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Abstract

In accretionary prisms formed in subduction zones, accreted sediments deform due to the
drag of the subducting plate, resulting in arc-normal compression. In the Cascadia and eastern
Nankai subduction zones, however, arc-parallel normal faults, which indicate the occurrence
of arc-normal extension, have been observed at the rear of the accretionary prisms. In this
study, the deformation caused by the subducting plate in the accretionary prism is calculated
using a simple fluid model that considers temperature-dependent rheology. The qualitative
results show that a circulating flow is induced by the subducting plate under a lid formed at
the rear of the accretionary prisms at higher temperatures, while, in lower-temperature
prisms, the flow pattern is analogous to a simple corner flow, and the circulating flow is not
induced. Prism materials flow trenchward just under the lid, and this return flow may be the
cause of the arc-normal extension observed in the accretionary prisms. Most of the
subduction velocity is accommodated by ductile deformation at the rear of the accretionary
prisms, resulting in lower seismic coupling at the deeper interplate megathrusts. In the frontal
part of the accretionary prisms, where imbricate thrusts develop, low rigidity due to high
porosity and pore fluid pressure in the compacting sediment, together with higher
concentrations of clay minerals with low frictional coefficients, probably prevents seismic
slip at the interplate megathrusts. Locked zones develop between the extensional and
imbricate thrust regions in the subduction zones. For low-temperature prisms, locked zones
are located arcside of the imbricate thrust region. The fore-arc basin is thus formed above the
locked zone in accretionary prisms. In the eastern Nankai subduction zone, another locked

zone is estimated to be located in the lower crust. The location of the arc side of the imbricate



thrust region in the western and central Nankai subduction zones may be controlled by the

thrust intersection with the top of the lower crust and the splay-fault, respectively.

Introduction

In most subduction zones, subducting sediments accrete to the overlying plate to form
accretionary prisms (von Huene and Scholl, 1991). Offshore seismic reflection studies have
revealed that sediments on the subducting plate are stripped off and accreted to the overlying
plate in arcward-dipping imbricate thrust packets (Karig and Sharman I, 1975). The
accretionary prism is considered to be mechanically analogous to a wedge of sand in front of
a moving bulldozer; the sand deforms internally until it reaches a stable configuration, where
gravitational forces balance the drag exerted by the subducting plate (Davis et al., 1983). The

taper of the accretionary prism can be predicted by this critical taper model.

Analog models for the growth of the accretionary prism due to incoming sediments at the
trench show that the trajectory of accreted materials is like that of a corner flow of a viscous
fluid with a moving bottom boundary (Cowan and Silling, 1978). The macroscopic shape and
temperature structure of the accretionary prism have been estimated using viscous corner
flow models (Dahlen and Barr, 1989; Emerman and Turcotte, 1983; Furukawa, 1999; Platt,

2000).

These models show that arc-normal compressional stress is dominant in the accretionary
prism (Davis et al., 1983; Liu and Ranalli, 1998). In the Cascadia and Nankai subduction
zones, however, arc-parallel normal faults have been observed at the rear of the accretionary

prisms (Arai et al., 2006; McNeill et al., 1997), indicating arc-normal extension; in contrast,



imbricate thrusts develop at the front of the accretionary prism under arc-normal

compressional stress (Nakanishi et al., 1998; Booth-Rea et al., 2008).

In both these subduction zones, arc-normal compression at the front and extension at the
rear of the accretionary prisms coexist. Platt (1986) suggested that the arc-normal extension
may be caused by uplift due to basal accretion at the rear of the accretionary prism, but there
is no evidence to confirm the occurrence of active uplift in the Quaternary for these

accretionary prisms (McNeill et al., 2000; Yamaji et al., 2003).

In this study, the temperature and deformation in these accretionary prisms are calculated
using a simple viscous fluid model that considers temperature-dependent viscosity, and a
qualitative model is presented, in which arc-normal extension and compression coexist. The
deformation in the accretionary prisms affects the strain accumulation in the overlying plate
caused by basal drag of the subducting plate, and the model results are used to estimate the
distribution of locked zones at the interplate megathrusts in subduction zones including

Cascade and Southwest Japan.

Regional Setting

Cascadia

In the Cascadia subduction zone off Washington and the northern Oregon, the relatively
young Juan de Fuca plate is subducting under the North American plate, and the accretionary
prism has widened to more than 100 km. Reflection seismic surveys have revealed the
existence of active extensional structures on the upper slope and shelf in this accretionary

prism (Fig. 1), whereas imbricate thrusts have been observed on the lower slope, indicating



arc-normal shortening (Booth-Rea et al., 2008; McNeill et al., 1997). In the middle of the
prism, there is an active out-of-sequence thrust named the Cascadia main thrust (CMT),
which is the seaward limit of the upper slope and shows displacements larger than that of the
underlying thrusts (Booth-Rea et al., 2008). The lower slope between the CMT and the
deformation front has very small tilts (<1°). The lower slope can mainly be divided into two
domains, which are characterized by landward-vergent imbricate thrusts and folds without

faults, arcward from the deformation front (Booth-Rea et al., 2008).

The normal faults in the extensional region have arc-parallel strikes, indicating arc-
normal extension. In the extensional region, landward-vergent, listric normal faults are
dominant (Booth-Rea et al., 2008). Reflection seismic profiles show that the well-stratified
layer in which the normal faults can be traced has a seismically opaque layer beneath.
Stratigraphy results using outcrops and borehole data show that a chaotic and highly sheared
formation from the Eocene to middle Miocene that is named the Mélange and Broken
Formation (MBF) underlies younger stratified sediments; the opaque layer probably
corresponds to the highly shared MBF (McNeill et al., 2000). The seaward stretch of the
MBF is suggested to be the cause of the arc-normal extension in this region (McNeill et al.,

2000).

In this extensional region, the accretionary prism is suggested to be composed of
accreted sediments from the middle Eocene and younger, which were thrust under the
Crescend/Siletz mafic terrane in the Paleocene and early Eocene (Tréhu et al., 1994). In this
region, the estimated western border of the mafic terrane warps around the Olympic

Mountains and is located landward of the coast, as shown in Fig. 1 (McNeill et al., 1997;



Tréhu et al., 1994). Seismic surveys have shown that the accreted sediment is thicker and
reaches the surface of the subducting Juan de Fuca plate at a depth of 20-30 km under the
Olympic Mountains (Parsons et al., 1999; Ramachandran et al., 2006). The extensional

structure is observed off the region where the mafic terrane is located landward of the coast.

Southwest Japan

In southwest Japan, the Philippine Sea plate is subducting at the Nankai trough under the
Eurasian plate, and a large accretionary prism of more than 100 km in width has been formed.
In the eastern Nankai subduction zone off the Tokai area, reflection seismic profiles have
shown that there are normal faults with strikes in the arc-parallel direction on the continental
shelf and the upper slope of the accretionary prism (Arai et al., 2006). Normal faults have
also been observed onshore in this region (Yamaji et al., 2003), as shown in Fig. 2. Most of
the faults are landward-dipping, and sediments are deposited in a half-graben structure
formed by the fault displacements. The Ensyu thrust system (ETS) is located between the
forearc basin and extensional region and is the seaward limit of the upper slope (Fig. 2). In
the frontal part of the accretionary prism off the Tokai area, imbricate thrusts are well
developed and the outer ridge can be easily traced from the bathymetry (Nakanishi et al.,

1998).

In this area, the depth extent of the felsic sediment layer riding on the subducting plate
has not been well estimated. Reflection seismic profiles for the accretionary prism off the
Tokai area show that the accreted sediment appears to extend to a depth of more than 20 km
on the subducting Philippine Sea plate (Kodaira et al., 2003; Nakanishi et al., 1998). In the

central Nankai subduction zone off the Kii peninsula, the felsic layer extends to a depth of
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~25 km on the subducting plate in the estimated seismic structures (Hirose and Ito, 2007),
assuming that the P-wave velocity of silicic rocks in this area is less than 6.4 km/s (Nakanishi
et al., 2002). In southwest Japan, the Median Tectonic Line (MTL) runs in the arc-parallel
direction; it is one of the longest and most active fault systems in Japan and is the boundary

between the high-T and high-P metamorphic terranes.

In the western and central Nankai subduction zones off the Shikoku Island and Kii
peninsula, respectively, an extensional structure is not observed for the shelf and upper slope.
The estimated seismic velocity structures for the crust in the southwest Japan show that the
thickness of the felsic accretionary prism on top of the descending Philippine Sea plate
increases eastward. In the western Nankai subduction zone, the depth extent of the
accretionary prism is less than 15 km (Kodaira et al., 2000; Takahashi et al., 2002). In the
central zone off the Kii peninsula, the accreted material appears to reach a depth of 20-25 km

on the subducting plate (Hirose and Ito, 2007; Nakanishi et al., 2008).

In the central Nankai accretionary prism off the Kii peninsula, the forearc basin becomes
wider, and the outer ridge is located far seaward of the intersection between the megathrust
and top of the lower crust (Hirose and Ito, 2007; Nakanishi et al., 2002). Reflection seismic
studies have shown that there is an out-of-sequence splay-fault branching from the
megathrust at a depth of 10 km that breaks the overlying crust (Park et al., 2002). The surface
trace of this fault is located seaward along the outer ridge as shown in Fig. 2. This splay-fault
is a fundamental structure in the central Nankai subduction zone; the frontal accretion of
sediments by the addition of thrust packets mainly occurs seaward of the splay-fault, and the

outer ridge is formed above the hanging wall of this splay-fault (Moore et al., 2007). In the



region arcward of the splay-fault, internal deformation of the accretionary prism, then,
decreases, and the forearc basin is formed there. In this area, the splay-fault acts as a backstop

for the frontal accretion of incoming sediments.

Model

A simple 2-D numerical model is used to calculate temperature and deformation in the
accretionary prism in this study (Furukawa, 1993; Furukawa, 1999). The model configuration
is shown in Fig. 3. Rigid oceanic plate subducts under an accretionary prism, and viscous
flow is induced due to basal shear caused by the subducting plate. The upper and lower crusts
are assumed to be composed of felsic and mafic crystalline rocks, respectively; they are also
assumed to have the high shear strength compared to sediments in the accretionary prism. In
this model, the accretionary prism has a flat surface; accreted material near the base of the
prism is dragged down deeper and the subsidence caused by the downward flow at the front
of the prism is filled with incoming sediments. At the rear of the accretionary prism, the
surface becomes upheaved due to the addition of accreted sediments that are carried deep into

the prism by the downward flow, which results in erosion of the upheaved surface.

For 2-D viscous flow of an incompressible fluid, the momentum equation is expressed in

the Cartesian coordinate system using a stream function (%) as
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where 1 and z denote the viscosity and depth.

To estimate the temperature structure in the prism, radiogenic heat generation, strain



heating, and frictional heating at the plate interface are considered. The energy equation is

then expressed as
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t

where T, t, u, x, n, H, u' and z are the temperature, time, flow velocity, thermal diffusivity,
viscosity, radiogenic heat generation, velocity difference at the plate boundary, and shear

stress, respectively.

Shear-stress-free and fixed boundary conditions are set for the top and the landward
boundaries of the accretionary prism, respectively. The temperature at the top boundary is set
to 0°C. At the seaward boundary, an oceanic geotherm calculated using the simple half space
cooling model (Parsons and Sclater, 1977) is applied that is estimated from the age of the
subducting oceanic plate. At the landward boundary, a 1-D steady state geotherm is
calculated using observed values of surface heat flow and crustal heat generation
(Lachenbruch, 1970). At the bottom boundary of the model (Fig. 3), isotherms are set parallel
to the upper surface of the subducting plate. In this model, thermal diffusivity is set to
0.8-10° m¥s; thermal conductivity and radiogenic heat generation values are listed in Table 1

(Furukawa, 1995; Wang et al., 1995).

Assuming that the accretionary prism deforms macroscopically like the corner flow of a
viscous fluid, the apparent bulk viscosity of the accretionary prism is estimated to be 10—
10%* Pa's using the observed geometry and heat flow for accretionary prisms (Emerman and

Turcotte, 1983; Furukawa, 1999; Platt, 2000).

At higher temperatures, ductile deformation is dominant, and the creep strength



decreases exponentially with temperature. Laboratory experiments have shown that the
viscosity of silicic rocks is 102-10* Pa-s at 200-400°C for the dislocation creep regime
(Gleason and Tullis, 1995; Luan and Paterson, 1992). The viscosity values appear to be
several orders of magnitude larger than those estimated from crustal deformation in nature
and may provide estimations of the maximum shear strength (Gleason and Tullis, 1995).
Other possible softening mechanisms include pressure solution, recrystallization, and reaction
softening, which likely reduce the viscosity to values substantially less than those obtained in

laboratories (Ranalli and Murphy, 1987).

In accretionary prisms, water is supplied by compaction and dehydration of the accreted
sediment and the descending plate (Moore and Vrolijk, 1992); high (lithostatic) pore pressure
is expected for propagating fluid conduits formed in the compacting sediment (Brown et al.,
1994). Deeper in the accretionary prisms, it is considered that water is continuously released
by metamorphic reactions in the descending oceanic crust and sediments (Etheridge et al.,
1983; Hacker et al., 2003; Iwamori, 2007) and migrates upward into the overlying crust
through a network of microcracks and the megathrust interface (Etheridge et al., 1984,
Furukawa, 2009; Saffer, 2007). In water-saturated conditions, solution mass transfer likely
becomes dominant under crustal conditions; for paleo-accretionary prisms, the fluid-assisted
mass transfer process is the dominant mechanism for viscous deformation in low-temperature
and high-pressure metamorphic terranes (Feehan and Brandon, 1999; Moore et al., 2007,

Norris and Bishop, 1990; Schwarz and Stockhert, 1996).

Pressure solution microstructures are commonly observed in rocks which have suffered

diagenetic or low metamorphic grade conditions (McClay, 1977), and it is suggested that



pressure solution is not a strongly temperature dependent process (Rutter, 1976). Pressure
solution is a mechanism whereby the concentration of normal stress at grain contacts causes
local dissolution of the material, transport of the solutes out of the contact site and
precipitation of the material on the less stressed faces of the grains (Rutter, 1983). The rate of
rock deformation by pressure solution is controlled by the slowest of the three above-
mentioned elementary stages. Estimated pressure solution deformation rates may vary by
many orders of magnitude (den Brok, 1998) because the fundamental processes are not yet
clearly understood (Gratier et al., 2009). The temperature above which the pressure solution
becomes the dominant mechanism was estimated to be about 200°C under water-rich
conditions in paleo-accretionary complexes (DiTullio and Byrne, 1990; DiTullio et al., 1993;
Duebendorfer et al., 1998; Fisher and Byrne, 1992). The deformation rate caused by the
pressure solution creep is suggested to have a linear stress dependence, and the viscosity is
estimated to be 10"°-10" Pa-s at 250-350°C (Shimizu, 1995). In this study, a simple viscosity
profile that takes the pressure solution mechanism into account is used; below the transitional
temperature (Ty), the viscosity is considered to be constant in the brittle regime described by
viscous flow models (Emerman and Turcotte, 1983; Furukawa, 1999; Platt, 2000), and
decreases exponentially in the ductile regime above T.. The viscosity value n (Pa-s) is

calculated using the equation as follows,

n=mn, (T<T,)
b

n=a-e™¥ (T>=T,)
where 7, 8, and b are constant. In this study, Ty, 7, a, and b are set to be 200°C, 5.0-10% Pas,

9.3-10* Pa-s, and 6.2:10° K, respectively; the viscosity value at 300°C is about ten times
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smaller than that at Ty (Fig. 4).

In this study, the temperature and flow structures induced by the subducting plate are
calculated for hot and cold accretionary prisms, and the effect of the temperature-dependent
rheology on these structures is estimated. The temperature structure in the accretionary prism
is mainly controlled by the age and subduction velocity of the subducting oceanic plate
(Molnar and England, 1990; Peacock and Wang, 1999); the temperature in the accretionary
prism is expected to increase when the descending plate is younger in age and/or has a slower
subduction velocity. In the calculations, ages of the subducting oceanic plates are considered
to be 5 and 50 Ma; the maximum thickness of the accretionary prism and the subduction
velocity are set to 20 km and 0.045 m/yr, respectively. At the arc side boundary, the
temperature profile is calculated using a surface heat flow of 40 mW/m? and the thermal
conductivity values are listed in Table 1. The arc side boundary of the accretionary prism is
set at the location where the horizontal distance from the trench is 1.3 times longer than that
of the thrust intersection with the top of the lower crust to avoid the effect of the temperature
given at the arc side boundary. The effective frictional coefficient at the base of the
accretionary prism is set to 0.02 (Furukawa, 1999; Wang et al., 1995; Wang and Suyehiro,

1999); shear stress, then, increases linearly with depth at the plate interface.

In this study, the temperature and viscous-flow structures in the accretionary prisms for
the Cascadia and Nankai subduction zones are also calculated. In the Cascadia subduction
zone, the Crescend/Siletz mafic terrane is expected to have higher strength and acts as a
backstop. In this study, the boundary between the accreted sediment and mafic terrane is

assumed to be located at the coast; the depth of the subducting plate at the coast is assumed to



be 20 km. In the calculations, the subducting plate with an age of 8 Ma (Hyndman and Wang,
1993) is assumed to subduct at a velocity and angle of 0.04 m/yr (DeMets et al., 1990) and 9°
(Parsons et al.,, 1999; Ramachandran et al.,, 2006), respectively. A one-dimensional
temperature profile for a surface heat flow of 40 mW/m? is used for the arc side boundary

(Blackwell et al., 1990).

In the Nankai subduction zone, the maximum thickness of the accretionary prism is
assumed to be 23 km, and the MTL is considered to be the rigid arc side boundary of the
accretionary prism across which there is no flux of accreted sediments. The age of the
subducting Philippine Sea plate varies along the Nankai trough; in this study area,
paleomagnetic studies have estimated the age to be 21-23 Ma (Okino et al., 1999; Sdrolias et
al., 2004); an age of 22 Ma is used in this study. The subduction velocity and angle are set to
0.045 m/yr (Seno et al., 1993) and 9° (Kodaira et al., 2003), respectively. At the arc side
boundary, the temperature profile is calculated using a surface heat flow of 50 mW/m?

(Furukawa et al., 1998).

In the Nankai and Cascadia subduction zones, thick sediments are deposited at the
trench, and the temperature at the top of the oceanic plate is higher than that at the ocean
bottom. In this study, the geotherm of the oceanic lithosphere is estimated by considering the
overlying sediment; the temperature at the surface of the oceanic plate is 230 and 90°C for

the Cascadia and Nankai subduction zones, respectively (Oleskevich et al., 1999).

Wang et al. (1995) suggested that the age history of the subducting lithosphere is crucial
for the estimation of the thermal regime under the Nankai subduction zone. In their thermal

model, the estimated temperature along the plate interface at present for the transient case
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considering the age history is only about a few tens of degrees higher than that for the steady
state with the fixed age of the subducting lithosphere in the region between the trench and

coast; thus the age history is not considered in this study.

Results

Hot and cold accretionary prisms

The temperature and flow structures calculated for the accretionary prisms with the
young and old subducting oceanic plates are shown in Fig. 5. The temperature in the
accretionary prism is higher for younger subducting oceanic plates; in the deeper part of the
accretionary prism, the temperature is above 200°C, and ductile deformation is assumed to
occur by pressure solution creep. For the colder accretionary prism, the temperature is below

200°C throughout the prism.

The flow patterns for the two accretionary prisms are quite different from each other. For
the cold prism, the flow pattern is analogous to a simple corner flow, as shown in Fig. 5(a);
this is because the viscosity is constant in the accretionary prism due to the lower
temperature. The flow is induced above the interface between the accretionary prism and
descending plate and assuming a homogeneous, isotropic prism; the upward flow is located
above the intersection between the top of the lower crust and the descending plate, although
the rigid vertical boundary is located far arcward of the upward flow. The flow velocity just
above the subducting lithosphere is nearly constant throughout the depth and is
approximately 0.003 m/yr, which is one order of magnitude lower than the subduction

velocity; this indicates that most of the subduction velocity is consumed by thrust
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displacements at the plate interface.

For the hot prism (Fig. 5b), sediment accreted at the trench is underthrusted by the drag
of the subducting lithosphere; the lower part of the underthrusting flow continues to the
deeper part of the prism, whereas the upper part of the flow goes upward in the middle part of
the accretionary prism and has a simple corner flow pattern similar to that of the cold
accretionary prism. At the rear of the prism, the lower downward flow on the subducting
lithosphere reverses and proceeds trenchward. This circulating flow occurs in the deeper part
of the accretionary prism, where the viscosity is lower due to the higher temperature (>Ty).
The circulating flow is overlain by a lid in the overlying higher viscosity layer. The return

flow just below the lid reaches the surface between the corner flow region and the lid.

The flow velocity for the downward flow on the subducting plate as it underthrusts
deeper into the accretionary prism varies with the depth; the flow velocity is nearly constant
under the corner flow region, where the temperature for the downward flow is below T,. The
flow velocity increases with depth in the deeper accretionary prism, where the temperature is
higher than T., because of the decrease of viscosity. The flow velocity just above the
subducting plate is approximately 0.007 m/yr under the corner flow region and increases to

approximately 0.035 m/yr near the bottom of the prism.

Cascadia and Nankai accretionary prisms

The calculated temperature and flow patterns for the Cascadia and eastern Nankai
subduction zones are shown in Fig. 6. For both the subduction zones, the corner flow pattern
and lid on the trench and arc sides of the accretionary prisms, respectively, can be observed;

the flow pattern is similar to that of the hot prism as shown in Fig. 5(b). For the eastern
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Nankai subduction zone, the trench side of the lid above the interface between the
accretionary prism and the subducting plate is narrower than that in the Cascadia subduction
zone. In the Nankai subduction zone, the temperature is lower because the older and colder
oceanic plate is subducting, and the region of the circulating flow becomes smaller. The

return flow tends to uprise in the thicker brittle accretionary prism, resulting in a narrower lid.

Discussion

Hot and cold accretionary prisms

In the cold accretionary prism, the flow induced by the subducting plate is similar to a
corner flow (Fig. 5(a)). In this study, the internal deformation caused by fault displacements
with the addition of sediment to the trench side of the accretionary prism is expressed by a
simple viscous flow model. The corner flow region is, thus, considered to be the part of the
accretionary prism, where imbricate thrusts develop due to accretion of off-scraped sediments

under older thrust packets because of the drag of the subducting plate.

The arc side of the accretionary prism above the rigid lower crust is almost stagnant, and
the upward flow is located in the area above the intersection between the top of the lower
crust and the interplate megathrust (Fig. 5(a)). The rigid lower crust acts as a backstop for the
induced flow in the accretionary prism, and the outer ridge is formed above the intersection.
The outer ridge becomes a barrier for terrigenous sediments from the arc, and the forearc

basin is formed in the arc side of the outer ridge.

The corner flow region in the trench side of the hot accretionary prism (Fig. 5(b)) is

considered to be the region of imbricate thrusts formed by drag of the subducting plate,
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which is similar to the cold accretionary prism. In the arc side of this region, the accreted
sediment migrates upward, and the outer ridge is formed in this region, considering that the
flux of the return flow decreases due to underplating in the deeper accretionary prism, as
described below. The back-arc basin is formed arcward of the outer ridge. In the corner flow
region, the upward flow occurs without a backstop, and this region is located above the
underthrusting flow on the subducting plate where a constant viscosity is imposed because

the temperature is lower than Ty.

The downward flow on the subducting plate circulates in the deeper part of the prism,
where the viscosity is lower; the return flow just below the lid proceeds trenchward. This
trenchward flow is may be the cause of arc-normal extension in the overlying lid. In the
trench side of the accretionary prism, the imbricate thrusts develop by arc-normal
compression that is caused by the drag of the subducting plate. In this accretionary prism, the
compressional and extensional stresses in the arc-normal direction coexist in the near-surface

layer of the accretionary prism.

The return flow reaches the surface in the region between the corner flow region and lid.
In the near-surface low-temperature layer, deformation is considered to be caused by fault
displacements, as the imbricate thrust region in the trench side of the accretionary prism
(Davis et al., 1983), and the accreted sediment carried by the return flow should be extruded
by thrust displacements. When the accretionary prism is growing, mainly due to the
underplating of sediments carried by the downward flow in the deeper part of the prism
(Kimura and Mukai, 1991), the volume flux of the return flow below the lid becomes smaller

than that calculated in this study. Then, most of the volume of the return flow might extrude
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by thrust movements near the lid rather than broadly over this region, considering the
minimization of work necessary to drive the flow. In the region between the extrusion of the
return flow and the imbricate thrust region, the upward flow rate may become lower and
some deformation may occur. Schematic diagrams of the hot and cold accretionary prisms are

shown in Fig. 7.

In this study, a simple model was used to estimate viscous flow and temperature
structures in the accretionary prisms. The temperature dependency of viscosity of the
accreted sediments used in the calculations has much uncertainty, but the coexistence of the
compressional and extensional regions in the accretionary prisms can be predicted using the
Ty of 200°C. As the Ty increases, the circulation flow region and the lid become smaller and
shorter, respectively. For the T, greater than about 300°C, the simple corner flow region
prevails in the whole prism and the circulation flow region disappears in the hot prism. When
the pressure solution process could be effective below 200°C (Gratier, 1987), on the contrary,
the lid grows trenchward in the hot prism. The lid cannot exist stably and is detached from
the rigid crust arcward of the accretionary prism for the T, lower than about 100°C.
Rheological properties of rocks at low temperatures should be qualitatively estimated for

detailed analysis of the deformation and temperature structures in the accretionary prisms.

In most accretionary prisms, a décollement has been observed above the subducting
plate, which is considered to be a zone of high pore fluid pressure; this zone detaches the off-
scraped sediment deformed by imbricate thrusts from the undeformed sediment overlying the
subducting plate (Park et al., 2010; Shi and Wang, 1988; Tobin and Saffer, 2009). The

undeformed sediment below a décollement is expected to subduct with nearly the same
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velocity as that of the subducting plate; in shallower depths, the décollement acts as the plate
interface (Moore, 1989). Deeper in the accretionary prism, the underthrusting sediment is
considered to be underplated to form duplex structures (Moore and Byrne, 1987; Kimura et
al., 1996; Kimura and Mukai, 1991) In this study, the décollement is not considered to
simplify the calculations, and the plate interface is fixed at the surface of the subducting
plate. Assuming that the décollement is the top boundary of the underthrusting flow on the
subducting plate for the hot accretionary prism, the underthrusting flow layer probably

becomes thinner than the result shown in Fig. 5(b) due to a higher underthrusting velocity.

Cascadia

The calculated temperature and flow structures in this region are shown in Fig. 6a, which
are similar to those of the hot accretionary prism shown in Fig. 5(b). The corner flow pattern
and return flow under the lid can be seen in the trench and arc sides of the prisms,
respectively. The layer of the return flow just below the lid shown in this study may
correspond to the highly deformed MBF, and the return flow is probably the cause of the arc-
normal extension in the upper slope and shelf in this region. The landward-dipping
imbricated listric structure of the normal faults supports the hypothesis that the basal drag of
the ductile return flow in the trenchward direction causes the extension in the overlying lid

(McNeill et al., 2000).

In this region, the extensional structure is observed to be arcward of the CMT, as shown
in Fig. 1. The return flow under the lid may extrude at the surface near the lid by
displacements of thrusts, as mentioned previously. The CMT could be the most prominent

fault where most of the volume flux of the return flow under the lid is extruded as brittle
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thrust blocks. In the region between the extruded thrust blocks and the imbricate thrust
region, the outflow rate is low and rollover and drape folds may be formed as shown in the

seismic reflection profiles (Booth-Rea et al., 2008).

In the trench side of the lower slope of the accretionary prism in this region, landward-
vergent thrusts are dominant. This region is considered to correspond to the corner flow
region in the calculated flow pattern, where imbricate thrusts are expected to be formed due
to drag of the subducting plate. The landward-vergent imbricate thrust packets are suggested
to be formed by weak effective friction at the base of the accretionary prism, which is caused
by high pore pressure (Byrne et al., 1993; Seely, 1977), a ductile basal layer (Gutscher et al.,
2001), and higher temperatures (Booth-Rea et al., 2008). An arcward dipping décollement in
addition to the low basal shear stress (MacKay, 1995) and a strong increase in Pleistocene
sedimentation rate (Adam et al., 2004) may be the cause of the landward-vergent thrusts. In
the lower slope, the thick sediment layer deposited during the high sedimentation rate in the
Pleistocene has been shortened by the displacement of the imbricate thrusts; the surface tilt is

still very low, and the outer ridge is not observed in the arc side of the lower slope.

In the Cascadia forearc, the mafic Crescent/Siletz volcanic terrane is absent in the shelf
and upper slope where the extensional structure is observed (McNeill et al., 1997; Trehu et
al., 1994). In the calculations, the mafic volcanic terrane is considered to be the backstop due
to its higher shear strength, and a ductile return flow cannot be expected in a region where the
mafic terrane exists under the shelf and upper slope; this is because the area of the low
viscosity region becomes smaller and the circulating flow cannot be induced in the deeper

accretionary prism. The extensional structures are thus formed in the shelf and upper slope
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where the seaward limit of the mafic terrane is located onshore.

Southwest Japan

The calculated deformation structure in Fig. 6b shows similar features to those of the
Cascadia subduction zone; a corner flow and lid overlying the return flow can be observed.
The trenchward return flow below the lid is likely to be the cause of the normal faults
observed at the upper slope and shelf, and the corner flow region is considered to correspond
to the trench side of the accretionary prism where imbricate thrusts are well developed.
Compared to Cascadia, the ductile region is smaller due to the lower temperature, and the
width of the lid in the trench side of the thrust intersection with the top of the lower crust is
narrower. In this area, seaward-dipping normal faults are dominant; these faults do not show

a listric geometry (Arai et al., 2006), which may be due to the thicker brittle surface layer.

The return flow below the lid at the rear of the accretionary prism may extrude due to
thrust displacements near the lid, considering the reduced volume flux of the return flow due
to the underplating in a growing accretionary prism, as mentioned previously. The ETS may
be the thrust where most of the flux of the return flow is exposed to the surface, which is
similar to the CMT in the Cascadia subduction zone. The upward flow rate becomes lower in
the domain between the ETS and imbricate thrust region. In the frontal part of the Nankai
accretionary prism, the imbricate thrusts are well developed, and the outer ridge is one of the
marked bathymetric features. It is considered that the outer ridge and the forearc basin are

located in the arc side of the corner flow and the slower upwelling regions, respectively.

When the accretionary prism is thinner, the viscosity contrast becomes smaller for the

same temperature structure as that estimated in this study (Fig. 6b). For a thinner accretionary
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prism, the pattern of the flow induced by the drag of the subducting plate tends to be similar
to a simple corner flow due to the smaller viscosity variation in the accretionary prism, i.e.,
like the flow pattern in the cold prism shown in Fig. 5(a). In this calculation, the flow induced
by the subducting plate becomes similar to a simple corner flow, when the thickness of the

accretionary prism is less than approximately 20 km.

When the flow induced by the subducting plate is similar to that of the cold prism shown
in Fig. 5(a), the outer ridge is located above the intersection between the top of the lower
crust and the interplate megathrust. In the western Nankai accretionary prism, the location of
the outer ridge approximately coincides with the seaward limit of the lower crust (Kodaira et
al., 2000; Takahashi et al., 2002) (Fig. 2). The lower crust acts as a backstop (Fig. 5). In the
frontal part of the accretionary prism, imbricate thrusts develop, and the outer ridge is formed
in the arc side of this region. In the region arcward of the outer ridge, the flow is hardly

induced (Fig. 5), and the forearc basin is formed.

Location of locked zones

In subduction zones with relatively high temperatures, the circulating flow occurs at the
rear of the accretionary prisms (Fig. 6). The flow velocity just above the subducting plate is
higher in the deeper accretionary prism than under the imbricate thrust region, and most of
the subduction velocity of the underthrusting plate is consumed by ductile deformation in the
deep accretionary prism. A small amount of elastic strain then accumulates in this region,
although the frictional stress increases with depth. In the calculations, the velocity of the
downward flow on the subducting plate in the circulating prism is approximately 60-80% of

the subduction velocity. The locked zone of the interplate megathrust is, then, expected to be
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located under the area trenchward of the extensional region above the circulating flow. The
CMT and ETS are then located approximately above the downdip limit of the locked zones in

the Cascadia and eastern part of the Nankai accretionary prisms, respectively.

The updip limit of the interplate thrust has been suggested to be controlled by the illite-
smectite transition which occurs at 100-150°C (Hyndman and Wang, 1993). However, recent
laboratory experiments have shown that illite does not show unstable frictional behavior
(Saffer and Marone, 2003), and other factors including stress, hydration, and quartz content
could be important for the stable-unstable sliding transition (lkari et al., 2007; Moore and
Saffer, 2001). In this study, the updip limit is assumed to be controlled by not only the
smectite-illite transition but other factors including the rigidity of the compacting sediments,
low-grade metamorphic reactions, and pore fluid pressure (Beeler, 2007; Brown et al., 2003;

Moore and Saffer, 2001).

In the active dewatering region in the frontal part of the accretionary prism (Saffer and
Bekins, 1998), pore pressure is expected to be high. In this region, the compacting sediments
may facilitate thrust formation and displacements under high pore pressure conditions
(Brown et al., 1994), resulting in the imbricate thrust packet structure. In the Nankai
accretionary prism, very low frequency earthquakes are observed in the imbricate thrust
region (Ito and Obara, 2006). Together with high content of clay minerals with low frictional
coefficients (Brown et al., 2003; Moore and Saffer, 2001), high pore fluid pressure, and low
rigidity due to high porosity in the compacting sediments may cause such low frequency
events (Beeler, 2007; Dragert et al., 2001; Furukawa, 2009; Obara, 2002; Scholz, 2002).

Stable frictional behavior can be expected at the interplate megathrusts in the imbricate thrust
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region.

In the region arcward of the outer ridge, the pore fluid pressure is expected to be lower
(Bekins and Dreiss, 1992; Saffer and Bekins, 1998). The low pore fluid pressure together
with the high rigidity and frictional coefficient due to consolidation caused by low-grade
metamorphic processes can result in the stick-slip behavior at the interplate megathrust
(Beeler, 2007; Brown et al., 2003; Moore and Saffer, 2001). Then, the updip limit of the
locked zone is expected to be located under the arcside of the imbricate thrust region, where

the outer ridge can be formed.

In the eastern Nankai subduction zone off the Tokai area, the locked zone at the
interplate megathrust is inferred to be located between the extensional zone and the outer
ridge; here, the fault slip is unstable and a larger elastic strain can accumulate in the overlying
crust. Using GPS data, the back-slip distribution at the megathrust in this region was
estimated to be 20-40 mm/yr off the Tokai area (Sagiya, 1999); the higher back-slip (>35
mm/yr) area approximately corresponds to the region between the ETS and outer ridge, as

shown in Fig. 2.

In the eastern Nankai subduction zone, the calculated temperature is lower than that in
the Cascadia subduction zone (Fig. 6), and the deeper part of the megathrust in contact with
the lower crust could be seismic because the lower crust material has a higher shear strength
than that in the accretionary prism (Kirby, 1983; Ranalli and Murphy, 1987). Assuming that
the downdip limit of the seismogenic zone at the megathrust coincides with the 350°C
isotherm (Hyndman et al., 1995), the deeper seismic zone at the megathrust is at a depth of

23-26 km, as shown in Fig. 6b. A locked zone at the megathrust was estimated using
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microseismicity data at the megathrust in the depth of 20-30 km under the Tokai area
(Matsumura, 1997); this depth of the locked zone agrees with the depth of the deeper locked

zone estimated in this study.

In the western and central Nankai accretionary prisms, the locked zone is expected to be
located arcward of the outer ridge. In Fig. 2, the coseismic slip distribution for the
earthquakes in 1944 and 1946 in the Nankai subduction megathrust estimated using geodetic
data is also shown (Sagiya and Thatcher, 1999). The trenchward limit of the larger coseismic
slip area agrees with the outer ridge, and the transition of the stable-unstable frictional regime
at the interplate megathrust may be located below the outer ridge. The slip off the Kii
peninsula is smaller than that off the Shikoku Island. The overlying crust on the locked zone
off the Kii peninsula may be composed of consolidating sediments; the fluid-assisted ductile
deformation mechanisms may work inefficiently and release part of the elastic strain
accumulating in this zone. The downdip limit may be located at the ~350°C isotherm or the

Moho interface (Hyndman et al., 1995).

In the frontal part of the Cascadia accretionary prism, landward-vergent imbricate thrusts
are dominant, which is suggested to be caused by high pore fluid pressure resulting from high
sedimentation rate in the Pleistocene (Byrne et al., 1993; Seely, 1977). In this region, slip at
the interplate megathrust may be stable and aseismic, as that suggested in the Nankai

subduction zone in this study.

Reflection seismic profiles show that the zone between the imbricate thrust region and
CMT is characterized mostly by folds without thrusts (Booth-Rea et al., 2008). In the upper

slope region arcward of the CMT, most of the downdip displacement of the subducting plate
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is consumed by ductile deformation in the overlying accretionary prism. A small amount of
elastic strain may accumulate in this ductile part of the accretionary prism, as in the eastern
Nankai subduction zone. A locked zone may develop under the fold zone between the

imbricate thrust region and CMT, as shown in Figs. 1 and 6a.

The low gravity in the forearc is supposed to be a proxy for the locked zones of the long-
term coseismic slip at the interplate megathrust; in the Cascadia subduction zone, locked
zones are suggested to be located under the upper slope and shelf (Wells et al., 2003). In this
study, the deeper accretionary prism under the upper slope and shelf where the extensional
structure is observed is inferred to be in the ductile regime. The elastic strain that
accumulated at the rear of the accretionary prism under the extensional region is probably
small, and large coseismic slip could not be expected in this region. In the northern and
southern segments of the Cascadia subduction zones, the mafic volcanic terrane is located
onshore; the contact between the mafic terrane and subducting plate could be in the unstable

slip regime, and the locked zone may be located under the upper slope and shelf.

The interplate frictional coupling was modeled using geodetic data from the Cascadia
subduction zone. In the models, the locked zone at the plate interface was assumed to be from
the deformation front to the 350°C isotherm at the plate interface as estimated from thermal
models (Flick et al., 1997). Other models that consider deeper locked zones can also explain
the observed surface displacements (Stanley and Villasenor, 2000). The interplate frictional
coupling could not be well constrained according to current geodetic data for the Cascadia

subduction zone.

In hot prisms such as the Cascade and eastern Nankai, the location of the locked zone is
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controlled by the ductile flow in the prism and is located between the imbricate thrust region
and the extensional zone; the outer ridge is formed at the arc side of the thrust region. For
cold prisms, the up-dip limit of the locked zone is located under the outer ridge at the arc side
of the thrust region where the top of the lower crust contacts with the subducting plate; the
lower crust acts as a backstop. In both cases, the fore-arc basin can be formed above the
locked zone. Such spatial relation between the locked zone and the forearc basin was shown
in some subduction zones (Wells et al., 2003). Schematic figures of the hot and cold prisms

are shown in Fig. 7.

It is suggested that distribution of locked zones at the interplate megathrust is controlled
by the spatial variation of fluid pressure in the subducting plate and overlying crust at the
Hikurangi subduction zone (Fagereng and Ellis, 2009; Reyners and Eberhart-Phillips, 2009);
temperature at the plate interface with lower fluid pressure could become higher due to
higher interplate frictional stress, which causes the interplate zone to be ductile and aseismic
(Fagereng and Ellis, 2009). The variation of the frictional stress may control the interplate
coupling strength, but the frictional stress of up to 200 MPa is required to control the
rheology of the megathrust zone (Fagereng and Ellis, 2009). This stress value is much higher
than those estimated in the other subduction zones (Furukawa, 1999; Wang et al., 1995; Wang
and Suyehiro, 1999). In this study, the spatial relation between the locked zone and the
surface features including the stress state, the forearc basin, and the imbricate thrusts in the
subduction zones can be explained using the relatively low frictional stress estimated

previously.
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Conclusions

Deformation in accretionary prisms is calculated using a simple viscous model that
considers the temperature-dependent viscosity. The results reveal that accreted sediment that
is underthrusted to large depths in the accretionary prisms circulates under a lid at the rear of
the hot prisms. Most of the prism material in the return flow may extrude by thrust
displacements near the lid, considering the decrease of the flux of the return flow due to
underplating in the growing accretionary prism (Kimura and Mukai, 1991). A simple corner
flow pattern is calculated for the frontal part of the hot accretionary prisms. In this region,
off-scraped sediment accretes at the bottom of the overlying crust, and the imbricate thrust
packets develop due to the drag of the subducting plate; the trajectory of accreted sediment
becomes similar to that of a simple corner flow. In cold prisms, the return flow is not
developed, and the simple corner flow pattern is dominant throughout the prism. An outer
ridge is formed at the arc side of the corner flow region, where the upheaval velocity is larger
due to underthrusting of the thrust packets; the forearc basin can then be formed arcward of

the outer ridge.

In the eastern Nankai subduction zone and the Cascadia subduction zone off Washington
and the northern Oregon, the arc-normal extensional stress in the imbricate thrust region at
the rear of the accretionary prisms coexists with the arc-normal compressional stress in the
normal fault region at the front in these subduction zones. The calculated temperature and
flow pattern for the Cascadia and eastern Nankai subduction zones are like those for the hot
prism, and this stress state is probably caused by the return flow under the lid in the hot

accretionary prism with variation of viscosity.
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In the corner flow region with well developed imbricate thrusts, the interplate megathrust
under the region may be aseismic (Beeler, 2007; Byrne et al., 1988) due to the high pore fluid
pressure (Bekins and Dreiss, 1992; Saffer and Bekins, 1998) and the high concentration of
clay minerals (Ikari et al., 2007; Moore and Lockner, 2004). In the region arcward of the
outer ridge, the accreted sediment is likely to be consolidated enough under low-grade
metamorphic conditions to cause an unstable seismic slip at the interplate megathrust (Beeler,
2007; Byrne et al., 1988; Moore and Saffer, 2001). At the rear of the accretionary prisms
under the extensional zone where the accreted material circulates under the lid, the model
results in this study show that more than 60-80% of the subduction velocity is consumed by
the ductile deformation, and a small amount of elastic strain could be accumulated in this
region. Larger elastic strain is thus accumulated between the imbricate thrust and extensional
regions in the hot accretionary prism including those at the Nankai and Cascadia subduction
zones; a larger coseismic slip is expected in this region. In cold prisms, locked zones are
expected to be located arcward of the outer ridge. Locked zones at the interplate megathrust
are thus located under the forearc basin in subduction zones where the forearc basin is

developed.

In the eastern Nankai subduction zone off the Tokai area, the estimated temperature is
lower than that in Cascadia and the lower crust may be in the unstable slip regime. Another
locked zone is thus expected at the depth of the lower crust. The depth range of the locked
zone is estimated to be 23-26 km in this study, assuming that the downdip limit of the
seismogenic zone at the megathrust coincides with the 350°C isotherm (Hyndman et al.,

1995).
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The location of the outer ridge in the western and central Nankai subduction zones is
considered to be controlled by the location of the trenchward limit of the lower crust and the
splay-fault, respectively. Locked zone is thus located under the forearc basins arcward of the

outer ridge.

In the Cascadia subduction zone, a part of the interplate megathrust under the imbricate
thrust region is expected to be aseismic as is the case in the Nankai subduction zone, whereas
the elastic strain is mostly consumed by ductile deformation in the deeper accretionary prism
under the extensional structures. A larger coseismic slip is thus expected in the zone between
the imbricate thrust region on the lower slope and the Cascadia main thrust which is the

trenchward limit of the extensional zone.
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Figure Captions

Fig. 1. Tectonic map of the Cascadia subduction zone. The hatched area and gray dashed
line denote the region of the extensional structure (Adam et al., 2004; Booth-Rea et al.,
2008) and the seaward border of the continental shelf, respectively. CMT represents the
Cascadia main thrust (Booth-Rea et al., 2008). The dense gray area denotes the locked
zone at the interplate megathrust estimated in this study. The inset is the schematic cross
section from reflection seismic studies along the line shown as the thin gray line; the

height of the inset corresponds to 5 km (after Booth-Rea et al., 2008).

Fig. 2. Tectonic map of the Nankai subduction zone in southwest Japan. The hatched area
denotes the zone where imbricate normal faults are observed. The forearc basins and
seaward border of the shelf are shown as light gray areas and the gray dashed line,
respectively. ETS and MTL denote the Ensyu thrust system and the Median Tectonic Line,
respectively. The gray lines off the Shikoku Island and Kii peninsula represent the contour
of the coseismic slip in meters (Sagiya and Thatcher, 1999). The area with a back-slip of
>35 mm/yr estimated from GPS data (Sagiya, 1999) and the locked zone estimated from
microseismicity data (Matsumura, 1997) are shown as gray dotted lines off and in the
Tokai area, respectively. The thick lines denote the location of the intersection between the
megathrust and top of the lower crust (Hirose and Ito, 2007; Nakanishi et al., 1998;
Nakanishi et al., 2002; Takahashi et al., 2002). The inset is the schematic cross section
from reflection seismic studies along the line shown as the thin gray line; the height of the

inset corresponds to the two way travel time of 4 s (after Arai et al., 2006).
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Fig. 3. Model geometry used in the calculations. The accretionary prism is deformed by the
drag of the subducting plate. & denotes the subduction angle. The dotted rectangle denotes

the region shown in Figs. 5 and 6.

Fig. 4. Viscosity-temperature profile used in this study. T, denotes the transition

temperature between the constant viscosity and temperature-dependent viscosity regimes.

Fig. 5. Calculated streamlines and isotherms for (a) hot and (b) cold accretionary prisms.
The contour interval for temperature is 100°C. The contour interval for the streamline in
(b) is half of that in (a). iTF, INF, OR, and FB represent the imbricate thrust faults,
imbricate normal faults, outer ridge, and forearc basin, respectively. Thick and dense gray
areas represent the imbricate thrust region and the lid, respectively. The gray line denotes
the location of locked zones at the interplate megathrust estimated in this study. The

numbers denote temperature (°C).

Fig. 6. Calculated streamlines and isotherms for (a) the Cascadia, and (b) eastern Nankai
subduction zones. The symbols and contour intervals are the same as those in Fig. 5. The

numbers denote temperature (°C).

Fig. 7. Schematic diagram of hot and cold accretionary prisms. The dashed line denotes the
décollement. Sediment below the décollement is underthrusted and underplated deeper in
the accretionary prism. In growing hot prisms, the flux of the return flow under the lid is
smaller than that of the underthrusted sediment below the décollement. The return flow is

located above the interface between the slab and upper crust and is extruded by thrust
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displacements near the lid. In growing cold prisms, the corner flow region is located
trenchward of the lower crust, and the outer ridge is formed above the trenchward limit of
the lower crust. The thick gray lines represent the location of the locked zones; the
interface between the slab and lower crust is expected to be locked, when the temperature
at the interface is low enough to be in the brittle regime. UC and LC denote the upper and

lower crusts, respectively.
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Table 1. Thermal Parameters
k (W/m-K) H (UW/m3)

upper crust and prism 2.5 1.0
lower crust 2.0 0.4
subducting plate 2.9 0.0
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