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Three-dimensional numerical modeling of temperature
and mantle flow fields associated with subduction

of the Philippine Sea plate, southwest Japan

Yingfeng Ji', Shoichi Yoshioka'?, and Takumi Matsumoto®

"Research Center for Urban Safety and Security, Kobe University, Kobe, Japan, 2Department of Planetology, Graduate
School of Science, Kobe University, Kobe, Japan, 3National Research Institute for Earth Science and Disaster Prevention,
Tsukuba, Japan

Abstract we investigated temperature and mantle flow distributions associated with subduction of the
Philippine Sea (PHS) plate beneath southwest Japan, by constructing a three-dimensional parallelepiped
model incorporating a past clockwise rotation, the bathymetry of the Philippine Sea plate, and distribution of
the subducting velocity within its slab. The geometry of the subducting plate was inferred from contemporary
seismic studies and was used as a slab guide integrated with historical plate rotation into the 3-D simulation.
Using the model, we estimated a realistic and high-resolution temperature field on the subduction plate
interface, which was constrained by a large number of heat flow data, and attempted to clarify its relationship
with occurrences of megathrust earthquakes, long-term slow slip events (L-SSEs), and nonvolcanic low-frequency
earthquakes (LFEs). Results showed that the oblique subduction coupled with the 3-D geometry of subducting
PHS plate was a key factor affecting the interplate and intraplate temperature distributions, leading to a

cold anomaly in the plate interface beneath western Shikoku, the Bungo Channel, and the Kii Peninsula.
Temperatures in the slab core in these regions at a depth near the continental Moho were nearly 200°C lower
than that in eastern Shikoku, indicating a high thermal lateral heterogeneity within the subducting plate. The
geothermal control of the LFEs beneath western Shikoku was estimated to be within a range from 400 to 700°C,
and the interplate temperature for the L-SSEs with a slip larger than 15 cm beneath the Bungo Channel

was estimated to be approximately 350-500°C. A large horizontal temperature gradient of 2.5 ~ °C/km was
present where the LFEs occurred repeatedly. The steep temperature change was likely to be related to the
metamorphic phase transformation from lawsonite or blueschist to amphibolite of hydrous minerals of the
mid-ocean ridge basalt of the subducting PHS plate.

1. Introduction

The northern rim of the Philippine Sea (PHS) plate is subducting beneath the Amurian plate along the Nankai
Trough, where megathrust earthquakes such as the M8.0-class Tonankai (1944) and Nankai (1946) earth-
quakes have occurred repeatedly. Through seismic reflection surveys and high-resolution P wave seismic
tomography studies [e.g., Nakajima and Hasegawa, 2007; Hirose et al., 2008; Nakanishi et al., 2012; Zhao
et al., 2012], the geometry of the upper surface of the PHS plate beneath southwest Japan has been well
estimated (Figure 1). Unlike other planar oceanic plates, the slab geometry in southwest Japan is complex
[e.g., Shiomi et al., 2008]. How the interplate thermal state and flow in the upper mantle interact with
dehydration in relation to the plate geometry remains an interesting issue to be investigated. Furthermore,
the PHS plate is currently obliquely subducting at an azimuth of approximately 30° anticlockwise from the
trough-perpendicular direction [DeMets et al, 2010]. Subduction obliquity varies along the curved slab
geometry, which poses a challenge for three-dimensional (3-D) numerical simulations with a prescribed
geometry and velocity of the subducting oceanic plate. Induced mantle flow in the upper mantle can be
obtained as a result of modeling.

Oblique subduction for the curved geometry gives rise to along-arc convection in the upper mantle and het-
erogeneity of the thermal regime on the plate interface in the along-arc direction. However, it is not clear how
the curved slab and oblique subduction influence the thermal regime and arc magmatism and induce small-
scale mantle flow in the low viscous mantle wedge. For example, how does the interplate temperature vary
along the curved slab and how does the mantle flow between the two bulges of the PHS slab beneath
Shikoku and the Kii Peninsula evolve? Nakajima and Hasegawa [2007] suggested that the low dip angle could
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Figure 1. (a) Tectonic map of the southwest Japanese Islands. Colors indicate the altitude. The isodepth contours of the
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upper surface of the Philippine Sea (PHS) plate, which are drawn with thin black curves, are taken from Nakajima and

Hasegawa [2007], Hirose et al. [2008], and Nakanishi et al. [2012]. The gray curves indicate the plate boundaries. The red
triangles denote active volcanoes in Japan. The solid red arrows denote plate motion vectors of the PHS plate with respect

to the Amurian plate along the Nankai Trough [DeMets et al., 2010]. The dashed black rectangle indicates the modeled

region in this study. Orientation of x-y-z coordinate axes of the model is marked. (b) Tectonic map of southwest Japan. The
solid black rectangle indicates the subduction zone in southwest Japan as zoomed out in Figure 1b. The pink lines A-A’, B-B',
C-C', and D-D' indicate the profiles of the temperature distribution and mantle flow field shown in Figures 8a and 8b and 9a
and 9b, respectively. The three broken red ellipses denote the imaged source regions of the Tokai, Tonankai, and Nankai

great earthquakes as provided by the Headquarters for Earthquake Research Promotion [2004].
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not induce sufficient mantle upwelling to generate magmas, based on the concentration and absence of vol-
canoes in the Chubu and Kinki districts, respectively. Shiomi et al. [2008] proposed that the interaction
between the continental Moho geometry and the plate motion of the subducting PHS plate plays an impor-
tant role in determining the local stress field, the location of both seismicity and low-frequency earthquakes
(LFEs), and the existence of an aseismic slab beneath the central part of Shikoku and the northern part of the
Kinki district. Obara and Hirose [2006] also found that nonvolcanic deep tremors distribute themselves paral-
lel to the strike of the subducting PHS plate. Their distribution coincides with the depth contours of the plate
interface at depths of 35-45 km [Nakamura et al., 1997]. Deep tremors in western Shikoku are more frequent
than those in eastern Shikoku and the Kii Channel. The geometry of the oceanic plate also seems to affect
their seismicity. The use of 3-D numerical modeling is believed to be an effective way to estimate the thermal
regime in the deep tremor zone.

The 3-D numerical simulation of the subduction of an oceanic plate remains one of the most challenging
numerical approaches toward the interpretation of geodynamic processes [e.g., Tackley, 1998; Funiciello
et al., 2003, 2008; Lassak et al., 2006; Stegman et al., 2006, 2010a, 2010b; Di Giuseppe et al., 2008; Goes et al.,
2008; Long and Silver, 2008; Ozbench et al., 2008; Schmeling et al., 2008; van Keken et al., 2008; Capitanio
et al., 2009; Morra et al., 2009; Wada and Wang, 2009; Jadamec and Billen, 2010; Zhu et al., 2010; Capitanio
and Morra, 2012; Li and Ribe, 2012; Manea et al., 2012; Strak and Schellart, 2014]. In recent decades, several
issues regarding thermomechanical models have been highlighted by numerous studies, including the lat-
eral variation of the subduction process in 3-D [e.g., Tackley, 2000; Honda and Saito, 2003; Morra et al.,
2006; Schellart et al., 2007]. Gerya [2011] reported that two tendencies currently exist in subduction model
design, including kinematically prescribed models and more dynamic models, with the latter being difficult
to apply to specific subduction zones if the rheology of a plate is not sufficiently well known [Honda, 2008;
Morishige et al., 2010; Yoshida et al., 2012]. Tackley and Xie [2003] presented the 3-D thermal convection model
“stag3D” that spontaneously generates plates through treatment of the strong viscosity variations, solid-solid
phase changes, and compositional differentiation.

However, modeling the shallower interplate thermal state with complex slab geometry has received less
attention so far. The latest developments in 3-D kinematic modeling include models of prescribed geometry
and velocity [Kneller and van Keken, 2008], a moving plate boundary [Honda, 2008], a 3-D time-dependent
kinematic-dynamic model to investigate the along-margin thermal structure between the Japan and Kurile
arcs [Morishige and van Keken, 2014], and a 3-D thermal model with a realistic 3-D slab geometry in northeast
Japan to investigate the mantle wedge flow pattern [Wada et al., 2015]. Yoshioka and Murakami [2007] pro-
posed that the temperature distribution on the plate interface of the subducting PHS plate beneath south-
west Japan is diversified beneath a continental plate. Kneller and van Keken [2008] revealed that convex
and concave slab geometries caused lower or higher pressure at the same depth by 3-D numerical modeling,
respectively. Vélker et al. [2011] suggested a thermal control on the seismogenic zone in southern central
Chile, based on a 2-D finite element modeling. They suggested that the downdip limit of the shallow cluster
of seismicity corresponds to 325°C on the modeled temperature field along some profiles. Ji and Yoshioka
[2015] investigated the relationships among dip angle, subduction obliquity, and the interplate thermal
regime by several models for theoretically constructed convex and concave slabs.

In this study, we constructed a 3-D thermal convection model with arbitrary slab geometry developed from
stag3D [Tackley and Xie, 2003] to describe the heterogeneity of the thermal regime on the plate interface as
well as its relationship with the interplate seismic events. To avoid confusion between the terms “dip angle”
and “subduction angle” in this study, we refer to subduction angle as the dip angle of an oceanic plate along
the direction of its oblique subduction, whereas dip angle refers to along the trough-perpendicular direction.

2, Methodology

2.1. Governing Equations

In this study, we employed anelatic liquid approximation and used the equations of conservation of mass,
momentum, and energy [e.g., Yoshioka and Murakami, 2007]. The equation of conservation of mass is given by

8@5(27 TS)Vi} _

0 1
ax; ; m
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Table 1. Values of Model Parameters for Numerical Simulations of Subduction of the Three-Dimensionally Curved
PHS Plate

Symbol Parameters Value Units
10 Standard density 33007 kg/m>
To Temperature difference between top and bottom of model 1600 K
Ko Standard thermal conductivity 29° w/mK
Hr Radioactive heat generation rate in the mantle 2245x 10732 w/m>
Cp, Standard specific heat at constant pressure 1200° J/kgK
ko Standard thermal diffusivity 76x10°¢ m?/s
Mo Standard viscosity 1x102% Pa-s
a0 Standard thermal expansion 3x10 > /K

v Oblique subduction velocity 6.0° cm/yr
A Parameters to calculate the interplate shear stress 6.12x10 2 Mpa~ "
m Parameters to calculate the interplate shear stress 3.05" 1

Q Parameters to calculate the interplate shear stress 276 x 10% kJ/mol

@Wang et al. [1995].

b Christensen [1996].

Yoshioka and Murakami [2007].
Iwamori [1997].

€DeMets et al. [2010].

Caristan [1982].

where the 3-D Cartesian coordinates (x, y, z) are represented by (xq, x,, X3). Parameter p,(z, T;) is the density at
depth z and temperature T, and v; is the ith component of the flow velocity vector v. The suffix s denotes
adiabatic condition. The momentum equation can be expressed as

OP Ot
e+ = Appgoo(T—Ts) =0 2
ox; 3Xj 3959 0( s) s (2)
where P is the pressure deviation from hydrostatic pressure, z;; is a stress tensor, A; is Kronecher's Delta, g is
gravitational acceleration, and a4 is the reference thermal expansivity. T can be written by
de ~ gao
dX3 a CpO s

3)

where Cp,q is the specific heat at constant pressure.

The density p depends on temperature
p:ps(zv TS)“ _aO(T_TS)]' (4)

The energy equation can be expressed by

ot 0z’

where k is the thermal conductivity, 7 is the viscosity, &; is the strain rate tensor, v; is the flow velocity com-
ponent in the vertical direction, H, is the internal radioactive heating per unit mass, and v,(x, y) is the vertical
rate of surface erosion and sedimentation in the upper continental crust at a surface coordinate (x, y). The
left-hand side of the equation includes the advection term pCyov - VT. On the right-hand side, a thermal
diffusion term kV>T, viscous dissipation term 7;;6;; for the viscous upper mantle and the solid-solid subduction
interface, adiabatic heating term pgaoTvs, and radioactive heating term pH, are included. Viscous dissipation
inside the slab was assumed to be zero, for the subduction velocity was prescribed there. The dissipation item
on the solid-solid subduction interface can be simplified as a frictional heating term z,&;, where z; is the
frictional stress and &; is the shear strain rate. H, is the internal heating per unit mass. According to
Furukawa [1999], Fukahata and Matsu’ura [2000], and Yoshioka et al. [2013], the frictional heating term on
a plate interface 7,¢; and the temperature change term pCpoVe(X,y) Z_Z due to the effect of surface erosion
and sedimentation rates during the Quaternary period are also taken into account in the energy equation.

The related model parameters are tabulated in Table 1.

oT oT
Cpo (— + v~VT) = kV2T + & + pgooTvs + pHy + pCpoVe(X,y) — (5)

2.2. Viscous Flow Law

For viscosity 7, we followed the viscous flow law for wet olivine from Burkett and Billen [2010]. Laboratory
experiments indicate that the deformation of olivine occurs by both diffusion creep (45 and dislocation creep
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Table 2. Model Parameters for Wet Olivine at Constant Water Content [Hirth and Kohlstedt, 2003; Burkett and Billen, 2010]
Flow Law Parameters

Parameter Diffusion Creep Dislocation Creep
no Stress exponent 1.0 35
Ao Preexponential factor (s "Pa~ " umPH " 10°" Si") 1.0 9.0x102°
Eo Activiation energy (kJ/mol) 335 480
Vo Activation volume (m3/mol)
Upper mantle 40%x10 ° 11.0x10°°
Lower mantle 15%107°6 -
d Grain size(um)
Upper mantle 10,000 -
Lower mantle 40,000 -
p Grain size exponent 3.0 =
CoH OH concentration (H/1065i) 1,000 1,000
r CoH exponent 1.0 1.2

(gs) in the upper mantle, where each mechanism accommodates a portion of the total strain rate [Hirth and
Kohlstedt, 2003]

&t = Edf + Eds- (6)

The composite upper mantle viscosity for deformation at constant stress is given by

— Ngflgs

= : (7)
ficomp Hdf + Nds

where 54¢ and 745 are the diffusion creep and dislocation creep viscosities for olivine, respectively. The
general form of the viscosity law is

= —dp %s’%ex 7EO+P'V° (8)
Ndf,ds = Ao, E p noRTs )’

1
where & = (14;é;)? is given by the square root of the second invariant of the strain rate tensor [Ranalli,
1995], T, is the absolute temperature, R is the gas constant, and P, is the lithostatic pressure defined by a

compressibility gradient in the mantle

1
P = _ﬁ_ln(1 _pogﬂaz)v )

a

where z is depth, po is the standard density, and the adiabatic compressibility S, =4.3x 10~ '?Pa™" [Turcotte
and Schubert, 2002]. The values of the model parameters for diffusion and dislocation creep of olivine used in
this study such as ng, Ag, Eq, Vo, d, p, Con, and r are tabulated in Table 2.

2.3. Frictional Heating on a Plate Interface

The frictional heating term on a plate interface 7€, is dependent on the pore pressure ratio 4. Referring to
Wang et al. [1995] and Yoshioka et al. [2013], we incorporated frictional heating on the plate interface asso-
ciated with plate subduction into our model. Deformation style under a brittle regime differs remarkably from
that under a ductile regime on the plate interface. In the former case, shear stress at a plate boundary has a
linear relation with the normal stress o, at each depth. Following Byerlee [1978], the relation is expressed as

7, = 0.850,(1—2) [o(1 — 1) < 200MPa], (10)
7, =50+ 0.60,(1 — 1) [on(1 — A > 200MPa]. (1)

The parameter of the pore pressure ratio A is a key parameter used to determine the magnitude of frictional

heating on the plate interface. 1 is defined as [Wang et al., 1995]
,  Pr—Pq
“TP =Py

(12)

where Pyis pore pressure, P, is the pressure at the Earth’s surface, and P is lithostatic pressure. Since Ps<P;and
P4<P; 0<1<1, considering the various possibilities for the real conditions of the pore pressure ratio on the
plate interface, we assigned different values of 0.98 - 1.0 [Seno, 2009; Yoshioka et al., 2015b] for A.
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Figure 2. A three-dimensional (3-D) model of the subducting PHS plate and its boundary conditions. The right-upper rim
coincides with the Nankai Trough.

At depths greater than the diabase curve [Caristan, 1982], the substances on the plate interface transform
from a brittle to ductile regime. For a ductile regime, shear stress has an exponential relation with strain rate,
which is represented by the ratio of the subduction velocity v; and the thickness of the interplate deforming
layer w (assumed to be 500 m), referring to Caristan [1982] and Wang et al. [1995]

1

1,1 Q
Ts = EA emexp <m), (13)

A, m, and Q are experimentally determined parameters with values given by Caristan [1982] and tabulated in
Table 1. In both regimes, we assume

g5 =—, (14)
w

where 7, indicates the shear stress at the plate interface and & is the shear strain rate.
2.4. Erosion and Sedimentation Rates During the Quaternary Period

With regard to the effects of surface erosion and sedimentation rates on the temperature field, according to
Fukahata and Matsu’ura [2000] and Yoshioka et al. [2013], the continent has witnessed a period of notable
uplift and subsidence for the last 2Myr during the Quaternary period [the Research Group for the
Quaternary Tectonic Map, 1969]. The uplifted land surface has slowly been eroded away with erosion scraping
away the thickness of the continental crust and simultaneously increasing the surface heat flow. Conversely,
where sedimentation has occurred, the crust has thickened and surface heat flow has decreased. These
effects of erosion and sedimentation, hereafter referred to as EES, on thermal structure are represented
by pCpove(x)% in the energy equation for 2-D modeling [Fukahata and Matsu’ura, 2000; Yoshioka et al.,
2013]. In 3-D simulation, the average land uplift rate (mm/yr) was obtained by Yoshikawa [1974] as

Ve(x,y) = 2x107%U,(x,y) — 0.37, (15)
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Figure 3. Spatiotemporal plot of the seafloor age of the subducting PHS plate along Nankai Trough. The age was inferred
from the shade relief map of magnetic anomalies [Okino et al., 1999] and referred to the subduction history of the PHS plate
[Mahony et al., 2011; Clift et al., 2013]. The dashed yellow curve indicates the trajectory of past ridge axis. The variable slopes
of quasi-linear V-shaped lines near the FR (fossil ridge) for different periods were obtained based on the past spreading
rates of the Shikoku Basin. The west of the Kyushu-Palau ridge (50 Ma~) [Tokuyama, 1995] and the eastern part of the PHS
plate, including the Izu-Bonin Arc (40 Ma~) [Nakajima and Hasegawa, 2007], were also included in the model. The four blue
circles denote the following: (a) The FR of the PHS plate at 15 Ma was located 500-600 km southwest of its current position
at the Nankai Trough. (b) It was located 200 km southwest at 10 Ma. (c) The age of the current FRis 15 Myr. (d) The current
seafloor at the eastern rim of the Kyushu-Palau ridge is approximately 350 km west of the ridge.

where Ug(x,y) is the amount (mm) of uplift and subsidence at the surface coordinate (x,y) during the
Quaternary period. We calculated v,(x,y) and evaluated the EES distribution in southwest Japan for the last
2 Myr during the Quaternary period.

3. Model
3.1. Geometry, Thickness, and Velocity of the Subducting Plate

Referring to Nakajima and Hasegawa [2007], Hirose et al. [2008], Nakanishi et al. [2012], and Zhao et al. [2012],
we obtained the geometry of the upper surface of the PHS plate. The best fit 3-D geometry of the PHS plate
was constructed, using the interpolation and extrapolation of these data (Figure 2).

Considering that the slab is becoming thicker over time, we used the following equation as a derivation from
Yoshii [1975] to calculate the thickness of the PHS plate (km) within which the subduction velocity is prescribed:

1 1
docea = Cylocea’ = 7-5tocea27 (16)

where tocea(Myr) is the age of the PHS plate along the Nankai Trough, which is given in Figure 3. C, was
assumed to be 7.5 (km Myr*;), following Yoshii [1975].

In the model, the along-arc direction parallel to the Nankai Trough is assumed to be the y axis, the direction nor-
mal to the Nankai Trough is assumed to be the x axis, and the vertical downward direction is the zaxis (Figure 2).
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Coordinates x, y, and z are the distances from the trough axis and the centermost edge, and the depth from the
model surface, respectively. Since the location of the PHS plate shifted in association with rotation from 15 to
3 Ma, we first set the domain of the slab, which is represented by the prescribed guide, at each time step.
Next, we calculated the subduction angle of the PHS plate at every time step and for every grid, by taking the
depth difference and distance between two neighboring grids. For boundary grids without enough neighboring
grids, we performed a linear interpolation or extrapolation. The subduction velocities inside the prescribed guide
of the geometry of the PHS plate were given by [Ji and Yoshioka, 2015]

1
Vay = {a(x, )2 1+ 2a(x,y)b(x, y)tand + [b(x, y)?+ 1}tan26}72vd, 6] < 90°, (17)
0,16 = 90°
vaxtand, |0] < 90°

Vay = 1 , (18)
[b(x,y)2 + 1] 2v4, 16| = 90°

a(x, x + b(x, ,16] < 90°
v — { (6.y)Va -+ b(x.y)vey. 0] 19

b(x,y)vay, |0] = 90°’

with
1 Zmax
a(x,y) :E{Z(X+Ax,y)—Z(X—Ax,y)}~Xfa, (20)
1 max
b(x,y) = S{Zx + Ax,y + Ay) = Z(x + Ax,y) + Z(x — Ax,y) = Z(x — Ax,y — Ay)}- Zmx 1)

max

where 6 is the horizontal azimuth of plate subduction from the north counter clockwise. Parameters
Xmaxs Ymax @Nd Zmay are the dimensions of the parallelepiped model (Xmax=540km, Ymax=1800km,
and Zmax=200km). Parameter vy is the subducting velocity of the oceanic plate, and vgy, Vg, and vg,
are the velocity components of vy4 in the +x, +y, and +z directions, respectively. Z(x,y) is the depth of
the upper surface of the slab at grid (x,y). Parameters Ax and Ay are the grid intervals between two
neighboring grids along the x and y axes, respectively. The grid intervals are 10km in length (Ax),
15km in width (Ay), and 5km in depth (Az). The temperature for the entire model domain and the
mantle flow outside the prescribed oceanic slab were solved throughout the numerical simulation.

3.2. Initial and Boundary Conditions

The initial temperature condition of the whole model region is given by

T = Teerf _z (22)
2 kotcont
\/ ﬁono
with
dcont 2
teont = 23
cont ( Cv ’ (23)

where t.ont and deont are the age (Myr) and an assigned apparent thickness (km) of the continental crust,
respectively. The thermal regime under the continental crust is affected by d.n.. By fitting the calculated heat
flow to the observed heat flow, we estimated the most appropriate value of dcont Using a trial-and-error
method as described later.

The mantle flow and temperature conditions of the model boundary are imposed by a rigid and isothermal
(0°C) upper surface (—z), permeable and adiabatic bottom (+2), left side (+y), right side (—y), and front side
(+x) (Figure 2). The continental crust with a thickness of 32 km is assumed to be conductive. The boundary
temperature condition at the back side (—x), that is beneath the Nankai Trough, will be explained in a later
section. Flow velocities inside the slab were imposed by equations (17)-(21).

The oceanic PHS plate was prescribed to subduct from the Nankai Trough (—x side) into the parallelepiped
model domain with a slab geometry moving along-arc with time when it was rotating during the period from
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Table 3. The PHS Plate Rotation and Subduction Assumed in This Study

Plate Motion Velocity Azimuth
Period Plate Motion of the PHS Plate (cm/yr) (Clockwise From the North)
15 Ma-13 Ma Oblique subduction 7.5 —30.8°
13 Ma-11 Ma Transition to pure rotation 7.5 —30.8°-60°
11 Ma-7 Ma Rotation 7.5 60°
7 Ma-4 Ma Transition to oblique subduction 7.5 60° to —55.4°
4 Ma-3 Ma Oblique subduction 543 —55.4°
3 Ma-0Ma Oblique subduction (MORVEL) 6.0 —58.8°

15 to 3 Ma and held fixed with materials inside the prescribed guide extending downward when the guide
stopped rotation from 3 to 0 Ma.

3.3. Subduction History of the PHS Plate

The cooling age of the PHS plate, taking account of its spreading rate [e.g., Okino et al., 1999] and the change
in subduction direction, was considered in the numerical simulation, by imposing a boundary temperature
and a scenario with a spatiotemporal changing subduction velocity of the PHS plate. The opening of the
Japan Sea is considered to have occurred from 17 to 12Ma [Kimura et al., 2005]. Following Wang et al.
[1995] and Okino et al. [1999], we assumed that the PHS plate initiated subduction from approximately
15 Ma. The thermal structure of the PHS slab was designed by prescribing a slab that gradually aged and
thickened away from the Kinan Seamount Chain, which is hereafter referred to as FR (fossil ridge) (Figure 1a).
Mahony et al. [2011] and Clift et al. [2013] reconstructed tectonics in southwest Japan with evolving
relative plate motions shifting northeastward off the Boso triple junction connecting the Japan Trench,
the Izu-Bonin Trench, and the Sagami Trough. They suggested that the PHS plate rotated relative to the
Eurasian plate during the period from 15 to 5Ma, which was strongly supported by magmatic and
volcano-tectonic studies [Mahony et al., 2011]. With respect to the age of the Kurotaki unconformity near
the Boso Peninsula, central Japan, Takahashi [2006] proposed that the location of the Euler pole of the PHS
plate changed at 3 Ma from east of the triple junction to northeast of Hokkaido. Yoshioka and Murakami
[2007] suggested that the change was partly caused by the separation of the Amurian (AM) plate from
the Eurasian (EU) plate and assumed that the PHS plate was subducting beneath the EU plate rather than
the AM plate before the separation. Bathymetric data indicate that the FR trended ~30° counterclockwise
from the north. The current plate motion of the PHS plate with respect to the AM plate has been deter-
mined using GPS data to be nearly 6.3 cm/yr along the Nankai Trough [Sella et al., 2002]. Yoshioka and
Murakami [2007] also suggested that the subduction velocity increased from 4.0 cm/yr to the present rate
after the separation of the two continental plates.

Taking account of these studies, we assumed that the PHS plate rotated from 15 to 3 Ma with a subduction
velocity of approximately 7.5 cm/yr, and then it subducted by approximately 6.0cm/yr from 3 Ma to the
present at nearly N60°W, which is the current convergent velocity and direction obtained by the MORVEL
[DeMets et al., 2010] and NNR-MORVEL56 [Argus et al., 2011] models (Table 3). The southern rim of the mod-
eled region coincides with the Nankai Trough where the PHS plate is currently subducting at a velocity of
around 6.0 cm/yr [e.g., DeMets et al., 2010].

Figure 2 shows the boundary conditions and 3-D geometry of the subducting PHS plate. Although the
current subduction velocity varies along the Nankai Trough, the deviation has remained with less than
1.0cm/yr [Sella et al., 2002]. Therefore, we used the average value of 6.0 cm/yr to represent the current plate
motion with respect to the Amurian plate in our model. For the historical plate convergence, Mahony et al.
[2011] claimed a subduction velocity of 7-8 cm/yr for the PHS plate from 15 to 5 Ma and a reduction to a velo-
city of 5-6 cm/yr from 5 to 2 Ma. Hence, we adopted an average subduction velocity of 7.5 cm/yr during the
period from 15 to 3 Ma with a rotating direction or an oblique subduction azimuth (Table 3). Honda and
Yoshida [2005] prescribed a moving plate boundary along the across-arc direction to investigate small-scale
convection based on stag3D, which was similar to the approach used in this study. However, the prescribed
guide for the PHS plate in this study was set to move in the along-arc direction with plate subduction beneath
the continental plate. It is difficult for us to determine all the necessary geophysical properties of the subduc-
tion zone to construct a full dynamic subduction model, especially at depths shallower than 50 km to
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perfectly fit the slab geometry. Therefore, we took the currently known geometry of the PHS plate to imagine
its shape in the past, using the prescribed guide. For the purpose of constructing such a semidynamic model
of plate subduction, we followed Mahony et al. [2011] and Clift et al. [2013] to mimic the historical trench-
parallel shift of the PHS plate. The shift of the prescribed guide of the PHS plate lasted from 15 to 3 Ma, after
which the guide was fixed spatially with the PHS plate still subducting within the guide. The subduction velo-
cities were imposed within the guide, and the length of the slab gradually increased with calculation time.

To accommodate the trough-parallel shift of the PHS plate, we enlarged the size of the x dimension to
1800 km (see Figure 1a and section 3.1), which is necessary to treat larger-scale trough-parallel motion of
the PHS plate (Figure 1b). We discuss in detail the thermal properties on the upper surface of the PHS plate
in this central part where Shikoku and the Kii Peninsula are located.

The spatiotemporal change in the age of the seafloor of the PHS plate along the Nankai Trough as a function
of its normal distance from the present FR is shown in Figure 3, taking account of the subduction history pro-
posed by Mahony et al. [2011] and Clift et al. [2013] and the seafloor age obtained from magnetic anomalies
[Okino et al., 1999]. The current seafloor age from FR to the Kyushu-Palau ridge ranged from 15 to 26 Myr
according to Okino et al. [1999]. We also estimated the age of the eastern part of the seafloor at the
Nankai Trough to be approximately 15-21Ma within a distance range from 0 to 250 km away from FR
(Figure 3). The west of the Kyushu-Palau ridge (50 Ma~) [Tokuyama, 1995] and the eastern part of the PHS
plate, including the Izu-Bonin Arc (40 Ma~) [Nakajima and Hasegawa, 2007], are considered to be older than
the Shikoku Basin, which were also included in the model.

3.4. Spatiotemporal Changing Temperature Boundary Condition Beneath the Nankai Trough

In our model, the evolution of the thermal structure in the vertical cross section at the Nankai Trough
followed the model GDH1 to predict the seafloor heat flow [Stein and Stein, 1992; McKenzie, 1967; Grose
and Afonso, 2013] with a lithospheric basal temperature T,

z 221 . [naz —n?m2Ktoc
- +-= —sin{ — |exp| ———
do ”;” (dO) p( do? )
where T(z, t,) is the temperature at depth z and age t,. of the oceanic plate along the Nankai Trough, d; is
the depth below which adiabatic heating is applied, and « is the thermal diffusivity. We calculated the
thermal regime at depths on the vertical cross section beneath the Nankai Trough at each time step, by

considering the different ages of the PHS plate along the trough. This enables us to impose more realistic
spatiotemporal changing thermal boundary conditions to the 3-D thermal model.

T(Z, toc) = Tm N (24)

4. Results
4.1. Fitting of Calculated Surface Heat Flow to the Observation

We searched for the optimum parameters in the model as a whole to fit the observation of surface heat flow
data. Hamamoto et al. [2011] calculated the shallow thermal structure off the Kumano Basin, southwest
Japan, using a 2-D thermal model for various values of frictional heating on the plate interface and radioac-
tive heat generation rate in the accretionary prism. We selected the parameters with relatively large effects in
the model, which were the pore pressure ratio 4, apparent thickness of the continental crust dcon, radioactive
heat generation in the upper continental crust Rh,, and radioactive heat generation in the accretionary prism
Rh,. Among them, 1 and d .« were anticorrelated, and Rh, and Rh, were correlated with the surface heat
flow. In this study, seven models using the different model parameters were constructed, as tabulated in
Table 4.

Following a comparison of all the seven models with various model parameter values related to radioactive
generation rate and continental age, most models produce similar calculated surface heat flow at the Nankai
Trough, except that there are some differences in the profiles b-i of Figures 4 and 5 if comparing Models 2-7
with Model 1 (Figures S1-S6 in the supporting information). We used the least squares of the misfit to
evaluate models to find the least variance between the calculation and the observation within the region
(x=0-350km, y=-350-350km). In northern Kyushu and the Kii Peninsula, the effects of volcanoes and
radioactive elements were excluded for the evaluation. A higher surface heat flow was observed due
to the influence of volcanic magma or aggregation of radioactive elements beneath the Kii Peninsula
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Table 4. Values of Model Parameters Used in the Modeling

dcont 7?(';](_‘ 7[390
Model A (km) (10 "W/kg) (100 “W/kg) Remark
1 1.0 32 7.3 0 Standard
2 1.0 35 73 0 Larger apparent thickness of the continental crust
3 1.0 40 73 0 Larger apparent thickness of the continental crust
4 1.0 32 8.0 0 Higher radioactive heat generation in the upper crust
5 0.98 32 73 0 Smaller pore pressure ratio
6 0.99 32 7.3 0 Smaller pore pressure ratio
7 1.0 32 7.3 7.3 Higher radioactive heat generation in the accretionary prism

[Uehara et al., 2003]. Among the seven models, Model 1 (Table 4) was found to fit the observed heat flow best.
The results for Model 1 along profiles in the x and y directions are shown in Figures 4 and 5, respectively.
We took eight profiles in the x direction in southwest Japan, being perpendicular to the Nankai Trough
from profiles y = —105 to 105 km (Figure 4), and parallel to the Nankai Trough from profiles x=15 to 225 km
(Figure 5). In these figures, the observed and calculated heat flow distributions along these profiles are
plotted within a width of 30 km in the x and y directions, respectively. In terms of either the long or short
wavelength variation of the calculated heat flow, the calculated results were considered to be consistent
well with the observation.

4.2, Sensitivity of Model Parameters Influencing the Surface Heat Flow

Comparing Model 1, which is the best fit model, with the other models, we found that a larger thickness of
the continental plate d o (a larger plate age t.ony) Was in effect equivalent to a smaller thermal conductivity
for the continental plate and had an impact on the surface heat transport. For example, at a depth of 50 km
below the continent, the temperature decreased by more than 50°C when dc,n: changed from 32km
(teont=18.2Myr) to 40 km (t.ont=28.4 Myr). A larger d.on; also contributed to a lower surface heat flow in
the continental crust, where the average heat flow was reduced by approximately 10-15 mW/m? (approxi-
mately 1-2 mW/m? for every 1 km increase in deont). Hence, dcont Was one of the most sensitive parameters
affecting the crustal heat flow in the modeled region of southwest Japan. In contrast, dycea Only affected
the continental plate near the convergence zone, where the oceanic plate is shallow enough to transport
the cold temperature of the oceanic plate to the Earth’s surface. Every 1 km increase in dycea resulted in a
decrease of ~1 mW/m? when the subduction angle of the subducting plate was roughly 10°. The radioactive
generation rate Rh. and Rh, changed the value of heat flow by approximately 3-5 mW/m? when we changed
the value of either Rh, or Rh, by 10% of the standard value of 7.3x 10™"'®W/m?>. Their impact on heat flow
was similar to that of d..n., but weaker than that of 4 whose effect will be discussed in detail in the next sec-
tion. For the interplate temperature, d.on: had a more significant role than Rh.. Similarly, the age of the slab
and the subduction velocity were also important factors having an impact on the interplate temperature and
the surface heat flow when the oceanic plate subducted for long periods and was shallow enough beneath
the studied regions. In short, the parameters d..n: and Rh. covered a broader region in the continental plate
than the parameters 1 and Rh,, which mainly covered the fore arc and accretionary prism, respectively.

Because the four key parameters as well as some others are not well known, if the values of d.qn; and 1 are
changed at the same time, there will probably be another optimum model with parameter pairs (dcont, 4) that
fit the observations well. This is due to the nonuniqueness of the solutions and inadequate understanding of
the real geophysical constraints. It should be noted that the optimum solution in our model was one of the
optimum solution sets. We also recognized that most of the model parameters are spatially variable, and their
spatial distributions have to be determined as much as possible to obtain a more realistic model, which is
beyond the scope of this study.

4.3. Effect of Erosion/Sedimentation and Interplate Frictional Heating on Surface Heat Flow

In this study, uplift and subsidence rates on land were assumed to occur only during the Quaternary period in
the last 2 Myr. The effect of erosion and sedimentation rates on the upper crust is distinguishable mainly in
terrestrial zones in Figures 4a and 5a such as Honshu, the Kii Peninsula, Kyushu, and Shikoku, resulting in an
additional short wavelength fluctuation in the calculated surface heat flow on the order of ~30 mW/m? in
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Figure 4. (a) Spatial distribution of the calculated heat flow at 0 Ma for Model 1. Ky: Kyushu, BuC: Bungo Channel, Sh: Shikoku,
KiC: Kii Channel, Ki: Kii Peninsula. (b) Observed and calculated heat flows along profile b (y = 105 km) in Figure 4a in the x
direction. The gray solid circle, blue triangle, and purple diamond denote heat flow data from bottom-simulating reflectors
(BSRs) [Ashi et al., 1999, 2002], land boreholes and marine heat probes [Tanaka et al., 2004], and Hi-net boreholes [Matsumoto,
2007], respectively, within a width of 30 km. The red curve is the calculated heat flow. (c) Same as Figure 4b but along
profile c (y =75 km). (d) Same as Figure 4b but along profile d (y =45 km). (e) Same as Figure 4b but along profile e (y = 15 km).
(f) Same as Figure 4b but along profile f (y = —15 km). (g) Same as Figure 4b but along profile g (y = —45 km). (h) Same as
Figure 4b but along profile h (y = —75 km). (i) Same as Figure 4b but along profile i (y = —105 km). The observed and calculated
heat flows are compared along the across-arc profiles b to i in Figures 4b to 4i, respectively.
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Figure 5. (a) Spatial distribution of the calculated heat flow at 0 Ma for Model 1. Ky: Kyushu, BuC: Bungo Channel, Sh:
Shikoku, KiC: Kii Channel, Ki: Kii Peninsula. (b) Observed and calculated heat flows along profile b (x=15.0 km) in

Figure 5a in the y direction. The gray solid circle, blue triangle, and purple diamond denote heat flow data from BSRs [Ashi
et al., 1999, 2002], land boreholes and marine heat probes [Tanaka et al., 2004], and Hi-net boreholes [Matsumoto, 20071,
respectively. The red curve is the calculated heat flow within a width of 30 km. (c) Same as Figure 5b but along profile ¢
(x =45 km). (d) Same as Figure 5b but along profile d (x =75 km). (¢) Same as Figure 5b but along profile e (x= 105 km). (f)
Same as Figure 5b but along profile f (x =135 km). (g) Same as Figure 5b but along profile g (x =165 km). (h) Same as
Figure 5b but along profile h (x =195 km). (i) Same as Figure 5b but along profile | (x = 225 km). The observed and calculated
heat flows are compared along the along-arc profiles b to i in Figures 5b to 5i, respectively.
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Figure 6. Bird’s eye view of the distributions of 3-D mantle flow (color arrows) and slab surface temperature (color) associated with subduction of the PHS plate for
Model 1. (a) View from the west at 10 Ma. (b) View from the west at 5 Ma. (c) View from the west at 0 Ma. (d) View from the south at 0 Ma. Kii: Kii Peninsula.

southwest Japan. A positive heat flow anomaly was caused by erosion, corresponding to the land uplift,
whereas a negative heat flow anomaly resulting from sedimentation was less distinguishable, which was
partly due to the water area such as the inland sea in southwest Japan.

To determine the relationship between interplate frictional heating and surface heat flow, we assigned differ-
ent values to the pore pressure ratio 4, which is equivalent in effect to the frictional coefficient u [e.g., Gao and
Wang, 2014], incorporating them into the model, and performed a sensitivity test. We assumed that 1 =0.95,
0.98, and 1.00 in Models 5, 6, and 1, respectively. When 1 = 0.98, which was equivalent to x =0.017, the crustal
heat flow caused by the frictional heating in the Nankai and Tonankai regions increased and exceeded the
heat flow observations from BSRs and marine heat probes, which gave an average of 60 mW/m? near the
Nankai Trough. Some of the calculated heat flow values even reached 100 mW/m? Frictional heating
increased the surface heat flow, while the sediment and basement relief with a low thermal conductivity
was likely to decrease the surface heat flow. Considering the trade off, the calculated value of ~150 mW/
m? at the FR of the Nankai Trough was still possible, although the observed peak surface heat flow was
~110 mW/m? [Hamamoto et al., 2011] and a value of 1 of 0.95- (u = ~0.043) was acceptable. In our study,
we assumed the thickness of the frictional layer on the upper surface of the slab to be 0.5 km to calculate
the shear strain on the interface of the subduction fault [e.g., Wang et al., 1995]. However, this value was
uncertain and variable along with the slab interface. If the thickness of the frictional layer was larger than
0.5 km, the calculated frictional heating would be less than the value calculated in the current models.
More importantly, the hydrothermal circulation around the slab interface and endothermic process in
serpentinization and dehydration on the plate interface were not considered in our thermal convection
models. Therefore, due to the uncertainties of the details of interplate friction, the range of 4 values
(0.95-1.00) was considered to be acceptable in these models, enabling a possible explanation for the
observation to be made. Under the premise of an interplate frictional layer (wet granite) thickness of
0.5 km [Hansen and Carter, 1983; Gao and Wang, 2014] in our models, a larger pore pressure ratio such as 4
being close to 1.00 (u is smaller) would be preferable to explain the heat flow observation.
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Figure 7. Distributions of temperature (color) and horizontal component of mantle flow (black arrows) at 0 Ma for Model 1.
The two white dotted curves indicate the upper and lower surfaces of the subducting PHS plate. (a) A depth of 43 km. (b) A
depth of 63 km.

4.4. Thermal Regime and Mantle Flow Associated With Subduction of the PHS Plate

Figures 6a—6¢ show how the thermal and flow velocity fields developed in the Model 1 at 10, 5, and 0 Ma,
respectively. The color contours denote temperatures on the subducting PHS plate, and the arrows represent
mantle flows driven by subduction of the plate. The interplate thermal regime evolved corresponding to
evolution of the geometry of the PHS plate. We observed that the present upper surface of the PHS plate
was relatively shallow beneath Shikoku, which resulted in a cool plate interface beneath the two regions
currently (Figure 6d). The highly curved PHS plate with oblique subduction beneath southwest Japan was
considered to account for the heterogeneity of the interplate thermal regime on the upper surface of the
PHS plate identified in this study.

Furthermore, the induced mantle flows yielded more easily above a steeply subducting plate than a gently
subducting plate. For example, the mantle flow atop the plate interface beneath Kyushu was more distinct
than that beneath Shikoku and the Kii Peninsula. From 3 Ma, oblique subduction occurred at 6.3 cm/yr,
and the mantle flowed near the slab. For the convex bulges of the PHS plate situated beneath Shikoku
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Figure 8. Distributions of temperature (color) and y-z component of mantle flow (black arrows) in the y-z (trough
parallel) vertical cross section at 0 Ma for Model 1. The two white dotted curves indicate the upper and lower

surfaces of the subducting PHS plate. The yellow dotted line indicates the continental Moho discontinuity. (a)
x=105km. (b) x=205km.

and the Kii Peninsula, the induced mantle flow above the slab was weak due to the shallow subduction angle.
For example, at the concave part of the PHS plate, such as beneath the Kii Channel and Osaka Bay (Figure 1b),
convection in the mantle wedge occurred (Figures 6¢c and 6d). With regard to the slab geometry, convection
in the mantle wedge tends to develop more above a concave geometry than a convex one, for a concave
geometry having a larger subduction angle, which was previously documented to be one of the thermal
parameters of a subducting oceanic plate [Gorbatov and Kostoglodov, 1997].

For closer comparison, we investigated distributions of temperature and mantle flow in the x-y, y-z, and x-z
cross sections and plate interface for Model 1, as shown in Figures 7-10, respectively.

Figures 7a and 7b show the temperature distributions at depths of 43 and 63 km, respectively. The results
indicated that low-temperature domains exist beneath southwest Japan, and the cooling effect in the
domains of Kyushu, the western Shikoku, and the Kii Channel were larger than those on the eastern side
of each region. These results are consistent with the hypothesis that lower temperature appears in the slab
with a larger subduction angle [e.g., Ji and Yoshioka, 2015]. In Figure 7a, at a depth of 43 km, we found that
a horizontal temperature difference of nearly 300°C existed inside the PHS slab enclosed by white dotted
lines. The subduction angle was ~10° in eastern Shikoku and the Kii Channel, whereas it was nearly 30°
approximately in the offshore region of Kyushu. The coldest part was situated beneath southeast Kyushu,
and the warmest part was beneath eastern Shikoku. In Figure 7b, at a depth of 63km, the slab shifts
northwestward, still with the warmest part in northeast Shikoku, and with a horizontal temperature differ-
ence reaching nearly 500°C inside of the PHS plate. This reveals the lateral inhomogeneity of the inner slab
temperature, which significantly impacts on mineral dehydration and pore fluid pressure near the plate
interface and inside the subducting oceanic plate. The phase transitions of minerals inside the PHS plate at
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depths of 40-60 km have to be re-evaluated, taking the thermal inhomogeneity caused by the 3-D geometry
of the slab and oblique subduction into account.

Figure 8 shows the along-arc vertical cross sections of distributions of the temperature and mantle flow in
and around the subducting PHS plate (A-A" and B-B' of Figure 1b). A sharper bending of the PHS plate occurs
beneath Kyushu and the Kii Peninsula than beneath Shikoku. The effect of oblique subduction along a convex
plate surface leads to a subduction angle of almost 0° beneath eastern Shikoku and the Kii Channel. Such a
small subduction angle may explain why a hot thermal anomaly occurs beneath eastern Shikoku at a depth of
50km (Figure 8b).

In Figure 9, we also delineated the across-arc vertical cross sections of the thermal regime and mantle flow
passing through the eastern Kii Peninsula (y=—150km, C-C' of Figure 1b) and western Shikoku
(y=150km, D-D’ of Figure 1b), where cold anomalies inside the slab were identified, as shown in Figure 7,
proving that the subduction angle in Figure 9a differed from that in Figure 9b. Figure 10 shows the interplate
thermal regime in southwest Japan where the temperature contours of 150°C, 350°C, and 450°C and the seis-
micity distribution are drawn.

5. Discussion

5.1. Influence of Seafloor, Slab Age, and Other Factors on the Calculated Surface Heat Flow

The calculated surface heat flow showed a good fit to the observation of a fluctuation in the short wavelength
except for the observed sharp anomaly near the FR of the PHS plate (Figure 5b). The calculated short
wavelength is mainly caused by changing vertical distance from the seafloor to the uppermost calculating
grid. That is, the upper surface of the model with a temperature of 0°C was prescribed with a depth according
to the bathymetry. The introduction of seafloor topography into the 3-D simulation brought the calculated
values closer to the observations of the surface heat flow of the BSRs and marine heat probes, especially at
the profiles parallel and close to the Nankai Trough. This indicates that the seafloor topography has an
important influence on seafloor surface heat flow. If we neglected the seafloor topography in the calculation
of surface heat flow, although the general trend with long wavelength features in the calculation was explain-
able, it was difficult to explain the short wavelength fluctuation along the profiles passing through the
seafloor. The calculated heat flow near the FR along the Nankai Trough also deviated from the observed high
heat flow under flat top model geometry. Measurements of marine heat flow are commonly performed near
the ocean bottom. Thus, we relocated the surface of our model from 0km to the depth of the regional
seafloor (0 km to approximately 5km), which is assumed to be 0°C to ensure a more accurate calculation
for surface heat flow in the ocean. The form of heat flow variation was more consistent with the calculation
when the bathymetry correction was made, except near the FR, where a larger anomaly of nearly 30 mW/m?
still remained. This could be interpreted as an effect of hydrothermal circulation in the aquifer of the
subducting PHS plate [Spinelli and Wang, 2008; Harris et al., 2013], which would cause a sharp peak in heat
flow anomaly near the ridge.

Spinelli and Wang [2008] and Harris et al. [2013] reported that fluid circulation accounted for the observed
heat flow peak at the Muroto Transect near the FR of the Nankai Trough and the subsequent rapid descent
in surface heat flow along the landward profile. Spinelli and Wang [2008] also found that the permeability
structure of the slab has a large impact on the simulated heat flow along the décollement, and therefore used
a different permeability for the FR and the seaward Nankai Trough of the Kii Peninsula and Shikoku. For the
sharp landward drop in surface heat flow from the Nankai Trough (Figure 4), we noticed that the seafloor
where the peak heat flow occurs at the FR was nearly 4.8 km in depth, which is almost the deepest point
of the PHS plate along the Nankai Trough. At 50 km landward from the Nankai Trough, the depth of the sea-
floor is approximately 3.0 km, with a significant elevation in altitude of approximately 1.8 km, which causes a
temperature drop of almost 100°C in the calculation as compared with the FR at the Nankai Trough. The tem-
perature drop at the seafloor affects the calculated surface heat flow of ~100 Wm ™' K. The rapid landward
drop of the surface heat flow is explainable if the effect of seafloor topography and also the hydrothermal
circulation are taken into account.

Another possible interpretation for the difference between calculated and observed heat flows is that the
sediment (thickness 200-600 m) and basement relief (600-1200m) on the incoming PHS plate [Harris
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Figure 9. Distributions of temperature (color) and x-z component of mantle flow (black arrows) in the x-z vertical (trough
normal) cross section at 0 Ma for Model 1. The two white dotted curves indicate the upper and lower surfaces of the
subducting PHS plate. The yellow dotted line indicates the continental Moho discontinuity. (a) y = —150 km. (b) y = 150 km.

et al.,, 2013] in the Shikoku Basin, along with the trough-parallel distance from the FR with a thermal conduc-
tivity of 1.0Wm ™' K™ at the seafloor, can decrease the observation of seafloor heat flow by nearly 30%
(30-60 mW/m?), whereas we assumed the thermal conductivity to be 1.5Wm ™' K™ for the accretionary
prism. For the remaining portion of the heat flow values along the Nankai Trough (Figure 5b), Grose and
Afonso [2013] argued that the insulating property of the oceanic crust is a significant second-order contribu-
tor to the cooling behavior of oceanic lithosphere for young seafloor (<35 Ma), thus yielding differences
between predicted values from the models and the observed surface heat flow.

5.2. Thermal Control of Megathrust Earthquakes

Hyndman et al. [1995] suggested that the updip and the downdip limits of the seismogenic zone on a plate
interface in subduction zones are basically controlled by temperature. In this study, based on the complex
geometry of the subducting PHS plate and its subduction history, a 3-D simulation provided more insights
to better understand the thermal structure on the plate interface of the subducting PHS plate (Figure 10),
which was constrained by a large amount of heat flow data (Figures 4 and 5). The updip limit of the seismo-
genic zone in the temperature range of 100-150°C advanced northward by ~50 km, mainly in the south of
Shikoku, as compared with Yoshioka and Murakami [2007]. This is considered to be due to the introduction
of the seafloor bathymetry into the model, which produced an assumed temperature of 0°C at a depth of
approximately 5km along the Nankai Trough, resulting in a deeper location (at approximately 15km)
for the calculated temperature contour of 150°C. The epicenters of the last two megathrust earthquakes
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Figure 10. Interplate temperature distribution at 0 Ma for Model 1. The interplate temperature is divided into three
regimes: 0-150°C, 150-350°C, and 350-450°C with different colors, corresponding to the shallow stable sliding zone
(white), thermal seismogenic zone (dark gray), and transition zone (light gray), respectively, as compared with the
interplate temperature estimated by the models of Hyndman et al. [1995] (two black dotted curves of 350°C and 450°C), and
Yoshioka and Murakami [2007] (light blue curves). Epicenters of the 1944 Tonankai and 1946 Nankai earthquakes are shown
with black solid stars. Coseismic slip distributions associated with the 1944 Tonankai and 1946 Nankai earthquakes
obtained by inversion analyses of tsunami data [Baba and Cummins, 2005], seismic data [Murotani et al., 2006], and geodetic
data [/to and Hashimoto, 2004] are shown. The unit of the contours is in meter. The small solid circles are epicenters of
low-frequency earthquakes during the period from 1 October 1997 to 28 February 2015, which were taken from the unified
hypocenter catalogue of low-frequency earthquakes of the Japan Meteorological Agency. The dashed yellow curve
indicates the continental Moho depth on the plate interface. The two pink circled curves denote the area of the slow slip
events beneath the Bungo Channel with slips of 5 cm (the outer ellipse) and 15 cm (the inner ellipse) during the 2010
long-term slow slip events (L-SSEs) obtained by Yoshioka et al. [2015a].

(1944 Tonankai and 1946 Nankai) were also located in the thermally estimated seismogenic zone off the Kii
Peninsula, and large coseismically slipped regions associated with the two earthquakes were obtained by
inversion analyses of tsunami data [Baba and Cummins, 2005], seismic data [Murotani et al., 2006], and
geodetic data [lto and Hashimoto, 2004]. The updip limit of the seismogenic zone reached a depth of
10km [e.g., Saffer and Marone, 2003; Yoshioka et al., 2015b], which indicates that the temperature was in a
transition from below 100-150°C to a higher value, corresponding to a possible dehydration process from
smectite to illite. Considering the consistency between the observed and calculated surface heat flow, a more
reliable estimated interplate temperature was obtained, taking account of the plate geometry, subduction
history, obliquity of subduction, and bathymetry correction to calculate the surface heat flow.

5.3. Thermal Control of Nonvolcanic Deep Low-Frequency Earthquakes and Long-Term Slow Slip Events

We also plotted the foci of nonvolcanic low-frequency earthquakes (LFEs) that occurred in southwest Japan
during a period from 1 October 1997 to 28 February 2015, which were taken from the JMA (Japan
Meteorological Agency) unified hypocenter catalogue (Figure 10). Comparing with Hyndman et al. [1995],
the transition zone of 350-450°C also moved northward by tens of kilometers in Shikoku, but generally
maintained its features. Comparing the temperature distribution on the plate interface with the epicenters
of nonvolcanic deep LFEs in southwest Japan, we found that the epicenters of LFEs were distributed with
a temperature range from approximately 400 to 700°C in southwest Japan and from 450 to 700°C in western
Shikoku. Yoshioka and Murakami [2007] proposed that the temperature range for LFEs ranges from 400 to
500°C. According to the phase diagram of the mid-ocean ridge basalt (MORB) proposed by Hacker et al.
[2003] and Omori et al. [2009], we suggest that most of the LFEs that occurred within this temperature range
were presumably related to the blueschist-amphibolite or lawsonite-amphibolite phase transformation of the
hydrous minerals in the MORB of the oceanic crust of the subducting PHS plate.
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Figure 11. (a) Calculated temperature distribution at a depth of 37 km at 0 Ma for Model 1. The red lines indicate the
locations of profiles | to IV whose temperatures are shown in Figures 11b-11e, respectively. Ky: Kyushu, Sh: Shikoku, Ki:
Kii Peninsula. (b) Calculated temperature along profile | (x=95 km) in Figure 11a in the y direction. (c) Same as Figure 11b
but along profile Il (x= 135 km). (d) Same as Figure 11b but along profile lll (x= 175 km). () Same as Figure 11b but along
profile IV (x=215 km).

The temperature distribution at a depth of 37 km is shown in Figure 11a as well as the temperatures along
four profiles, which are almost parallel to the Nankai Trough from x=95 to 215 km (Figures 11b-11e). This
depth is close to the base of the continental Moho and within the range of 35-45 km where the nonvolcanic
LFEs are speculated to occur [Nakamura et al., 19971]. Distinct low temperature can be seen (Figure 11a) on the
descent slope of the slab surface in the convergent direction, where there were larger subduction angles,
such as beneath southeast Kyushu (Figures 11b and 11c), western Shikoku (Figures 11d and 11e), and the
eastern Kii Peninsula (Figures 11b and 11c). These features were also found for temperature distributions
at the depths of 43 km and 63 km (Figures 7a and 7b). This similarity among different depths indicates that
the PHS plate has a similar thermal structure associated with subduction deep into the uppermost mantle.
Furthermore, Figure 11e shows that slab core temperature in western Shikoku can be 200°C lower than that
in eastern Shikoku near the base of the continental Moho.

The temperature distribution at a depth of 37 km and the foci of LFEs at depths of 28-38 km are shown in
Figure 12. The red curve in Figure 12b shows the temperature along the upper surface of the PHS plate at
a depth of 37km along the plate interface (orange curve U) in Figure 12a. The blue curve in Figure 12b
indicates the horizontal temperature gradient along the landward direction (x direction) at this depth, which
was obtained from the temperature difference between the grids on the plate interface (orange curve U in
Figure 12a) and the grids 20 km horizontally troughward inside the slab.
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Figure 12. (a) Calculated temperature distribution at a depth of 37 km at 0 Ma for Model 1. The red circles indicate the foci
of low-frequency earthquakes at depths ranging from 28 to 38 km that occurred in southwest Japan from 1 October 1997
to 28 February 2015. The purple curve indicates the slip distribution of a typical L-SSE from May 2009 to February 2011
[Yoshioka et al., 2015a]. The orange curve indicates the upper and lower surfaces of the PHS plate. U: upper surface of the
PHS slab; L: lower surface of the PHS slab. (b) The red curve is temperature along the upper surface of the PHS plate at a
depth of 37 km (along the orange curve U in Figure 12a). The blue curve indicates the temperature gradient along the
horizontal trough-perpendicular landward direction at a depth of 37 km, which was calculated from the temperature
difference between the grids at the plate interface (orange curve U) and the corresponding grids 20 km horizontally
troughward from the plate interface. The horizontal axis (distance) in Figure 12b is projected from the horizontal axis
(distance) in Figure 12a. On the bottom of Figure 12b, a thick dashed purple bar indicates the location where L-SSEs
occurred, and the thick dashed red bar indicates the location where LFEs occurred.

In Figure 12a, it can be seen that the distribution of the deep LFEs beneath southwest Japan exhibits some
coincidence with the iso-depth contours of the upper surface of the PHS plate. However, we noticed a lack
of deep LFEs in eastern Shikoku, indicating that the distribution of the deep LFEs was probably controlled
not only by the depth (pressure) but also by the temperature because a warmer region existed in both the
slab core and plate interface beneath eastern Shikoku. Figures 12a and 12b show that the clustering of foci
of the deep LFEs occurred at a temperature range of 400-700°C. The horizontal temperature gradient
(Figure 12b) adjacent to the plate interface had a high value of 2.5 ~°C/km at western Shikoku and the eastern
Kii Peninsula. This may be interpreted as the thermal effect of the distribution of LFEs in this region. The gap
in the LFE distribution beneath eastern Shikoku had a lower horizontal thermal gradient adjacent to the plate
interface with a value less than 2.5°C/km in the numerical simulation.

More interestingly, according to the slip distribution of a typical long-term slow slip event (L-SSE) during the
period from May 2009 to February 2011 (circled by the purple curve in Figure 12a [Yoshioka et al., 2015a]) with
the temperatures shown in Figures 11 and 12, L-SSEs occurred beneath the Bungo Channel, where a larger
horizontal temperature gradient (>5.0°C/km) was apparent (part of the blue curve with values greater than
5.0°C/km in Figure 12b). The updip and downdip limits of the temperatures for the L-SSE for a slip of >15cm
ranged from approximately 350 to 500°C at the center for most slips (Figure 10). The larger horizontal
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temperature gradient, with a peak value of over 5.0°C/km beneath the Bungo Channel, was expected to yield
regional variation in dehydration and serpentinization near the plate interface. From the phase diagram of
MORB [Hacker et al., 2003], we estimated the depth of the plate interface to be almost 25 km, corresponding
to the dehydration process from lawsonite or blueschist to amphibolite.

Shiomi et al. [2008] proposed that active regions of intraslab regular earthquakes correspond well to the ocea-
nic Moho geometry. They attributed the fewer regular earthquakes in eastern Shikoku to the strike-slip focal
mechanism and its extension axes being parallel to the strike of the oceanic Moho, which contrasts to the
downdip compression focal mechanism in western Shikoku. However, from another perspective, the geome-
try of an oceanic plate also influences the thermal regime of the slab. We propose to interpret this kind of
heterogeneity based on the relationships among the subduction angle, interplate temperature, and phase
transformation of hydrous minerals, which were estimated by the numerical simulation. We noticed that
LFEs are assembled on the cold side of the slab geometry with a larger subduction angle such as western
Shikoku, the Bungo Channel, and the Kii Peninsula. LFEs occurred near the depth of the continental Moho
and have hypocenters that coincide with the thermal range of approximately 350-700°C beneath southwest
Japan. L-SSEs occurred mostly beneath the Bungo Channel, which is a steeper side of the slab geometry with
a larger subduction angle and higher horizontal temperature gradient appearing simultaneously. This may
facilitate slab dehydration, and thus elevate pore fluid pressure and water content in the subducted slab
and mantle wedge near the plate interface, relating the fault slip and slow earthquakes [e.g., Chernak and
Hirth, 2011; Ikari et al., 2013].

6. Conclusions

The PHS plate is subducting beneath the Eurasian plate (15-3 Ma) and the Amurian plate (3-0 Ma) beneath
southwest Japan, forming complex temperature and mantle flow fields near the upper surface of the slab.
Using a 3-D parallelepiped model of the subducting plate in the thermal convection, we investigated the
spatiotemporal features of the distributions of temperature and mantle flow associated with subduction of
the PHS plate. The main results of this study can be summarized as follows:

1. The age of the subducting plate, frictional heating on the plate interface, and radioactive heat generation
were the key parameters that constrained the model to fit the observed heat flow. Bathymetry also
contributed to the distribution of the surface heat flow in the ocean.

2. The effect of the 3-D geometry of the subducting plate and the obliquity of plate subduction were the key
factors that affected the interplate and intraslab temperatures, resulting in a colder anomaly on the plate
interface beneath western Shikoku, the Bungo Channel, and the Kii Peninsula. The temperatures in such
areas were lower by nearly 200°C in the slab core than that in eastern Shikoku at the depth of the conti-
nental Moho. This yielded remarkable lateral heterogeneity in the interplate thermal regime of the PHS
plate.

3. LFEs were distributed along the interplate downdip fault zone, where a larger subduction angle and a cold
thermal anomaly existed. Thermal control for the LFEs was estimated to be within the range from 350 to
700°C beneath southwest Japan and from 400 to 700°C beneath western Shikoku. The horizontal tem-
perature gradient attributable to the occurrence of the LFEs was considered to be larger than 2.5°C/km
beneath western Shikoku and the Kii Peninsula.

4. The interplate thermal control for the L-SSEs beneath the Bungo Channel was estimated to be approxi-
mately 350-500°C for slips larger than 15cm. A horizontal temperature gradient greater than 5.0°C/km
was present where the L-SSEs occurred repeatedly. Large temperature gradient may facilitate slab dehy-
dration and the phase transformation of hydrous minerals from lawsonite or blueschist to amphibolite
within the MORB of the subducted oceanic crust.
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