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a b s t r a c t

We investigated the relationships among slab geometry, obliquity, and the thermal regime associated
with the subduction of oceanic plates using a three-dimensional (3D) parallelepiped thermal convection
model. Various models with convex and concave slab shapes were constructed in the numerical simu-
lation, and the temperature and mantle flow distributions were calculated. The results revealed that
when the slab dip angle increases, or the obliquity of subduction becomes steeper, the interplate tem-
perature decreases remarkably. Cooler (warmer) zones on the plate interface were identified from the
modeling where there was a larger (smaller) subduction angle. Consequently, the interplate temperature
distribution is partly controlled by the true subduction angle (TSA), which is a function of the slab
dip angle and the obliquity of subduction. The rate of change of the interface temperature for the TSAwas
10e50 �C (10�< TSA < 20�) at depths ranging from (TSA e 10) � 5 km to 60 þ (TSA e 10) � 5 km for a
flat slab after a subduction history of 7 Myrs. The along-arc slab curvature affects the variation in TSA. The
slab radius also appeared to influence the radius of induced mantle flow.

� 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.
1. Introduction

The relationship between slab geometry and interplate temper-
ature distribution is an interesting issue. The 3Dmodeling of oceanic
plates has proven to be an effective way to simulate and investigate
this relationship.Many3Dnumerical simulationsof subductionof an
oceanic plate in the plate convergent zone have focused on the
characteristics of the interplate thermal state (e.g., Chemenda et al.,
2000; Morra et al., 2006; Schellart et al., 2007; Yoshioka and
Murakami, 2007; Bonnardot et al., 2008; van Keken et al., 2008;
Bengtson and van Keken, 2012). However, different slab shapes
will produce different temperature distributions and flow patterns
associated with the subduction of an oceanic plate. For example,
subduction of a curved plate changes the temperature structure
beneath the fore-arc zone and significantly affects the thermal
regime on a seismically active interface. Studies of seismic
þ81 78 803 5785.
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tomography (Nakajima and Hasegawa, 2007; Hirose et al., 2008;
Zhao et al., 2012) have revealed the geometry of the Pacific and the
Philippine Sea (PHS) plates, and provide a possibility for developing
subductionmodels of an oceanic platewith a 3D curved surface (e.g.,
Toth and Gurnis, 1998; Doin and Henry, 2001; Gurnis et al., 2004;
Gerya, 2011) and a presumed fixed trench (Morra et al., 2006,
2010; Stegman et al., 2006; Schellart et al., 2007; Giuseppe et al.,
2008). Curved slabs extending beneath overriding plates may
significantly affect the plate interface temperature and surface heat
flow. Therefore, numerical simulations from subduction models for
an arbitrary curved oceanic plate can be used to determine the in-
fluence of slab geometry, such as the slab dip angle and obliquity, on
the interplate thermal regime. For 3D numerical simulations,
numerous researchers have developed fundamental source codes
under specifiedgeophysical andgeochemical constraints (vanKeken
and Ballentine, 1991; Gurnis et al., 2004; van Keken et al., 2008).
Subduction of an oceanic plate is one of the most challenging and
captivating geodynamic processes that can be investigated with
numerical techniques (Gerya, 2011). The 3D lateral variability of
subduction processes is a new direction in numerical subduction
modeling (Honda and Saito, 2003; Honda and Yoshida, 2005; Morra
duction and hosting by Elsevier B.V. All rights reserved.
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et al., 2006, 2010; Stegman et al., 2006; Honda et al., 2007, 2010;
Schellart et al., 2007; Honda, 2009; Zhu et al., 2009, 2011; Jadamec
and Billen, 2010; Stadler et al., 2010; Gerya, 2011; Yoshida et al.,
2012). Simulation of the subduction of an oceanic plate with a pre-
scribed curved shape is feasible.

However, previous studies of kinematically prescribed inclined
slabs have focused on mantle wedge dynamics and small-scale
convection (Honda and Saito, 2003; Honda and Yoshida, 2005;
Honda et al., 2007, 2010; Zhu et al., 2009, 2011), or the relation-
ship between arc curvature and slab roll-back (Morra et al., 2006,
2010; Stegman et al., 2006; Schellart et al., 2007). Mechanics of
slab bending in the mantle associated with subduction has also
been studied (Conrad and Hager, 1999; Fukao et al., 2001; Buffett,
2006; Torii and Yoshioka, 2007; Capitanio et al., 2009; Ribe, 2010;
Capitanio and Morra, 2012). Some studies have used global or
regional high-resolution 3D models of buoyancy-driven slab
deformation (Jadamec and Billen, 2010; Stadler et al., 2010). Among
them, Tackley (1998, 2000) presented a 3D convection model
(stag3D), generating plates through the use of a temperature-
dependent viscosity combined with yield stress, although the
lateral curvatures on a shallower plate and 3D arbitrary slab shape
were not highlighted. Yoshioka and Murakami (2007) proposed
that temperature on the plate interface and surface heat flow
depended on the shape of the PHS plate that was positioned
Figure 1. (a) Subdivision of the model domain in the x-z vertical cross-section at y ¼ 210 km
The boundary conditions for Model 3-1. The model is a parallelepiped rectangular box w
permeable and adiabatic left and right sides (þy and �y), and permeable and adiabatic front
beneath a continental plate. Although several profiles in the across-
arc and along-arc directions have been employed and the interplate
thermal regime has been estimated, arbitrary 3D shapes of slabs
have not. Consequently, variation in the mantle flow and plate
interface temperature in the along-arc direction (y-z vertical cross-
section in Fig. 1b) has not been fully investigated.

In this study, we revised the stag3D code (Tackley and Xie, 2003)
to construct a mathematically curved slab model concerning not
only the across-arc slab curvature, but also the along-arc curvature,
to investigate 3D thermal and mantle flow fields (Fig. 1c). The
typical shapes of convex and concave slabs are considered in our
numerical simulation. Although the geometries of oceanic plates
subducting beneath continental plates are diverse, they are typi-
cally convex or concave. The majority of the boundaries of oceanic
plates worldwide are concave, although several convex shapes also
exist, such as the PHS plate beneath southwest Japan, the Pacific
plate beneath northeast Japan, the Juan de Fuca plate beneath
Cascadia, and the Nazca plate beneath Columbia and northern
Chile. Therefore, we constructed several mathematically expressed
3D slab models with variation in the radius of curvature, and
investigated their thermal properties related to slab geometry. The
relationships among mantle flow patterns, thermal regime, and
slab shape and the operation of the dynamic evolution associated
with subduction of an oceanic plate were also determined.
. (b) Subdivision of the model domain in the y-z vertical cross-section at x ¼ 250 km. (c)
ith an isothermal upper surface (�z), permeable and adiabatic lower surface (þz),
surface (þx). The back side (�x) is permeable, and a thermal setting is given in Eq. (11).



Table 1
The values of model parameters for numerical simulations of subduction of three-
dimensional curved slabs.

Symbol Parameters Value Units

r0 Standard density 3.3 � 103(1) kg/m3

T0 Standard temperature 1.6 � 103 K
k0 Standard thermal conductivity 2.9(3) W/(m$K)
Hr Radioactive heat generation rate

in the mantle
2.245 � 10�13(1) W/m3

Cp0 Standard specific heat at constant
pressure

1.2 � 103(1) J/(kg$K)

k0 Thermal diffusivity at the model surface 7.6 � 10�7(4) m2/s
h0 Standard viscosity 1.0 � 1020(3) Pa$s
a0 Standard thermal expansion 3.0 � 10�5(2) K�1

v0 Subduction velocity 6.0 cm/yr
a Constant coefficient in Christensen’s

formula
131.3(3)

b Constant coefficient in Christensen’s
formula

2.36 � 105(3)

c Constant coefficient in Christensen’s
formula

1.086 � 106(3)

Note: 1 Wang et al., 1995; 2 Iwamori, 1997; 3 Christensen, 1996; 4 Yoshioka and
Murakami, 2007.

Y. Ji, S. Yoshioka / Geoscience Frontiers 6 (2015) 61e78 63
2. Method and model

Referring to Honda (1997), Yoshioka and Murakami (2007), in
the 3D spatiotemporally changing subduction model of an oceanic
plate, the equation for the conservation of mass is given by:

V$frsðz; TÞng ¼ 0 (1)

where rs(z,T) and v ¼ (v1, v2, v3) are the density as a function of
depth z and temperature T, and flow velocity vectors in the Carte-
sian coordinates, respectively, and the suffix s indicates the adia-
batic condition. The momentum equation can be expressed as:

�vP
vxi

þ vsij
vxj

þ Ra0aðT � TsÞdi3 ¼ 0 (2)

where the 3D Cartesian coordinates (x, y, z) are represented by (x1,
x2, x3), P is the pressure deviation from hydrostatic pressure, Ra0 is
the Rayleigh number, a is thermal expansivity, T is temperature, sij
is a stress tensor, and dij is the Kronecker delta. Ts can be written as:

dTs
dx3

¼ DizTs (3)

The dissipation number Diz is given as:

Diz ¼ gaD
Cp

(4)

where g is gravitational acceleration, D is the thickness of the
model, and Cp is the specific heat at constant pressure. The Rayleigh
number at the model surface Ra0 is given by:

Ra0 ¼ ga0D3DT
h0k0

(5)

where DT is the difference in temperature between the top and
bottommodel boundaries, and h0 and k0 are dynamic viscosity and
thermal diffusivity at the model surface, respectively. The density r

depends on temperature:

r ¼ rsðz; TÞf1� aðT � TsÞg (6)

The energy equation is expressed as:

rCp

�
vT
vt

þ v$VT
�

¼ kV2T þ hðVvÞ2 þ rgaTvþ rH (7)

where the left side of the equation is the variation in energy in a
unit volume, including the advection term rCpv$VT . On the right
side, a heat diffusion term, kV2T, viscous dissipation term, h (Vv)2,
adiabatic compression term, rgaTv, and radioactive heating term,
rH, are included. H is the internal heating per unit mass.

For viscosity h, the following form of Christensen (1996) was
used:

h ¼ h0 exp
�
T0 � T

a
þ z
b
�
�z
c

�2�
(8)

where a, b, and c are the coefficients. The values of the model pa-
rameters used in this study are given in Table 1. The initial tem-
perature condition for the parallelepiped box model is given by:

T ¼ T0erf

0
BBBB@

z

2
ffiffiffiffiffiffiffiffiffiffi
k0tcont
r0Cp0

q
1
CCCCA (9)

with

tcont ¼
�
dcont
I

�2

(10)
Where tcont and dcont are age (Myr) and thickness (km) of
the continental crust, respectively. In this study, dcont and tcont
were assumed to be 32 km and 18.2 Myr, respectively. I is the
thickness/age relation, given as 7.5 km/(Myr)½, following Yoshii
(1975).

The initial temperature condition at trench side (�x face in
Fig. 1c) is:

T ¼ T0erf

0
BBBB@

z

2
ffiffiffiffiffiffiffiffiffiffi
k0tocea
r0Cp0

q
1
CCCCA (11)

with

tocea ¼
�
docea
I

�2

(12)

where tocea and docea are age (Myr) and thickness (km) of the
oceanic plate, respectively. docea and tocea were assumed to be
30 km and 16 Myr, respectively.

Eqs. (1), (2) and (7) are solved at each time step using a finite
difference and finite volumemethod, and the temperature and flow
velocity are obtained. The number of grids used in this study was
72 � 72 � 72, which were equally spaced with regular intervals of
10.7 km in length, 11.7 km in width, and 4.2 km in depth (Fig. 1c).
The time step was 0.025 Myrs.

When we consider the curvature of the slab in the y-z vertical
cross-section being parallel to the trench axis, it mathematically
becomes a half annulus (Fig. 1b). We idealized it into a simple
model with the curvature being proportional to the distance from
the trench. Thus, we chose a half elliptic cylinder surface to
represent the upper surface of the slab (Model 3, Fig. 2c). Its cur-
vature can also be a function of the distance from the trench. We
also considered another slab shape, which was similar to a tapering
half elliptic cylindrical surface and is hereafter referred to as a conic
surface (Model 2, Fig. 2b), with a radius of curvature proportional to
the distance towards the trench. Therefore, the curvature of the slab
surface gradually changed from a flat to an ellipsoid surface, from
the trench to the other end. This model contrasted well with the
half elliptic cylindrical slabmodel with a constant surface curvature
(Fig. 2c). For comparison, we also constructed a model with a flat
slab surface with a curvature of zero (Model 1, Fig. 2a), and an
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inverse conic surface (Model 4, Fig. 2d), with the shape of a conic
slab as used in Model 2 that was then turned upside-down, and an
inverse half elliptic cylinder surface (Model 5, Fig. 2e) that was a
turned-over version of Model 3. For Models 4 and 5, the curvature
had a negative value. In cylindrical Model 3 (Fig. 2c) and inverse
cylindrical Model 5 (Fig. 2e), the trench axes were curved with el-
lipse lines.

Hence, we constructed five basic types of slab shape (Fig. 2): (1)
simple flat surface (Model 1), (2) conic surface (Model 2), (3) cy-
lindrical surface (Model 3), (4) inverse conic surface (Model 4), and
(5) inverse cylindrical surface (Model 5). In addition, two kinds of
plate motion were considered: normal to the trench axis and
oblique subduction. It was important to determine how the slab
shape interacts with oblique subduction. We subdivided the five
models into 10 categories with straight and oblique subduction
taken into account. We used the suffix 1 to represent straight
subduction, and the suffix 2 for oblique subduction, thus the slab
Models i-j (i ¼ 1 to 5; j ¼ 1, 2) are the 10 categories we consider
here. We used i to represent the models described above. Model i-1
and Model i-2 denote models for straight subduction and oblique
subduction, respectively.

The five models with differently shaped slabs were set in a
parallelepiped box with a length of 771 km, a width of 420 km, and
a depth of 300 km (Fig. 1c). Subduction of an oceanic plate began
from the top-right and finished in the bottom-left, crossing a hor-
izontal distance of 771 km. Because the ocean floor can be repre-
sented as being flat, we set the surface of the oceanic plate to be flat
at the top of Models 3-j and 5-j (j ¼ 1, 2), where the oceanic plate
began to subduct along the curved trench.

To assign a prescribed velocity only for the subducting oceanic
plate, we differentiated the part of the slab with a thickness of
30 km using a prescribed guide. As can be seen in the cross-sections
in Fig. 1a and b, the slab section for Model 3 was designed as a half
elliptical ring.

The boundary conditions for the models were an isothermal
upper surface (�z), permeable, adiabatic bottom (þz), left side (þy),
right side (�y), front surface (þx), and permeable back side (�x)
with an initial thermal setting as designated in Eq. (11). The initial
temperature condition for the model is given by Eq. (9). The sub-
duction velocity inside the slab was prescribed by Eqs. (A6eA8).
The temperature and mantle flow in the model were calculated at
each time step. Based on these settings, numerical simulations for
10 curved slab models were performed.

3. Results

3.1. Thermal regime, true subduction angle (TSA), and the rate of
temperature change for TSA

The relationship among obliquity, dip angle, and the true
subduction angle (TSA) was investigated. According to the cur-
vature of space curves, the rate of variation in an angle at a point
on a curve is defined as the reciprocal of the length of the radius
of curvature, also referred to as the curve’s space curvature at
the point in question. Here, we defined the concept of TSA as
the subduction angle of an oceanic plate along its oblique
subducting direction. If it is subducting in a straight line, the
Figure 2. Bird’s eye view of the slab models constructed in this study. Subduction of the
oceanic plate takes place leftward and downwards from the trench (right top). The color
denotes the depth of the surface of the slab (km). (a) Flat slab (Model 1, including straight
subduction referred to as Model 1-1 and oblique subduction as Model 1-2). (b) Conic
shape slab (Model 2, including Models 2-1 and 2-2). (c) Cylindrical shape slab (Model 3,
including Models 3-1 and 3-2). (d) Inverse conic slab (Model 4, including Models 4-1 and
4-2). (e) Inverse cylindrical slab (Model 5, including Models 5-1 and 5-2).
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TSA is the same as the dip angle of the oceanic plate. However,
for an oblique subduction, the TSA does not equal the dip angle.
It also depends on the obliquity azimuth and curvature of the
slab.

As shown in Fig. 3, we assumed that a point S on the slab surface
subducts from point O to point A landward obliquely. At point O,
the horizontal obliquity azimuth of the slab was assumed to be
a(O). Then, the across-arc dip angle is ql(O) and the along-arc dip
angle is qt(O). The TSA at point O is represented by TSA(O), which is
the angle between the subduction vector and the ground surface.
When point S moves to point A, TSA(O), ql(O), and qt(O) become
TSA(A), ql(A), and qt(A), respectively. The total length of curve OA is
OA. We noticed that the variation in the dip angles Dql and Dqt were
dependent on the integral of slab curvature via the subducting path
OA. If one part of the length of the subducting pathway OS is s, then
the subduction obliquity is a(s). The slab curvature along the ve-
locity direction at point S is Cv(s), and the rate of change in TSA is
TSA

0
(s) ¼ Cv(s). Here, Cv(s) includes both the across-arc and along-

arc curvatures of the slab. The across-arc curvature at point S is
Figure 3. Schematic figure of the definition of the true subduction angle (TSA). O and A are a
O to point A. The obliquity is a. The across-arc dip angle is ql and the along-arc dip angle is qt.
of change in TSA depends on the slab curvature Cv, and the calculation of TSA is given by E
also the rate of change in ql, i.e., q
0
lðsÞ ¼ CvðsÞ

cos aðsÞ, and the along-arc

curvature at point S is q0tðsÞ ¼ CvðsÞ
sin aðsÞ. Then we have:

Dql ¼ qlðAÞ � qlðOÞ ¼
ZOA
0

CvðsÞ
cos aðsÞds (13)

Dqt ¼ qtðAÞ � qtðOÞ ¼
ZOA
0

CvðsÞ
sin aðsÞds (14)

Da ¼ aðAÞ � aðOÞ ¼
ZOA
0

a0ðsÞds (15)
rbitrary points on the slab surface. Point S on the slab is obliquely subducted from point
The TSA is the angle between the subduction vector and the horizontal surface. The rate
qs. (16) and (17).
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Using the infinitesimal geometry and trigonometric function,
the TSA at point A can be defined as follows:

TSAðAÞ ¼ arctan½cosaðAÞ$tan qlðAÞþ sinaðAÞ$tan qtðAÞ�
¼ f ½aðAÞ;qlðAÞ;qtðAÞ� (16)

or:

TSAðAÞ ¼ arctan

2
64cos

8><
>:aðOÞþ

ZOA
0

a0ðsÞds

9>=
>;

$tan

8><
>:qlðOÞþ

ZOA
0

CvðsÞ
cosaðsÞds

9>=
>;þ sin

8><
>:aðOÞþ

ZOA
0

a0ðsÞds

9>=
>;

$tan

8><
>:qtðOÞþ

ZOA
0

CvðsÞ
sinaðsÞds

9>=
>;
3
75

¼ f ½aðOÞ;qlðOÞ;qtðOÞ;a0ðsÞ;CvðsÞ�
(17)

If obliquity does not change during the subduction, Eq. (17) can
be simplified as:

TSAðAÞ¼arctan

2
64cosaðOÞ$tan

8><
>:qlðOÞþ

ZOA
0

CvðsÞ
cosa

ds

9>=
>;

þsinaðOÞ$tan

8><
>:qtðOÞþ

ZOA
0

CvðsÞ
sina

ds

9>=
>;
3
75

¼f ½aðOÞ;qlðOÞ;qtðOÞ;CvðsÞ�

(18)

Eqs. (16e18) indicate that TSA(A) is an arctangent function of the
composite of the obliquity azimuth a, the dip angles ql and qt, and
slab curvaturesCv(s). Eq. (16) canbeused tomakeadirect estimateof
the value of TSA at a pointwhere the instant values of a, ql, and qt are
known. Eqs. (17) and (18) were used to determine the relationship
between the TSA and 3D curvature of the slab along the subduction
direction. Ifweknow the curvature of the slab along the pathwayOA
in the direction of subduction, Eqs. (17) and (18) can also be used to
calculate the value of TSA(A) by a(O), ql(O), qt(O), and Cv(s).

Eqs. (16e18) also explain why the TSA is similar to the dip
angle and obliquity azimuth. It is actually a combination of
obliquity and the dip angle of a slab. Because a cold slab is
heated by the hot surrounding upper mantle, the duration of
heating is critical to determine the slab-mantle interface tem-
perature. A smaller TSA corresponds to a longer stay in the
mantle, and results in a hotter slab. Therefore, for slabs at the
same depth, a larger overall TSA indicates a shorter heating time,
resulting in a low-temperature zone at the plate interface.

If we assume a ¼ 0, which indicates a straight subduction, then:

TSAðAÞ ¼ qlðOÞ þ
ZOA
0

CvðsÞ
cos aðsÞds ¼ qlðAÞ (19)

that is, the TSA is equal to the dip angle in a straight subduction.
For a flat slab, because Cv(s) equals zero, and a, ql, and qt are

invariant, Eq. (13) can be simplified as:

TSA ¼ arctanðcos a$tan ql þ sin a$tan qtÞ ¼ f ða; ql; qtÞ (20)
Furthermore, for a flat slab without transverse (along-arc) tilt,
i.e., qt(O) ¼ 0, Eq. (20) can be simplified further to:

TSA ¼ arctanðcos a$tan qlÞ (21)

which was applied in Model 1.
Eq. (21) can also be used to make a rough estimate of the TSA if

the value of a is comparatively small and qt is unknown.
To further investigate how the TSA influences the thermal

regime, we undertook a quantitative comparison of the dip angle ql,
a, TSA, and interplate temperature distribution T(d); here d is the
distance along the profile from the trench. For the dip angle, ql
equals to 10� in Fig. 4a and ql equals to 20� in Fig. 4b. The curves 2 to
10 are the temperature profiles for TSA ¼ 2�e10� with a decrease of
1� for each curve. The depth of the interface is shown by the pink
line. The slope of the pink line can also be considered the dip angle.
Hence, a comparison of temperatures at the same depth can be
made. We found that the temperature increased and gradually
flattened as the interface goes deeper and farther from the trench.
However, the interface temperature differs according to the
different TSA and obliquity, as marked in Fig. 4. Even at the same
dip angle, the different obliquity and TSA resulted in a different
temperature curve but was enveloped within a leaf-like zone,
which was constrained by the uppermost envelope curve of tem-
perature without slab subduction, and the lowest envelope curve of
temperaturewith a straight subduction. The nine curves weremore
equidistant than those obtained for obliquity, indicating that the
TSA rather than the obliquity has a more linear corresponding
relationship with the interface temperature.

When the dip angle was 10� (Fig. 4a), the plate interface tem-
peraturewasraisedbyw120 �Cdueto thedecrease inTSA from10� to
2�. When the TSA dropped from 10� to 9�, the increase in the inter-
plate temperature was 50e70 �C at a depth of 30e60 km. When the
TSA dropped from 7� to 6�, the increase in the temperature was
50e80 �Cat adepthof 20e30km.Thedepthof interface temperature
thatwas sensitive to a changing TSA became shallowerwhen theTSA
wasgradually reduced.Overall,we found that foreverydecreaseof1�

in theTSA, theplate interface temperature droppedbyamaximumof
almost 50 �C at depthswithin the range of 10e60 km. For example, at
continentalMoho (almost 30kmdepth),when theTSAchanged from
10� to 5�, the plate interface temperature would rise by 300e350 �C
(blue lineAA0 in Fig. 4a),whichwas considered to bemost of the zone
inwhich the TSAwasmost sensitive to the interplate temperature in
this study. Coincidentally, it is also known to be a contact zone for
oceanic and continental crusts, and is seismically active.

We also compared the interface temperature profile with a dip
angle of 20� (see Fig. 4b). The temperature drop was nearly 15 �C for
every decrease of 1� in the TSAwithin the depth range of 60e110 km.
We also found that this range of depths increasedwith an increase in
the dip angle. It is possible that this depth is a sine function of the dip
angle. For example, in Fig. 4a and b, the depths are approximated to
theproductof thesine functionofdipangleandthe lengthof the slab,
over the depth range of 200e300 km. The graphs show that if the
depthbecomesdeeper than150km, thevariation in theTSAwill have
a much weaker effect on the interface temperature.

From a comparison of the temperature curves, we concluded
that the rate of change in interface temperature for the TSA was
about 10e50 �C/� within the sensitive depth domain for a changing
TSA. This was approximated to be [(TSA � 10)�5 km,
60 þ (TSA � 10)�5 km] (10� < TSA < 20�) for a flat slab with a
subduction history of 7 Myrs.

However, the crustal heat flow had a very different relationship
with the TSA (Fig. 5). Although the parameters used were the same
as those shown in Fig. 4, the change in surface heat flow in the
scenario shown in Fig. 5a was approximately 15 mW/m2 as the TSA
changed from 4� to 3� when the depth of the plate interface was



Figure 4. The calculated interplate thermal regime along profiles in the trench-perpendicular direction with various obliquities (counter-clockwise from the straight subduction)
and different dip angles at 7 Myr. The pink line indicates the variation in the depths of the plate interface along the profiles. (a) The interplate temperature distribution when the dip
angle is equal to 10� . Curve 10: TSA ¼ 10� , Obliquity ¼ 0�; Curve 9: TSA ¼ 9� , Obliquity ¼ 26.1�; Curve 8: TSA ¼ 8� , Obliquity ¼ 37.2�; Curve 7: TSA ¼ 7�, Obliquity ¼ 45.9�; Curve 6:
TSA ¼ 6� , Obliquity ¼ 53.4�; Curve 5: TSA ¼ 5� , Obliquity ¼ 60.3�; Curve 4: TSA ¼ 4� , Obliquity ¼ 66.6�; Curve 3: TSA ¼ 3� , Obliquity ¼ 72.7�; Curve 2: TSA ¼ 2� , Obliquity ¼ 78.6� .
(b) The interplate temperature distribution when the dip angle is equal to 20� . Curve 20: TSA ¼ 20� , Obliquity ¼ 0�; Curve 18: TSA ¼ 18� , Obliquity ¼ 26.8�; Curve 16: TSA ¼ 16� ,
Obliquity ¼ 38.0�; Curve 14: TSA ¼ 14� , Obliquity ¼ 46.8�; Curve 12: TSA ¼ 12� , Obliquity ¼ 54.3�; Curve 10: TSA ¼ 10� , Obliquity ¼ 61.0�; Curve 8: TSA ¼ 8� , Obliquity ¼ 67.3�;
Curve 6: TSA ¼ 6� , Obliquity ¼ 73.2�; Curve 4: TSA ¼ 4� , Obliquity ¼ 78.9� .
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10 km. The uppermost envelope for the group of curves should be a
temperature curve with an infinitesimal TSA. The rate of change in
heat flow with an increase in TSA was slower, and reached a
maximum of 3 mW/(m2 �) for a dip angle of 10� (Fig. 5a) when the
depth of the plate interface was within the range of 0 to 40 km, and
was a maximum of 2 mW/(m2 �) for a dip angle of 20� (Fig. 5b)
when the depth of the plate interface was within a range from 0 to
50 km. This is because the crustal heat flow is determined not only
by the interplate temperature, but also by the depth from the
surface. When the plate interface was deeper than 40 to 60 km, the
effects of interplate temperature and the TSAwere barely apparent.
Thus, the effect of the TSA on crustal heat flow was comparatively



Figure 5. The surface heat flow distribution calculated along profiles in the trench-perpendicular direction with various obliquities (counter-clockwise from the straight sub-
duction) and different dip angles at 7 Myr. The pink line indicates the variation in the depth of the plate interface along the profiles. (a) Surface heat flow distribution when the dip
angle is equal to 10� . The curves have the same TSA and obliquity as those shown in Fig. 4a. (b) Surface heat flow distribution when the dip angle is equal to 20� . The curves have the
same TSA and obliquity as shown in Fig. 4b.
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low when TSA >10�. The rate of change in surface heat flow for the
TSA with a dip angle of 10� was w15 mW/(m2 �) (0� < TSA < 5�),
andw3 mW/(m2 �) (5� < TSA< 10�). For a dip angle of 20�, the rate
of change was w15 mW/(m2 �) (0� < TSA < 5�), w3 mW/(m2 �)
(5� < TSA < 10�), and w2 mW/(m2 �) (10� < TSA < 20�). The
sensitive depth of the plate interface for the TSAwas 0e50 km for a
flat slab with a subduction for 7 Myrs.

The quantitative calculation of the thermal regime described
above was performed using Model 1 with a flat slab. A qualitative
comparison of the various curved slabs was undertaken based



Figure 6. The temperature and mantle flow distributions calculated at a depth of 52 km in the models with five different slab shapes at 10 Myr. The oceanic plate at the bottom
subducts at 6.0 cm/yr in an upward direction. Oblique subduction at 30� counter-clockwise from the normal direction of the trench occurs and the dip angle at the trench is 10� . The
two white dotted lines indicate the upper and lower surfaces of the subducting oceanic plate. (a) Flat slab with oblique subduction (Model 1-2). (b) Conic slab with oblique
subduction (Model 2-2). (c) Cylindrical slab with oblique subduction (Model 3-2). (d) Inverse conic slab with oblique subduction (Model 4-2). (e) Inverse cylindrical slab with
oblique subduction (Model 5-2).

Y. Ji, S. Yoshioka / Geoscience Frontiers 6 (2015) 61e78 69



Figure 7. The temperature and mantle flow distributions calculated in the y-z vertical cross-section at x ¼ 292 km in the models with the five different shapes of the slabs at 10 Myr.
The oceanic plate subducts at 6.0 cm/yr. Oblique subduction at 30� counter-clockwise from the normal direction of the trench occurs and the dip angle at the trench is 10� . The two
white dotted lines indicate the upper and lower surfaces of the subducting oceanic plate. (a) Flat slab (Model 1-2). (b) Conic slab (Model 2-2). (c) Cylindrical slab (Model 3-2). (d)
Inverse conic slab (Model 4-2). (e) Inverse cylindrical slab (Model 5-2).
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on all of the curved slab models in the following sections (3.2 to
3.4).

3.2. Comparison of temperature and flow velocity

Figs. 6e8 show the spatial distributions of temperature and
mantle flow at 10 Myr. Fig. 6 shows the x-y horizontal cross-section
at a depth of 52 km, and Fig. 7 shows the y-z vertical cross-section
at a distance of 292 km from the trench. Fig. 8 shows the x-z vertical
cross-section at two profiles y ¼�140 km and y ¼ 0 km for straight
subduction. By comparing these figures, the following results were
obtained.

First, different patterns of temperature and mantle flow were
revealed. The spatiotemporal variation in mantle flow differs



Y. Ji, S. Yoshioka / Geoscience Frontiers 6 (2015) 61e78 71
remarkably due to the different shapes of the slab surfaces. The
shape of the slabs generated different patterns of temperature
distribution at the same depth in the mantle (Fig. 6). For the flat
slab, the isothermal contour lines were almost parallel and grad-
ually changed with distance from the trench (Fig. 6a). In the case of
a conic slab, the isothermal contour lines were slightly curved
where the conic slab just began to curve (Fig. 6b and d), and cy-
lindrical shapes appeared (Fig. 6c and e). Therefore, we concluded
that the temperature distribution at the same depth had a close
relationship with the shape of the slab. Their isothermal contour
lines were curved like the slab surface geometry. This also implies
that the mantle temperature distribution just above the slab had a
closely corresponding relationship with the shape of the slab sur-
face at a certain depth.
Figure 8. The temperature and mantle flow distributions calculated in the x-z vertical cros
10 Myr. The oceanic plate subducts at 6.0 cm/yr leftward with a dip angle of 10� . The two w
The inverse solid triangle indicates the location of the trench. (a) Flat slab with straight subdu
y ¼ 0 km. (c) Conic slab with straight subduction (Model 2-1) at y ¼ �140 km. (d) Conic sl
subduction (Model 3-1) at y ¼ �140 km. (f) Cylindrical slab with straight subduction (Mo
y ¼ �140 km. (h) Inverse conic slab with straight subduction (Model 4-1) at y ¼ 0 km. (i) In
cylindrical slab with straight subduction (Model 5-1) at y ¼ 0 km.
Second, the mantle flow pattern fluctuates more remarkably
with the increasing curvature of the slab (Fig. 6b to c, or d to e).
Driven by the subduction of the oceanic plate, mantle substances
moved togetherwith a smaller velocity than inside the slab (left side
in Fig. 6, lower half in Fig. 7). For oblique subduction, the slab yielded
convection in the mantle from the transverse (y) direction in Model
3 (Fig. 7c) more remarkably than in Models 2 and 4 (Fig. 7b and d).

Interestingly, the flow velocity of the slab moving upward along
the slab slope (right side in Fig. 7c) had more of an upward trend
than the slab moving down the slab slope (left side in Fig. 7c). It
seems that the subduction angle is changed by the slab slope,
although in reality the figure shows the projection of the TSA on the
cross-section. This indicates the asymmetry of the flow field for the
oblique subduction of a symmetric slab where the TSA differs. The
s-section at y ¼ �140 km and y ¼ 0 km with the five different shapes of the slabs at
hite dotted lines indicate the upper and lower surfaces of the subducting oceanic plate.
ction (Model 1-1) at y ¼ �140 km. (b) Flat slab with straight subduction (Model 1-1) at
ab with straight subduction (Model 2-1) at y ¼ 0 km. (e) Cylindrical slab with straight
del 3-1) at y ¼ 0 km. (g) Inverse conic slab with straight subduction (Model 4-1) at
verse cylindrical slab with straight subduction (Model 5-1) at y ¼ �140 km. (j) Inverse



Figure 9. The interplate temperature distribution calculated for the five different slab shapes at 10 Myr. The oceanic plate subducts at 6.0 cm/yr in the x0 directionwith a dip angle of
10� . x0 is taken along the dipping direction, as shown in Fig. 1c. (a) Flat slab (Model 1-1). (b) Conic slab (Model 2-1). (c) Cylindrical slab (Model 3-1). (d) Inverse conic slab (Model 4-
1). (e) Inverse cylindrical slab (Model 5-1).
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TSA is the slope angle in the subduction direction at that point.
Therefore, the oblique subduction of a curved oceanic plate would
cause differences in the direction of velocity at different positions
on a curved slab.
Third, the isothermal contour lines revealed that the portion
where the oceanic plate subducts more steeply tended to have a
lower temperature distributionwithin the slab, as shown on the left
side of Fig. 6c and right sideof Fig. 6e. Although the curvatures are not



Figure 10. The interplate temperature distribution calculated for the five different slab shapes at 10 Myr. The oceanic plate subducts at 6.0 cm/yr in the direction of 30� counter-
clockwise from the normal direction of the trench with a dip angle of 10� . (a) Flat slab (Model 1-2). (b) Conic slab (Model 2-2). (c) Cylindrical slab (Model 3-2). (d) Inverse conic slab
(Model 4-2). (e) Inverse cylindrical slab (Model 5-2).
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Figure 11. The interplatedifference in temperature (i.e., the temperaturedistribution for
straight subduction subtracted from the temperature distribution for oblique subduc-
tion) along three profiles (y ¼ �150, 0 and 150 km) at 10 Myr. The horizontal axis is the
distance from the trench in the x direction, and the vertical axis is the difference in
temperature. (a) Flat slab (Model 1). (b) Conic slab (Model 2). (c) Cylindrical slab (Model
3). (d) Inverse conic slab (Model 4). (e) Inverse cylindrical slab (Model 5).
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large in Fig. 6b and d, it can be seen that the left side of Fig. 6b and
right side of Fig. 6d have slightly lower temperature distributions
where there are larger TSAs. To verify this trend,we checked their y-z
cross-sections (Fig. 7). It is obvious that the left half of Fig. 7c andright
half of Fig. 7e are cooler than the opposite sides.

In Fig. 8, it can be seen that the deeper the oceanic plate was
subducted, the longer the cooling effect lasted. For example, in
Fig. 8h, the effect of cooling can be identified inside the slab,
whereas the same isothermal contour lines in Fig. 8g are situated in
a more upward location. Therefore, it was inferred that subduction
with a higher TSA generates a cooling effect on the slab surface
beneath the continental plate.

The TSA is not a pure subduction angle, but a combination of the
subduction angle and slab slope angle in the subduction direction.
For example, for the cylindrical slab surface, the left side (Fig. 7c)
had a larger slab slope angle, leading to a larger composite angle,
which was critical to the cooling effect in the subduction zone
associated with the subduction of an oceanic plate. For oblique
subduction, we also found that the TSA was different from the
nominal dip angle due to the gradient slope of the slab.

3.3. Comparison of interplate temperature

Figs. 9 and 10 show the interplate temperatures for the five
models with differently shaped slabs for straight subduction and
oblique subduction, respectively. In the conic and cylindrical slab
models, the values of TSA were not fixed and their variation
depended on the along-arc and across-arc curvatures.

The interplate temperature distribution also had a close rela-
tionship with the depth of the slab surface. For example, in
Fig. 9bee, the interplate thermal distributions have similar shapes
to sections of the cone and column.

Although the slab shapes constructed in this study were sym-
metric, the temperature distributions were asymmetric when
oblique subduction occurred (Fig. 10). Isothermal contour lines
appeared to bend toward the direction of oblique subduction
(Fig. 10c). Because the cooling effect by subduction depended on
the different slab slope angles, the interplate temperature was also
influenced by the shape of the slab. However, when the along-arc
curvature varied, the different pathway of subduction led to vari-
ation in the TSA. This explains why the oblique subduction of a
curved oceanic plate resulted in an asymmetric interface temper-
ature distribution, even though the plate geometry is symmetric.

We subtracted the interplate temperature with a straight sub-
duction (Fig. 9) from that with an oblique subduction (Fig. 10), and
obtained the differences in temperatures along selected profiles for
the five models (Fig. 11). The horizontal axis is the horizontal dis-
tance in the x direction from the trench, and the vertical axis is the
difference in temperature. The three lines are the calculated results
along the profiles of y ¼�150 km, y ¼ 0 km, and y ¼ 150 km. Fig. 11
shows that in most cases, the interplate temperature for oblique
subduction was higher than that for straight subduction because
the oceanic plate undergoing straight subduction was farther from
the trench than the oblique one. Therefore, the cooling effect for
straight subduction was more remarkable. The differently shaped
slabs displayed different differences in temperature. In Fig. 11a, the
differences in temperatures along the three profiles are the same,
but in conic (Fig. 11b) and cylindrical (Fig. 11c) slabs, it can be seen
that the differences in temperature at y ¼ �150 km were larger
than those at y¼ 150 km. In contrast, for the inverse conic (Fig. 11d)
and inverse cylindrical shapes (Fig. 11e), the differences in tem-
perature at y ¼ 150 kmwere larger than those at y ¼�150 km. This
implies that if the obliquity of subduction exists, its effects on
interplate temperatures may be totally opposite to those that are
expected. This is because the slab’s along-arc curvature was
directionally dependent. When the along-arc curvature along the
obliquity of subduction was positive (i.e., a convex slab) or larger
(such as the green curve in Fig. 11c and red curve in Fig. 11e), the
interface temperature was lower. Conversely, when the along-arc
curvature was negative (i.e., a concave slab) or smaller (such as
the red curve in Fig. 11c and green curve in Fig. 11e), the interface
temperature was higher. The oblique subduction changed the TSA
due to the directionally dependent property of the plate’s along-arc
curvature and produced an asymmetrical interplate temperature
for a symmetrically curved slab. In addition, when the surface of the
slabwas deep enough, the slab shape exerted aweaker effect on the
variation in interplate temperature. This is because the tempera-
ture of the slab was sufficiently heated through thermal assimila-
tion from the surrounding mantle.

3.4. Comparison of heat flow

We calculated surface heat flow, and compared the results for
the differently shaped slabs (Fig.12). Panels aej show the results for
the 10 models with five different slab shapes for straight and
oblique subductions.



Figure 12. The surface heat flow distribution calculated at 10 Myr. The oceanic plate subducts at 6.0 cm/yr from the trench. When the oceanic plate subducts obliquely, the direction is 30� counter-clockwise from the þx direction with a
dip angle of 10� . The red solid line is the location of the trench. Graphs below the colored figures are the heat flow distributions along the profile y ¼ �105 km. (a) Flat slab with straight subduction (Model 1-1). (b) Flat slab with oblique
subduction (Model 1-2). (c) Conic slab with straight subduction (Model 2-1). (d) Conic slab with oblique subduction (Model 2-2). (e) Cylindrical slab with straight subduction (Model 3-1). (f) Cylindrical slab with oblique subduction
(Model 3-2). (g) Inverse conic slab with straight subduction (Model 4-1). (h) Inverse conic slab with oblique subduction (Model 4-2). (i) Inverse cylindrical slab with straight subduction (Model 5-1). (j) Inverse cylindrical slab with
oblique subduction (Model 5-2).
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When the upper surface of the slab was shallower than a depth
of approximately 60 km, the surface heat flow had a close rela-
tionship with the slab’s geometry, which was similar to the inter-
plate temperature distribution. However, when it was deeper than
60 km the influence on surface heat flow was negligible.

Similarly to the interplate temperature, the oblique subduction
results revealed asymmetrical distributions of surface heat flow.
The heat flow values on the descent slope of the slab surface were
lower (Fig. 12f and j). A larger TSA was generally accompanied by a
low heat flow anomaly. Comparing Fig. 10c with Fig. 12f, and
Fig. 10e with Fig. 12j, which show results for the same model, we
found that the influence of the TSA on heat flow was more
remarkable at a shallower depth. The straight subduction of flat
(Fig. 12a), conic (Fig. 12c), and inverse conic (Fig. 12g) slabs resulted
in a slightly lower heat flow than oblique subduction (Fig. 12b,
d and h), because the TSAwas slightly larger for straight subduction
than for oblique subduction.

A relationship between the TSA of the slab and surface heat flow
could be identified at depths shallower than approximately 60 km.
When the plate interface was deeper than 60 km, the cooling effect
of the surface heat flow disappeared. Considering that the sub-
duction angles were generally 10 to 20� at a trench, we suggest that
the horizontal distance in which slab geometry is able to influence
the surface heat flow could reach 300 km from the trench. Beyond
this distance, the effect is likely to be negligible.

4. Discussion

The results obtained from subduction models of the curved
oceanic plates showed a distinct contrast in temperature and
mantle flow to those obtained for a flat slab. Along-arc mantle flow
convection was more common in the subduction of an oblique
curved plate. The slab radius had an influence on the radius of the
convection. We also found that the TSA along the obliquity induced
various differences in the temperature field. The larger the TSA, the
more effective was the mantle cooling caused by subduction. The
total TSA, which can be considered the average value of the TSA over
the whole slab length, reflected the average subduction angle of the
oceanic plate, and markedly influenced the overall temperature
field and mantle flow around the slab. This can be attributed to the
pattern of the temperature distribution and the surface heat flow,
which had a corresponding relationship with the shape of the slab.

We found that a larger TSA also generated a cooler plate inter-
face. In the mantle, temperature is mainly determined by depth.
Hence, the interplate temperature should influence the depth of the
surface of the slab and the inner slab temperature. The depth of the
surface of the slab can be considered to represent the geometry of
the slab, and the inner slab temperature depended on how long the
slabwas in contact with the hotmantle, as mentioned above, which
was in turn related to the subduction pathway and true angle.
Therefore, the interplate temperature distribution was related to
the slab’s geometry and the TSA. The influence of slab shape on
interplate temperature disappeared at depths greater than 150 km
because the cool slab became as hot as the surrounding upper
mantle. In addition, for oblique subduction, the rate of change in the
TSA depended on both the along-arc and across-arc plate curvature.
Therefore, a larger along-arc plate curvature could cause greater
variation in the TSA and furthermore could cause greater variation
in the interplate temperature. Based on many calculations, the rate
of temperature change for the TSA was about 0.05e0.25 �C/(�km)
(10�< TSA < 20�) for an increased unit length of the slab at the
depth range ½TSA� 5� 50 km; TSA� 5þ 10 km� (where TSA is the
average TSA for thewhole subduction process, and 10�< TSA< 20�).

Previous studies have seldom referred to the along-arc plate
curvature, and discussions of arc curvature are mostly used to
interpret the arc roll-back and advance. Yoshioka and Murakami
(2007) studied the thermal regime in the plate interface beneath
southwest Japan, and reported that distribution of temperature at
the plate interface was similar to the slab geometry. However, the
relationship between the along-arc heterogeneity of interplate
temperature and slab curvature has not been considered. Therefore,
this study is unique in presenting data on how along-arc plate
curvature influences the plate interface temperature due to a
changing TSA.

Finally, the distribution of surface heat flow also corresponded
to the slab geometry, which was related to the value of the TSA. A
steeply subducting oceanic plate resulted in a lower surface heat
flow than a gently subducting plate because of the existence of a
cooler plate interface at a depth shallower than 60 km, which was
due to the larger TSA. A low heat flow anomaly appeared on the
descent slope of the slab surface, which can also be interpreted as
being a consequence of a larger TSA. Similarly the effect of the
along-arc curvature explained why the oblique subduction led to
asymmetry of the surface heat flow distribution, even when the
shape of the slabwas symmetric. The sensitive zone where TSA had
an influence on the surface heat flowwas in the depth range of 0 to
50 km, and the rate of change in the heat flow was w3 mW/(m2 �)
when TSA > 5�.

5. Conclusions

We constructed 3D thermal convection models of five curved
slabs with flat, conic, cylindrical, inverse conic, and inverse cylin-
drical shapes. After 10 Myrs of subduction, the distribution of
temperature, mantle flow, and heat flow differed due to the
different slab shapes. By investigating these differences, significant
conclusions can be obtained as follows:

(1) Themantle cooling caused by subduction of the oceanic plate is
affected by the TSA of a slab, which is a combination of the dip
angle and subduction obliquity. A slab with a larger TSA will
have a larger mantle cooling effect and a lower interplate
temperature. The rate of temperature change for the TSA of the
interplate is 10e50 �C/� (10�< TSA < 20�), within the depth
range of TSA� 5e 50 km toTSA� 5þ10 km for a flat slab after
subduction of 7 Myrs.

(2) Oblique subduction has a remarkable effect on temperature
and mantle flow. Even a symmetric slab shape can have
asymmetric patterns of temperature and mantle flow under
oblique subduction. This is because the slab’s TSA is changed by
oblique subduction and the along-arc curvature contributes to
the variation in the TSA, which changes the interplate thermal
regime. The rate of change in the TSA depends on the slab
curvature along the subduction pathway. The effects of obliq-
uity and slab geometry on interplate temperature were clari-
fied by our various subduction models with an arbitrary shape
for the oceanic plate.

(3) The shape of the slab surface has a corresponding relationship
with the distribution of surface heat flow. The pattern of sur-
face heat flow is very similar to the slab geometry. The most
sensitive zone for the surface heat flow to be influenced by the
TSA is at depths of less than 50 km, with a change in the rate of
heat flow ofw3mW/(m2 �) when TSA> 5�. If the slab surface is
deeper than 60 km, its influence on surface heat flow disap-
pears due to the increased depth.
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Table 2
The values of model parameters for definition of slab shape function in the
modeling.

Model type Model 1/C (x0) 1/C (x1) 1/C (xmax) m (plus-minus)

Flat 1-1, 1-2 0 0 0 þ1
Conic 2-1, 2-2 10 0.1 0 þ1
Cylindrical 3-1, 3-2 1.67 1.67 1.67 þ1
Inverse conic 4-1, 4-2 10 0.1 0 �1
Inverse cylindrical 5-1, 5-2 1.67 1.67 1.67 �1
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Appendix

The parameters and properties of the constructed slab model
described here include initialization of the slab curvature, slab
geometry (depth of plate interface), and prescribed subduction
velocity.

1. Slab curvature

Curvature, as a function of the distance from the trench axis is
defined as follows:

Cðx; yÞ ¼ aðyÞbðxÞ (A1)

with

aðyÞ ¼ 4mymaxzmax(	
2z2max � y2max
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ymax
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þ y2max
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�ðx� x1Þflog CðxmaxÞ � log Cðx1Þg
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bðxÞ ¼ exp
�ðx�x0ÞflogCðx1Þ� logCðx0Þg

x1�x0

�
þCðx0Þ x0 � x� x1;

(A4)

where x, y, and z are the distance from the trench axis, distance
from the right-middle profile, and depth from the model surface,
respectively. xmax, ymax, and zmax are the side lengths of the model
box (xmax ¼ 771 km, ymax ¼ 420 km, and zmax ¼ 300 km). The
domain of variables is 0 � x � 771 (km), �210 � y � 210 (km), and
0 � z � 300 (km). C(x,y) is the curvature at grid (x,y), which is x km
from the trench axis and y km from the middle profile. x0 and x1 are
assumed to be 0 and 64, respectively. C(x0), C(x1), and C(xmax) are
amplification factors on the middle axis (y ¼ 0) of distances x0, x1,
and xmax, respectively, and they are given as constants, which allow
the shape of a slab to be designated. a(y) is the curvature formula of
vxðx; y; zÞ ¼
�2aðx; yÞbðx; yÞvy þ
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variable y in an ellipse with the major axis radius a ¼ ymax/2 and
minor axis radius b ¼ zmax. m ¼ �1 indicates either a positive or
negative curvature. b(x) is the amplification factor of the ellipse
curve at a distance of x.
2. Slab geometry

The depth of the slab surface at point (x, y) is defined as
Zðx; yÞ ¼ zmax

xmax
xþmbðxÞzmax

8<
:1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
2y
ymax

�2
s 9=

; (A5)

The curvature and depth at point (x, y) are designated by these
formulae so that slab shape is fixed and prescribed in the numerical
simulation.

The modeling space was divided into four parts (Fig. 1a and b),
namely, the upper crust, lower crust, slab, and mantle. The thick-
ness of both the upper and lower crusts was assumed to be 16 km.
We assumed that the continental crust is rigid and that the thermal
conductivity of the crust is 2.5 W/(m �C). The length of a slab
increased with time spent at a given subduction velocity. When
subduction of the oceanic plate occurs, the slab extends into the
modeling space, and the subsequent dynamic mantle flow can be
calculated. If the value ofm is assumed to be �1, the shape of a slab
is reversed by 180�. Table 2 gives the values of the model param-
eters used for models 1-1 to 5-2. All of the oceanic plates were
subducted for 10 Myr, and the subduction velocity was determined
as 6.0 cm/yr for straight forward or 30� from þx counter-clockwise
for oblique subduction. Because all of the slab models were sym-
metric against the x axis, the thermal state and flow patterns were
expected to be symmetric when the subduction of the oceanic plate
was normal to the trench axis.

3. Prescribed subduction velocity

Although the velocity at each point inside the slab is given as a
constant of 6.0 cm/yr, its components depend on the gradient slope
of the slab surface. A larger vertical velocity component exists
within a steeper slab. By setting this, we can guarantee that the
oceanic plate always subducts inside its prescribed shape with a
constant subduction velocity. Grid points inside the slab always
have a velocity given as:
vyðx; y; zÞ ¼ vy (A7)
vzðx; y; zÞ ¼ aðx; yÞvx þ bðx; yÞvy (A8)

with:

aðx; yÞ ¼ 1
2
fZðxþ x; yÞ � Zðx� x; yÞg$zmax

xmax
(A9)
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bðx; yÞ ¼ 1
2
fZðxþ x; yþ zÞ � Zðxþ x; yÞ þ Zðx� x; yÞ

� Zðx� x; y� zÞg$zmax

ymax

(A10)

where vx(x, y, z) and vz(x, y, z) are velocity components associated
with subduction of the oceanic plate in the þx and þz directions,
respectively; vy ¼ 6.0 � sin30�; Z(x þ x, y þ z) is the depth at grid
(x þ x, y þ z), and so on. x and z are the smallest intervals between
two neighboring grids along the x and y axes, respectively. zmax and
ymax are the length and a half width of the model box along the z
and y axes, respectively.
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