦C). Our calculated transition zone appears to be wider
than that of Hyndman et al. (1995). This is probably be-
cause the highest temperature condition for the fossil ridge is
given in their model at the trough axis, whereas our model in-
corporated the thermal age dependency in the margin-parallel
direction.

The updip limits of the thermal seismogenic zone (150 ◦C) in
the two models are nearly the same within the uncertainty range.
Although the age dependency of the subducting plate in the margin-
parallel direction was included in our model, which tends to cause
longer margin-normal distance of isotherms from the trough axis
with increasing distance from the fossil ridge, and not in the pre-
vious model, the location of the updip limit from the trough axis
is about the same. This is because the effect of age dependency
was cancelled by the faster spreading rate, which tends to cause
shorter margin-normal distance of isotherms from the trough axis
with increasing margin-parallel distance from the fossil ridge. Al-
though Hyndman & Wang (1993) proposed that the updip limit
is closely related to the smectite-illite phase transition, Moore &
Saffer (2001) indicated that unstable sliding does not take place
for transformed illite, but that a decreased pore–pressure ratio,
resulting from a decreased dehydration rate caused by progres-
sive metamorphism, causes increased effective normal stress and
produces an unstable sliding, or seismogenic zone. Wang & Hu
(2006) proposed an idea whereby the actively deforming, most
seaward part of an accretionary prism overlies the updip velocity-
strengthening part of the subduction fault and the less-deformed
inner wedge overlies the velocity-weakening part (seismogenic
zone). The parameters controlling the updip limit clearly remain
contentious.

6.2 Comparison of temperature distribution and coseismic
slip distributions associated with the 1944 Tonankai and
1946 Nankai earthquakes, and interplate coupling

Our results for Shikoku and the Kii Peninsula can be compared
with coseismic slip distributions associated with the 1944 Tonankai
(M 7.9) and the 1946 Nankai (M 8.0) earthquakes and the distri-
bution of slip deficit rates. The coseismic slip distributions of the
two earthquakes inferred from inversion analyses of seismic data
(Ichinose et al. 2003; Murotani et al. 2006), geodetic data (Ito &
Hashimoto 2004) and tsunami data (Baba & Cummins 2005) are
shown (Fig. 10a). Common characteristics for these results are max-
imum slip off Shikoku for the Nankai earthquake, and southeast to
east of the Kii Peninsula for the Tonankai earthquake. Interestingly,
all of these maximum slip areas are located in the deeper part of the
thermal seismogenic zone, including the rupture initiation points for
the two earthquakes.

The spatial distributions of slip deficit rates have been inferred
from inversion analyses of GPS data (e.g. Miyazaki & Heki 2001; Ito
& Hashimoto 2004; Kobayashi & Hashimoto 2006; Fig. 10b). The
results indicate a strongly coupled region off Cape Muroto, adjacent
to the maximum coseismic slip location of the Nankai earthquake.
The strongly coupled region is located within the calculated ther-
mal seismogenic zone. From these comparisons, we conclude that

C© 2007 The Authors, GJI, 171, 302–315

Journal compilation C© 2007 RAS



Temperature distribution of the Nankai subduction fault inferred from 3-D numerical simulation 313

the thermal seismogenic zone is more or less consistent with the
coseismic slip distributions of the two megathrust earthquakes and
with interplate coupling.

6.3 Comparison of temperature distributions
and occurrence of low-frequency earthquakes

The epicentre distribution of low-frequency earthquakes determined
by the Japan Meteorological Agency and the locations of slow-slip
events (Obara & Hirose 2006; Fig. 10) coincide with the calcu-
lated temperature range of approximately 400–500 ◦C. Shelly et
al. (2006) indicated that low-frequency earthquakes occur on the
plate interface in western Shikoku by relocation of their hypocen-
tres. This suggests that they are generated by shear slip rather than
fluid flow. Shelly et al. (2006) hypothesized that increasing fluid
pressure in the oceanic crust just below the transient slip zone
may reduce the effective normal stress and enable slip on the plate
interface.

The fluid source may be dehydration associated with progres-
sive phase transformation of hydrous minerals in oceanic crust.
Hacker et al. (2003) showed a phase relation of basalt + H2O on a
pressure–temperature diagram. The most likely phase transforma-
tion at 400–500 ◦C at the hypocentre depths of low-frequency earth-
quakes (30–45 km) is lawsonite + blueschist + jadeite to amphibole
+ eclogite, which decreases in water content by about 2.4 wt%. On
the north side of the belt-like epicentral region, free water would
be used to form hydrous minerals such as serpentine in the man-
tle wedge (Katsumata & Kamaya 2003). The temperature of 400–
500 ◦C also corresponds to the onset of feldspar plasticity (Scholtz
1990). The fact that transient slow-slip events occur at the same loca-
tions as low-frequency tremors (e.g. Obara & Hirose 2006) suggests
that stable sliding may take place downdip of the low-frequency
earthquakes. The western limit of the low-frequency earthquakes
is located in northeastern Kyushu, where temperature and pres-
sure conditions likely change abruptly because of plate subduction
with high dip angles and to depths deeper than the Moho (Figs 6
and 10).

6.4 Estimated seismogenic zone and its relation to the
occurrence of large interplate earthquakes

Hyndman et al. (1997) suggested that the downdip limit of the seis-
mogenic zone is basically determined by temperature. However, the
boundary between the continental Moho and the upper surface of the
subducting oceanic plate becomes the downdip limit if the temper-
ature there is less than 350–450 ◦C. Seismic data indicate that con-
tinental Moho depths in southwest Japan are 30–33 km (Kurashimo
et al. 2002; Nakamura 2002; Murakoshi 2003; Sala & Zhao 2004).
The downdip limit of the thermal seismogenic zone can, therefore,
be determined by the temperature off Shikoku and the Kii Penin-
sula, whereas on the east side of Kyushu, it is probably limited by
the boundary where the 350 ◦C isotherm on the plate interface is
located below the Moho (Fig. 10).

M8-class large interplate earthquakes have occurred off the Kii
Peninsula and Shikoku. The calculated results indicate that the
seismogenic zone is narrowest off the Kii Peninsula and that the
hypocentres of the Tonankai and Nankai earthquakes were located
in the calculated thermal seismogenic zone (Fig. 10). Rupture initi-
ation points for the Tonankai and Nankai earthquakes obtained from
numerical simulations using the rate- and state-dependent friction
law are located off the Kii Peninsula, which is consistent with ob-

servations for the two most recent events (Hori et al. 2004). Hori
et al. (2004) attributed the location to high stress arising from a
narrow seismogenic zone, which is caused by the area’s high dip
angle and high convergence rate. In contrast, our results suggest
that the narrowness of the seismogenic zone off the Kii Peninsula
has two causes: a high dip angle, which means that the subducted
slab can be heated rapidly by surrounding hot mantle and that hot
material can flow into the corner of the mantle wedge; and recent
subduction of the fossil ridge, which has always been the hottest part
of the subducting plate. The narrow thermal seismogenic zone may
be important in understanding the generation of future Tonankai
and Nankai earthquakes, which are expected by the middle of this
century.

7 C O N C L U S I O N S

The construction of a 3-D parallelepiped thermal convection model
yielded a temperature distribution scheme for the upper bound-
ary of the subducting PHS plate along the Nankai Trough, south-
west Japan. Comparison of the heat flow calculated from the
temperature distribution with the observed heat flow indicated
that the model results fit the data well. We have five significant
conclusions.

(1) The calculated temperature distribution on the plate interface
indicates that the updip limit of the seismogenic zone is roughly
parallel to the trough axis. This is because two important controls
cancel one another out: the age of the subducting PHS plate along
the Nankai Trough increases with increasing margin-parallel dis-
tance from the fossil ridge, but the spreading rate also becomes
faster.

(2) The lower limit of the thermal seismogenic zone is deter-
mined by the temperature between the Kii Peninsula and western
Shikoku, whereas on the east side of Kyushu, where the 350 ◦C
isotherm on the plate interface is located deeper than the Moho, it is
delimited by the boundary line between the continental Moho depth
and the upper surface of the subducting PHS plate.

(3) The location of maximum coseismic slip associated with the
1944 Tonankai and the 1946 Nankai earthquakes, and the strongly
coupled region estimated from GPS data inversion are located in the
thermal seismogenic zone.

(4) Low-frequency earthquakes located in the downdip of the
thermal seismogenic zone take place at temperatures of approxi-
mately 400–500 ◦C and may be related to the phase transformation
of hydrous minerals in oceanic crust from lawsonite + blueschist +
jadeite to amphibole + eclogite, which decreases the water content
by approximately 2.4 wt%.

(5) The thermal seismogenic zone is narrowest off the Kii Penin-
sula as a result of: a high dip angle, which means that the subducted
slab can be rapidly heated by surrounding hot mantle and that hot
material reaches as far as the corner of the mantle wedge, and recent
subduction of the fossil ridge, which has always been the hottest part
of the subducting plate. The location of the narrowest thermal seis-
mogenic zone may determine the rupture initiation points for future
Tonankai and Nankai earthquakes.
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