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Abstract In this review, which focuses on our research, we describe the development of the thermomechanical modeling
of subduction zones, paying special attention to those around the Japanese Islands. Without a sufficient amount of data
and observations, models tended to be conceptual and general. However, the increasing power of computational tools has
resulted in simple analytical and numerical models becoming more realistic, by incorporating the mantle flow around the
subducting slab. The accumulation of observations and data has made it possible to construct regional models to understand
the detail of the subduction processes. Recent advancements in the study of the seismic tomography and geology around
the Japanese Islands has enabled new aspects of modeling the mantle processes. A good correlation between the seismic
velocity anomalies and the finger-like distribution of volcanoes in northeast Japan has been recognized and small-scale
convection (SSC) in the mantle wedge has been proposed to explain such a feature. The spatial and temporal evolution
of the distribution of past volcanoes may reflect the characteristics of the flow in the mantle wedge, and points to the
possibility of the flip-flopping of the finger-like pattern of the volcano distribution and the migration of volcanic activity
from the back-arc side to the trench side. These observations are found to be qualitatively consistent with the results of the
SSC model. We have also investigated the expected seismic anisotropy in the presence of SSC. The fast direction of the
P-wave anisotropy generally shows the trench-normal direction with a reduced magnitude compared to the case without
SSC. An analysis of full 3D seismic anisotropy is necessary to confirm the existence and nature of SSC. The 3D mantle
flow around the subduction zone of plate-size scale has been modeled. It was found that the trench-parallel flow in the
sub-slab mantle around the northern edge of the Pacific plate at the junction between the Aleutian arc and the Kurile arc
is generally weak and we have suggested the possible contribution of a hot anomaly in the sub-slab mantle as the origin
of possible trench-parallel flow there. A 3D mantle flow model of the back-arc around the junction between the northeast
Japan arc and the Kurile arc shows a trench-normal flow at a shallow depth. As a result, the expected seismic anisotropy
shows the fast direction normal to the arc, even in the region of oblique subduction. This result is generally consistent with
observations there. The existence of a hot anomaly in the sub-slab mantle under the Pacific plate was proposed from an
analysis of the seismic tomography, and we have studied its possible origins. The origin of a hot anomaly adjacent to the
cold downgoing flow, typically observed in internally heated convection, is preferable to that of a hot anomaly, such as a
plume head, carried far from the subduction zone. The nature of the western edge of the stagnant slab under northeast China
has been investigated with modeling studies, which take into account the subduction history and the phase changes in the
mantle. It is likely to be a ridge-type plate boundary between the extinct Izanagi plate and the Pacific plate. Thus, we have
concluded that the slab gap under northeast China is not a breakage of the stagnant slab. Further studies have suggested that
the existence of the rheological weakening of the slab in the transition zone, and the additional effects of a hot anomaly in
the sub-slab mantle under the Pacific plate, may explain the differences in slab morphology under the northern Okhotsk arc
and the northeast Japan arc.

Keywords: Subduction zone, Seismic tomography, Stagnant slab, Small-scale convection, Izanagi plate.

cause of the dominance of the downward movement of a
cold slab and the asymmetrical nature of the subduction pro-
cesses.

1. Introduction: A Brief History of Subduction
Zone Modelings
Plate tectonics predicts that active geologic phenomena

occur along plate boundaries. Subduction zones show a va-
riety of geologic phenomena, such as earthquakes and vol-
canic activities. Compared with the divergent boundary, the
geologic setting in subduction zones is more complicated be-

Figure 1 shows examples of early models of subduction
zones. McKenzie (1969) separated the subduction zone
model into two regions (Figs. 1(a) and 1(b)), that is, the tem-
perature field within the subducting slab (a modification of
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Fig. 1. Early models of subduction zones. (a) and (b) show the analytic models presented by McKenzie (1969). (c) shows the numerical model presented
by Toksoz et al. (1971). (d) is the numerical model, which takes into account the flow in the mantle wedge, presented by Andrews and Sleep (1974).

the cooling plate model of McKenzie (1967): Fig. 1(a)) and
the flow field surrounding it, (the so-called corner flow model
of Batchelor (1967): Fig. 1(b)) assuming that the temperature
outside the slab is well-homogenized so that the tempera-
ture and the viscosity both become constant. Based on this
model, McKenzie (1969) estimated the force exerted by the
negative buoyancy of the cold slab and also found the cor-
relation between the depth of the deepest earthquakes and
the (potential) temperature there. Despite the fact that his
model provided a general picture of subduction zones, in or-
der to understand the thermal processes leading to volcanic
and seismic activities, it was necessary to construct more re-
alistic models which could not be achieved by analytic meth-
ods only.

Figure 1(c) and 1(d) show examples of early numerical
models of subduction zones. The model presented by Toksoz
et al. (1971) (Fig. 1(c)) assumes the movement of the sub-
ducting slab only, and the outside of the slab the heat conduc-
tion is assumed. They estimated the importance of various
possible heat sources (radioactivity, adiabatic compression,
phase changes and shear heating) on the thermal structure
of the subduction zones. As is evident in their results, the
shallow mantle temperature, except very near the trench, is
hardly affected by the slab within the time-scale of the sub-
duction process (a few tens of a million years). This is an
inevitable consequence of neglecting heat advection by flow
around the subducting slab. In this type of model, the melt-
ing necessary to explain arc volcanisms is expected to oc-
cur along the upper part of the subducting slab where shear
heating is assumed. The required magnitude of shear stress

necessary for melting is of the order of a few hundred MPa
(e.g., Minear and Toksoz (1970)).

Subsequent improvements of models were devoted to the
inclusion of mantle flow around the subducting slab in nu-
merical models. An example of such models is shown in
Fig. 1(d) (Andrews and Sleep, 1974). This type of model in-
troduces additional heat sources controlling the temperature
around the subduction zone: namely, the hot mantle next to
the subducting slab. This allows the melting of the mantle
wedge above the subducting slab coupled with a drop in the
melting temperature by fluid released from the dehydration
of the subducting slab.

Usually, the last type of model consists of a given geome-
try and speed of the subducting slab, which are constrained
by the present subduction zone, and this type of model has
been commonly used for later studies of specific subduction
zones (However, there is no guarantee that the geometry of
the subduction in the past was the same as that in the present
one.). Relaxing these constraints leads to the so-called “self-
consistent model” (e.g., Tackley, 2000). Such models are
certainly natural and desirable. However, it is generally dif-
ficult to compare their results with the observations of a spe-
cific region (there are, of course, exceptions in which some
sort of dynamical models could explain local observations
(Fukao et al., 2009)).

While there have been models intended to understand the
generality of subduction zones, it is also useful and impor-
tant to study individual subduction zones, which take into ac-
count their specific geometry, subduction history, etc. In this
regard, the subduction zone around the Japanese Islands has
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Fig. 2. Heat flow distribution around the Japanese Islands. Data from Tanaka et al. (2004). Dashed lines show the plate boundaries. Red triangles show the
active volcanoes. Blue and red arrows show the relative motion of the Pacific plate referred to the North America plate and that referred to the Philippine
Sea plate, respectively. Relative plate motions are from NUVEL1A (DeMets et al., 1994).

attracted the attention of many researchers, leading to many
geophysical and geological studies. In the following discus-
sions, we will consider the mechanical and thermal aspects
of subduction zone modeling around the Japanese Islands.

Figure 2 shows the distribution of heat flow around the
Japanese Islands, and the observation of low heat flow in the
fore-arc and high heat flow in the back-arc, was considered
to be a general characteristic of the subduction zone in the
early days of subduction zone modeling.

Figure 3 shows examples of the chronological devel-
opments of thermal models of subduction under northeast
Japan. The main purpose of the model presented by Hasebe
et al. (1970) (left-hand column of Fig. 3) was to explain the
high heat flow under the Japan Sea (i.e., the back-arc). Their
model is essentially the same as that presented by Toksoz et
al. (1971), i.e., only the slab moves. However, to account for
the high heat flow under the Japan Sea by shear heating along
the upper surface of the subducting slab, they assumed that,
when melting occurs in the mantle wedge, the effective ther-
mal conductivity there becomes large because of heat advec-
tion by the melt movement. In this way, they could explain
the high heat flow in the back-arc within 100 Myr of subduc-
tion and with a shear stress of ~200 MPa. They related the
resultant melt production to the opening of the Japan Sea.

One interesting point is that they had to assume that the
shear heating in the shallow part (shallower than Dy in
Fig. 3) should be suppressed in order to account for the low
heat flow in the fore-arc region. They suggested the existence
of dehydration (heat sink) and/or brittleness along the slab

interface (small dissipation) at depths less than Dy. Their
preferred value of Dy was 60 km.

Honda (1985) modeled the flow in the mantle wedge un-
der northeast Japan (middle column of Fig. 3). In this model,
the initial and boundary temperatures under the back-arc are
adjusted so that they are the consequence of back-arc spread-
ing, which may or may not be related to the subduction of the
Pacific plate. By comparing numerical results with observa-
tions, the mantle flow in the mantle wedge was constrained.
A conductive upper layer (top 30 km) and a triangular region
at the corner of the mantle wedge indicated by a red arrow
in Fig. 3 are required, because without these settings the heat
flux in the fore-arc region becomes too high, as a result of the
intrusion of the hot mantle toward the surface and the corner
of the mantle wedge. However, the existence of such con-
ductive layers predicted too low a heat flow in the fore-arc
region so that the landward limit of the conductive triangu-
lar region had to be adjusted and shear heating needed to
be added along the interface between the conductive triangu-
lar region and the subducting plate. Honda (1985) concluded
that the landward limit of the triangular region is located near
the so-called “aseismic front” (Yoshii, 1975, 1979) and that
a shear stress of 50 to 100 MPa was necessary. Since this
model did not take into account the contribution from the ra-
dioactive heat source, the estimate of shear stress is rather
high. If we assume, say ~30 mW/m? of radioactive heat
(e.g., Kneller et al., 2005), the estimate of the shear stress
could be reduced to one third. It is notable that the depth of
the top surface of the subducting slab beneath the aseismic
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front, which roughly corresponds to the depth limit of the
existence of the thrust-type earthquakes, is around 60 km,
which is the preferred value of Dy of Hasebe et al. (1970).

The model presented by Kneller et al. (2005) (right-hand
column of Fig. 3) included sophisticated rheology; that is,
diffusion creep and dislocation creep (e.g., Karato and Wu,
1993). Special attention was paid to the coupling between
the mantle wedge and the subducting slab. Kneller et al.
(2005) found that full decoupling above 40 km, and par-
tial coupling from 40 km to 70 km, could explain the heat
flow distribution and the results of seismic tomography. “De-
coupling” in their study meant that the speed of the mantle
wedge in contact with the subducting slab was smaller than
that of the slab. Full decoupling meant that it was 0. They
also concluded that the B-type fabric of olivine (Jung and
Karato, 2001) exists in the fore-arc mantle. Such a fabric
may explain the seismic anisotropy which shows the trench-
parallel fast axes in the fore-arc region (Nakajima et al.,
2006).

The studies mentioned above mainly focused on the two-
dimensional across-arc feature of the subduction zone and
did not consider seriously the spatial and temporal variation
of the subduction zone. This was because of the paucity of
observations relating to the spatial and temporal variation of
the subduction zone and the lack of powerful computational
tools and methods at that time. Today, this is no longer the
case, and, to a certain degree, we can compare the results of
numerical simulations with the available observations.

In the following sections, we focus on the thermomechan-
ical modeling of subduction zones mainly based on our stud-
ies. One of the important missing topics in this review is the
role played by fluids, and some discussion of this is given in
Appendix B.

2. Issues Related to the Subduction Zone around
the Japanese Islands

Figure 4 shows the P-wave seismic tomography model
NECCES_PINT (Obayashi et al., 2012). Major prominent
features are the fast-velocity anomaly extending from the
trench to the back-arc, and the broad high-speed anomaly
around the transition zone. These are usually attributed to the
subduction of the slab and the stagnation of the slab caused
by the interaction between the cold slab and phase transi-
tions (Fukao et al., 2009). We also recognize a slow-velocity
anomaly around a depth of 400 km under the Pacific plate,
which is considered to be mainly a temperature anomaly
(Obayashi et al., 2006). At a local scale of seismic tomog-
raphy studies of northeast Japan, a close correlation between
the slow-velocity anomaly and volcano distribution has been
recognized (Tamura et al., 2002; Hasegawa and Nakajima,
2004: see later sections).

The features mentioned above may be linked to the man-
tle processes there. Thus, in this review, and based on our
research, we discuss: (1) the existence of small-scale con-
vection within the mantle wedge under northeast Japan and
Izu-Bonin (Fig. 4, Region A); (2) the flow around the junc-
tion; (3) the existence of a hot anomaly in the sub-slab mantle
under the Pacific plate (Fig. 4, Region B); and (4) the nature

of the western edge of the stagnant slab (Region C), and the
slab gap (Fig. 4; Region c).

3. Small-scale Convection (SSC) within the Mantle
Wedge

In northeast Japan, Tamura et al. (2002) grouped the dis-
tribution of recent volcanoes into several clusters elongated
nearly parallel to the direction of the convergence (Fig. 5(a)),
and found a good correlation between them and geophysical
observations such as the low-velocity anomaly (Fig. 5(b):
Hasegawa and Nakajima (2004)) in the mantle wedge and
the Bouguer anomalies.

Tamura et al. (2002) regarded these features as the sur-
face manifestation of the finger-like hot mantle in the mantle
wedge and called them “hot fingers”.

As discussed below, Honda and Yoshida (2005a) exam-
ined the past distribution of volcanoes and recognized two
characteristics of their temporal and spatial changes; namely,
(1) the flip-flopping of fingers (the description “fingers” is
also used for the pattern of volcano distribution), and (2) the
migration of volcanic activity from the back-arc side to the
trench side. Flip-flopping means that an area of inactivity
becomes active, later, or vice-versa.

Figures 6(a) and 6(b) show the past distribution of vol-
canoes estimated from the volcanic rocks and the related
strata from 10 Ma to 5 Ma and from 5 Ma to the present,
respectively. Figure 6(c) shows the ages and the longitu-
dinal positions of the volcanoes in the region enclosed by
dotted lines in Figs. 6(a) and 6(b), where a prominent flip-
flopping pattern of the volcano distribution is recognized.
From Fig. 6(c), we recognize the migration of volcanic ac-
tivity from the back-arc to the trench, especially during ~5
Ma to the present. Similar alignments and age distribution
of seamount chains are also recognized in the Izu-Bonin re-
gion (Fig. 6(d)). Differences between the northeast Japan
arc and the Izu-Bonin arc are that the seamount chains in the
Izu-Bonin arc are not active now and they align obliquely
to the direction of the present convergence plate velocity
(Fig. 6(d)). These characteristics may constrain the mod-
els to explain the origin of the finger-like pattern of volcano
distribution.

If the temporal and spatial change of the distribution of
past volcanoes reflects the past pattern of hot fingers, the
time-scale related to the fingers will be of the order of a
few million years. This suggests that mantle processes play
a significant role, rather than those related to water and/or
volatiles, which affect the melting processes also, since the
time-scale of their movements is considered to be short be-
cause of their extremely low viscosity.

Recognizing that the finger pattern is similar to that of the
roll pattern of the SSC under the oceanic lithosphere (Richter
and Parsons, 1975), Honda and his collaborators studied the
SSC driven by the thermal buoyancy in the mantle wedge
(Honda et al. (2002); Honda and Saito (2003) and those
described below).

Figure 7 shows the conceptual view of the SSC model.
The flow induced by the subducting slab plays a role as a
large-scale flow in the case of the SSC under the oceanic
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Fig. 4. The P-wave seismic tomography model NECCES_PINT (Obayashi et al., 2012). The left-hand column shows the plan view at 200, 400, 600
and 800 km depths. These are constructed by the Mercator projection whose pole is that of the relative plate motion between the Eurasia plate and the
Pacific plate (NUVEL1A: DeMets et al., 1994). The right-hand column shows the cross-sections at 37N, 27N, 17N, 7N and 3S.
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lithosphere (Richter and Parsons, 1975). The SSC occurs
within the mantle wedge, if there is a low-viscosity zone
above the subducting slab (we call this LVW, “low-viscosity
wedge”, hereafter). Such an LVW may be produced by
the water released from the subducting slab and/or the melt
there. However, actually, we determined the size, shape and
the viscosity of the LVW so that the results can explain the
observed temporal and spatial pattern of the volcano distri-
bution rather than that it was obtained self-consistently based
on the modeling of fluid processes and its effects on the rhe-
ology. We think that this approach is a kind of inversion
similar to, for example, the analysis of earthquake source
mechanisms based on the observed seismic waves without a
physical modeling of fault movements. In Appendix B, we
discuss some of these points. The pattern of the resultant
SSC is expected to be roll-like and their axes align in the di-
rection of large-scale flow, that is, that of the plate velocity.
Using 2D models, Gerya and Yuen (2003) proposed an
SSC driven by chemical buoyancy in the mantle wedge and
proposed that “hot fingers” are actually “cold fingers”. This

occurs since the chemically buoyant plumes, caused by water
dehydrated from the slab, rise from the upper part of the sub-
ducting slab where the temperature is low (also see Honda
et al. (2010)). Except for the difference in the origin of the
buoyancy, both the thermal and chemical SSC have similar
characteristics. For example, both models require the LVW
of 0(10'®) Pa-s for the occurrence of gravitational instabil-
ity (e.g., Honda and Yoshida, 2005a; Zhu et al., 2009). Thus,
we focus on the thermal SSC which has been studied mainly
by us.

Figure 8 shows the general outline of the numerical model,
although the details may be different for individual works.
The geometry and the speed of the subducting slab are given
a priori. The gray zones show the conductive (rigid) layer
of Honda (1985). In Fig. 8, the vertical cross-section of
the LVW is shown and extends parallel to the right wall.
The geometry of the LVW is usually fixed in space, and
the viscosity is decreased by multiplying by a factor less
than 1 the pressure- and temperature-dependent or region-
dependent viscosity.
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and K. Aoike, Spatial and temporal evolution of arc volcanism in the northeast and Izu-Bonin arcs: Evidence of small-scale convection under the island

arc? 214-223, Copyright 2007, with permission from John Wiley & Sons.

Figure 9 shows a typical case of a flip-flopping of fingers;
that is, the exchange of high- and low-temperature regions
with time (Honda and Yoshida, 2005a). This flip-flopping
starts to occur from the back-arc side and propagates toward
the trench side. This pattern change is qualitatively similar
to that of the past volcano distribution as described before;
that is, (1) the flip-flopping pattern, and (2) the migration of
volcanic activity from the back-arc side to the trench side.
However, it is found to be rather difficult to achieve quan-
titative agreement, especially between the speed of migra-
tion of volcanic activities and that of the pattern change as-
sociated with the flip-flopping of the modeled temperature
field. In northeast Japan, observations suggest that it is ~2
cm/yr (see Fig. 6(c)) which is significantly smaller than that
of the convergence (~10 cm/yr). Although we could obtain a
model which shows a quantitative agreement with the obser-

vations by assuming a fairly complex structure of the LVW
(Honda, 2011), results of simple models show that the pre-
dicted migration speed is generally comparable to the speed
of the convergence.

We also studied the effects of oblique subduction, the
along-arc movement of a part of the overlying plate, and the
dip angle of the subducting slab in order to apply the SSC
model to the Izu-Bonin arc where the Pacific plate subducts
obliquely under the Philippine Sea plate (Fig. 10; Honda and
Yoshida, 2005b; Honda et al., 2007b).

We found that; (1) even when the slab subducts obliquely,
the axes of the resultant roll-like SSC are normal to the
strike of the trench (Fig. 10(b)) similar to the case where
the convergence velocity is normal to the strike of the trench
(Fig. 10(a)), (2) the SSC aligns obliquely, if the overlying
plate is moving toward the along-arc direction (Fig. 10(c));
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Fig. 9. Iso-temperature surface of 1302°C obtained from the SSC model (Modified from Honda et al. (2005a)). The slab subducts from the top right. Age
shows the time after the start of the run. Flip-flopping is clear, especially on the far side of the model.
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Fig. 10. Various effects on the SSC (Honda e al., 2007b). The velocity component normal to the trench is set to 2.50 cm/yr and the greatest depth of
the LVW is 150 km for all models. The thin black lines show the region of the LVW. White arrows show the given plate velocities. Age shows the
time after the start of the run. (a) The direction of the subduction is normal to the trench (plate boundary). (b) The direction of subduction is oblique to
the trench. (c) The direction of subduction is oblique to the trench. The top surface of the LVW moves toward the direction of the oblique direction of
the subduction. (d) Change of the dip angle of the subducting plate. Numbers in brackets are the dip angles of each model. Reprinted from figure 4 of
Island Arc, 16, Honda, S., T. Yoshida, and K. Aoike, Spatial and temporal evolution of arc volcanism in the northeast and Izu-Bonin arcs: Evidence of
small-scale convection under the island arc? 214-223, Copyright 2007, with permission from John Wiley & Sons.
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Fig. 11. Figures showing the transition from the stable short-wave instability, flip-flopping and the stable long-wave instability. Results are from Honda
(2011). The 3D surface shows the isothermal surface (1170°C) and the region covers 200,/3 km x200,/3 km x200 km. The speed of the subduction
gradually changes from the top to the bottom. Flip-flopping is recognized in the second row. The age (Myr), shown in the right corner of each figure,

indicates the time after the start of the run.

(3) as the dip angle of the subducting plate becomes large,
the SSC disappears (Fig. 10(d)). In these models, the great-
est depth of the LVW was kept the same (150 km). From
these results and geologic observations, Honda et al. (2007b)
inferred that the oblique seamount chains in the back-arc of
the Izu-Bonin arc (Fig. 6(d)), which may be the fingers, were
produced by along-arc movement of the back-arc lithosphere
after the cessation of SSC activity, and they became inactive
because of the increase of the dip angle of the subducting
Pacific plate (van der Hilst and Seno, 1993). Honda (2008)
studied the effects on the SSC of trench retreat and advance
and found that they did not significantly affect the results

providing the relative velocity is kept the same.

Later studies using a simple trapezoidal geometry of the
LVW indicate that many cases show a rather stable pattern of
the fingers (Fig. 11; Honda, 2011). Honda (2011) concluded
that the flip-flopping pattern is a transitional state from the
state dominated by the long-wavelength instability charac-
terized by the greatest depth of the trapezoidal LVW to that
dominated by the short-wavelength instability characterized
by the most shallow depth of the trapezoidal LVW (Fig. 11).

Since we can hardly know the past history of the presently
active region, there is still a possibility that the pattern of
fingers on northeast Japan is stable (see Kondo ef al. (1998)).
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Fig. 12. S-wave polarization anisotropy obtained by Nakajima et al. (2006).
The direction and the length of the black bars indicate the fast direc-
tion and the travel-time difference between the S-waves oscillating in the
fastest polarization direction and those oscillating in the slowest polar-
ization direction. The arrow indicates the direction of the relative plate
motion between the North America plate and the Pacific plate, in the
vicinity, i.e., N65W (DeMets et al., 1994).

However, such a stable pattern may not be able to explain
the migration of volcano distribution from the back-arc to
the trench. Thus, to constrain the model, it is necessary
to confirm the above-mentioned two characteristics of the
past volcano distribution. This may be achieved by studying
the other arcs with comparable details as those of northeast
Japan.

The seismic anisotropy caused by the lattice-preferred ori-
entation of the minerals may become the clue to constrain the
mantle flow. Figure 12 shows the results obtained by Naka-
jima et al. (2006) for the shear wave polarization anisotropy.
The direction and the length of the bars show the fast direc-
tion and the magnitude of the delay time between the S-wave
oscillating parallel to the fast polarization direction and that
oscillating parallel to the slowest polarization direction.

The most prominent feature of these results is that the
fast direction of the region behind the volcanic front aligns
almost normal to the strike of the trench, while that of the
fore-arc region aligns in the trench-parallel direction. The
latter observation may be explained by a change in the fabric

Temperature

0

Wet region

Fig. 13. A result of a model presented by Morishige and Honda (2013). We
use the wet rheology of olivine in the region shown by the dashed lines
(“Wet region”). Outside this region, we use the dry olivine rheology.

of the olivine (Kneller et al., 2005), rather than that of the
mantle flow. We shall pay attention to the anisotropy of the
former region in the following discussions, since our models
did not calculate the flow field under the fore-arc region (we
assumed that that part was rigid).

Morishige and Honda (2011) studied the SSC using wet
and dry olivine rheology and estimated the resultant seismic
anisotropy. In their models, the LVW is the “wet region”
where the wet olivine rheology is used (Fig. 13).

Figure 14 shows an example of the estimated fast direc-
tion of the P-wave anisotropy projected on the 75-km-depth
plane (Fig. 14(a)) and along the cross-sections where the up-
welling or downwelling is dominant (Figs. 14(b) and 14(c)).
The temperature anomaly, i.e., the deviation from the hori-
zontally averaged temperature, is also shown in Fig. 14. The
overall pattern of the anisotropy is the fast direction paral-
lel to that of the convergence velocity. However, its magni-
tude becomes smaller than the case without SSC (Fig. 14(d)),
which is similar to the case of SSC under the oceanic litho-
sphere (van Hunen and éadek, 2009). It is, therefore, neces-
sary to determine the 3D anisotropy pattern to constrain the
flow within the mantle wedge.

Recently, Morishige (2015) proposed a different type of
model of the origin of the finger-like pattern. In his model,
he assumed a thin low viscosity layer (LVL) above the
top surface of the subducting slab just below the fully-
decoupled plate interface. In 3D cases, the flow penetrating
into the LVL changes along-arc because of the effect of the
temperature-dependent viscosity. The warmer, and hence,
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Fig. 14. An example of results from Morishige and Honda (2013). Age shows the time after the start of the run. (a) The velocity (black arrows) and
the fast direction of the P-wave seismic anisotropy projected on the 75-km-depth plane (white bars). In addition, the temperature deviation from the
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same as (a) for the vertical cross-section where the downwelling flow dominates. (d) The same as (a) for the 2D models without the SSC. This is the

vertical cross-section.

less viscous mantle wedge material can penetrate into the
LVL easier than the colder, more viscous, because the latter
is more coupled to the downward movement of the subduct-
ing slab. Thus, there occurs an imbalance of the mass flux
between the warmer region and the colder region, which is
accommodated by the along-arc flow in the LVL. One merit
of his model over the SSC models is that it does not require
a large LVW in the mantle wedge, whose origin is contro-
versial. It is found that the obtained finger-like structure is
relatively stable in his model (M. Morishige, pers. comm.,
2015), and it develops from the trench side.

4. Large-scale 3D Flow around the Subduction
Zone

Along-arc variations of plate scale, say, O (1000 km) are

expected to induce significant 3D flows. Honda (2009) stud-

ied the flow around the slab edge, similarly to that at the
junction between the Kamchatka arc and the Aleutian arc
(Fig. 15(a)). This case is considered to be an extreme case
of a trench-trench junction. Peyton et al. (2001) and Long
and Silver (2008) proposed the existence of a flow which is
sub-parallel to the along-arc direction in the sub-slab man-
tle. This type of flow may explain the trench-parallel seismic
anisotropy in the sub-slab mantle (Long and Silver, 2008).
Honda (2009) studied the cases with a small trench retreat
(the first row of Fig. 15(b)), a significant trench retreat (the
second row of Fig. 15(b)), a significant trench advance (the
third row of Fig. 15(b)), and a small trench retreat coupled
with a hot anomaly in the sub-slab mantle under the sub-
ducting slab (the fourth row of Fig. 15(b)). He found that
the trench-parallel flow in the sub-slab mantle is generally
weak and suggested that the hot or buoyant anomaly in the
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Fig. 15. (a) Temporal evolution of the subducting slab around the edge (Honda, 2009). The figure shows an isothermal surface of 1000°C. The region
covers 1000 km x 2000 km x 1000 km. The numbers in the box show the speed of the left plate and the right plate. Age shows the time after the start
of the run. (b) Vertical and horizontal cross sections of temperature and the flow (results arranged from Honda (2009)). The position of the vertical

cross-section (first column) is the center of the subducting slab. Positions

of the horizontal cross-section (second and third columns) are depths of 200

km and 400 km. The numbers in the boxes show the speed of the left plate and the right plate. The age shows the time after the start of the run. Reprinted
from figures 3, 4, 5, 6, and 8 of Earth Planet. Sci. Lett., 277, Honda, S., Numerical simulations of mantle flow around slab edges, 112—122, Copyright

2009, with permission from Elsevier.

sub-slab mantle may produce the proposed flow.

Morishige and Honda (2013) studied the flow around the
junction between the northeast Japan arc and the Kurile arc
(Figs. 16(a), (b), (c)). They showed that there is a general
consistency between the seismic anisotropy estimated from
the modeling (Fig. 16(c)) and that observed (Fig. 12). That
is, the fast direction of the S-wave polarization anisotropy
under the back-arc is nearly normal to the strike of the arc
even in the region of oblique subduction (Fig. 16(c)). The
distribution of the fast direction is somewhat disturbed in
the back-arc side near the trench. This occurs probably
because that area corresponds to the turning point of the flow
from the trench normal at a shallow depth to the direction of

the convergence above the subducting slab (see the particle
trajectory in Fig. 16(b)). This trench-normal pattern was
also shown by Kneller and van Keken (2008) using a model
having a fixed geometry of the slab and the speed of the
subduction. Morishige and Honda (2013) also showed that
the angle of the subduction under northeast Japan is smaller
than that under Kurile, and such a difference may result in a
different mode of slab stagnation (Fig. 4). Torii and Yoshioka
(2007) showed that the stagnation occurs with decreasing dip
angle. This difference of subduction angle is explained by
a simple 2D torque balance model (Stevenson and Turner,
1977) on the cross-section normal to the trench (Morishige
and Honda, 2013). Under northern Okhotsk (Kamchatka),
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where the angle of subduction is larger, the slab appears
to penetrate through the lower mantle. Meanwhile the slab
below northeast Japan, where the dip angle is smaller, shows
a prominent stagnation in the transition zone. There, the
angle of the subduction at the junction is smallest and the
length of the stagnant slab is longer (Fig. 16(b)). Seismic
tomography shows that the stagnation of the slab is more
evident in the direction extending from the junction. This is
consistent with our results. These results show that the shape
of the plate boundary affects the dynamics of the subducting
slab. We will show later that this point is related to the last
topic.

Recently, Wada et al. (2015) presented a 3D thermome-

chanical model of subduction around this area. Their model
assumed a seismologically-inferred slab in which the flow
velocity is given, while our model only assumed the plate ve-
locity on the top surface and along the shallow plate bound-
ary. They showed the presence of a relatively cold region
near the junction, which was recognized in our model also.

5. Hot Anomaly in the Sub-slab Mantle

Obayashi et al. (2006) analyzed the slow-velocity
anomaly, which correlates well with the 410-km seismic dis-
continuity, in the sub-slab mantle under the Pacific plate
(Fig. 4, Region B) and concluded that it is mainly a high-
temperature anomaly of ~200 K. Following seismological
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Fig. 17. (a) Geometry of the model (A) used to study the case of a hot anomaly carried far from the subduction zone (Modified from Morishige et al.
(2010)). Plate velocities on the top surface and the shallow plate boundary are imposed. The hot anomaly is set into the model as an initial condition.
Thin black lines show the phase changes at 410 and 660 km depths. “LVW?” is the low-viscosity wedge where the viscosity is lowered. (b) Geometry of
the model (B) used to study the position and magnitude of a hot anomaly adjacent to a sinking cold anomaly in internally heated convection (Modified
from Morishige et al. (2010)). This geometry takes into account the sphericity following van Keken (2001). A depth-dependent viscosity is assumed
and we set a low-viscosity at the left and the right corners of the top surface to obtain a plate-like velocity on the top surface. The assumed viscosities
are shown by the multiplicity factors of nyy which is the viscosity of the upper mantle. Modified from figures 2 and 5 of Phys. Earth Planet. Inter.,
183, Morishige, M., S. Honda, and M. Yoshida, Possibility of hot anomaly in the sub-slab mantle as an origin of low seismic velocity anomaly under
the subducting Pacific plate, 353-365, Copyright 2010, with permission from Elsevier.

analysis, Bagley et al. (2009) concluded that the magnitude
of the high-temperature anomaly is 155 K. Since the exis-
tence of such a hot anomaly adjacent to a cold subducting
slab rather contradicts our intuition of a down going flow, it
is worth considering its origins.

We have considered two possible causes of the hot
anomaly: (A) a hot anomaly, such as a past plume head,
came far from the subduction zone (Honda et al., 2007a;
Morishige et al., 2010); and (B) a hot anomaly next to a sink-
ing cold anomaly, which is typical in the case of internally
heated convection (Morishige et al., 2010).

Figure 17 shows the model settings of both model (A) and
model (B). In model (A), we first set the hot anomaly as an
initial condition and it is carried by the given velocity of the
overlying plate (Fig. 17(a)). The viscosity depends on the
temperature. In model (B), the sphericity is considered in
2D annulus models following van Keken (2001) (Fig. 17(b)).
The viscosity depends on the depth. To achieve the plate-like
movements on the top surface, we assumed a low viscosity
region at the top left and top right corners.

Typical cases for both models are shown in Fig. 18(a)

(model (A)) and Fig. 18(b) (model (B)) (Morishige et al.,
2010).

Originally, Honda et al. (2007a) considered that the hot
anomaly now observed was the remains of the plume head of
a past superplume (Larson, 1991). However, later studies by
Morishige et al. (2010) showed that the estimate of the resi-
dence time of hot anomaly above the 410-km phase bound-
ary in Honda et al. (2007a) was too long as a result of ne-
glecting the cooling through the overlying lithosphere. Note
that the 410-km phase boundary acts to impede the down-
ward movement of the hot mantle (Honda et al., 2007a),
and, thus, it increases the residence time of the hot anomaly,
which could be the reason why a good correlation exists be-
tween the 410-km seismic discontinuity and the hot anomaly.

Figure 18(a) shows an interesting possibility of the inter-
action between the slab and the hot anomaly, which has also
been shown recently by Liu and Zhou (2015) for the hot as-
thenosphere model, which is that the asthenosphere every-
where is buoyant, in contrast to our localized hot sub-slab
mantle. The slab is hoisted up because of the buoyancy of
the hot anomaly. Note that this phenomenon will occur in
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subducting Pacific plate, 353-365, Copyright 2010, with permission from Elsevier.

the case of both model (A) and model (B).

The hot temperature anomaly next to the cold downgoing
anomaly is typical of internally heated convection. However,
the position and the magnitude of such an anomaly depend
on the amount of internal heating. Morishige et al. (2010)
estimated the magnitude and position of the hot anomaly and
found that its magnitude could be ~200 K. Although the hot
anomaly is usually located in the lower mantle, it sometimes
moves upward and it leaks into the upper mantle (see the
sequence shown in Fig. 18(b)). The resultant hot anomaly
in the upper mantle is dragged by the overlying lithosphere
and it remains for a while in the upper mantle. The timing of
occasional upward movements of the hot anomaly is related
to the occasional speeding-up of the downward movement of
the cold anomaly. From these results, Morishige et al. (2010)
concluded that the hot anomaly in the sub-slab mantle may
have come from the hot anomaly in the lower mantle and is
the remains of the leaked hot anomaly in the upper mantle.
We will later show that this point is related to the last topic.

6. Nature of the Western Edge of the Stagnant Slab

Tomography models in the western Pacific show the pile
of high-speed anomaly around the transition zone (e.g.,
Fukao et al., 1992, 2009). This feature has been com-
monly interpreted as a result of an interaction between the
cold slab and the hindrance nature of the 660-km endother-
mic phase transition. In early times, the gap between the
high-velocity anomaly of the stagnant slab and that in the
lower mantle (Fig. 4, Region c) was considered to be the
result of the abrupt falling of stagnant slabs (flushing or
avalanche), which were shown by 3D numerical simulations
(Honda et al., 1993; Tackley et al., 1993). However, it turned
out that the slab morphology depends on the nature of the
temperature-dependent viscosity and, especially, the move-
ment of the trench (Christensen, 1996), which may be re-
flected in the local geologic history. Therefore, we consid-
ered the nature of the stagnant slab and the gap (Fig. 4, Re-
gions C and c) by taking into account the geologic history
around the Japanese Islands.
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1. (2012)
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Fig. 20. Reconstruction of plates and the age distribution viewed from the North Pole by Seton et al. (2012). Abbreviations are: AFR: African plate,
ARA: Arabian plate, CAR: Caribbean plate, COC: Cocos plate, FAR: Farallon plate, GRN: Greenland plate, IBR: Iberian plate, IZA: Izanagi plate,
PAC: Pacific plate, PS: Philippine Sea plate, SAM: South America plate, SOM: Somalia plate. Reprinted from figures 25, 27, and 28 of Earth Sci. Rev.,
113, Seton, M., R. D. Muller, S. Zahirovic, C. Gaina, T. Torsvik, G. Shephard, S. Talsma, M. Gurnis, M. Turner, S. Maus, and M. Chandler, Global
continental and ocean basin reconstructions since 200 Ma, 212-270, Copyright 2012, with permission from Elsevier.

Honda (2014, 2016a) sought to elucidate these points by
applying a simple conversion from the tomography model
to the temperature field and using geodynamic modeling
with the geologic history taken into account. Honda (2014,
2016a) firstly confirmed the existence of the gap in the poten-
tial temperature field converted from the seismic tomography
(Fig. 4, Region c, and Fig. 19).

Note that, in the following discussions and in Appendix
A, by “temperature” we mean “potential temperature”. Fig-
ure 19 shows a comparison between the tomography model
and the potential temperature field along 17°N. (Note that
this is not the actual latitude. It is the latitude when the
north pole is set to the pole of the relative motion between
the Eurasia plate and the Pacific plate.) The temperature

field is estimated by applying the method described in Honda
(2016a) to the seismic tomography model NECCES_PINT
(Obayashi et al., 2012). The multiplicity factor of the tem-
perature anomaly, o, estimated from the seismic tomography
(see equation (1) of Honda (2016a)), using the conversion
coefficient from the seismic velocity anomaly to the temper-
ature anomaly (Karato, 2008), has a different value for a cold
anomaly and a hot anomaly, viz. 2.5 (for a cold anomaly)
and 1.25 (for a hot anomaly). This means that the slow seis-
mic velocity anomaly, i.e., the high temperature anomaly, is
less weighted. « for a cold anomaly is set so that the lowest
temperature around the 660 km depth becomes the potential
temperature under which earthquakes can occur (Emmerson
and McKenzie, 2007). Generally, the converted temperature
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Fig. 21. Results of numerical simulations by Honda (2016a). The left-hand column shows the applied velocity on the top surface of the slab to mimicking
the geologic history. Velocities indicated at the upper side of the top surface show the plate velocities and those indicated at the lower side are those of
“T” (trench) and “R” (ridge). They define the edges of plates (see the caption of Fig. Al and Table Al for details). The initial potential temperature
distribution (60 Ma) is given by the top right-hand figure. This is the time when the ridge begins to subduct. Note that we do not model the slab ahead
of the ridge. The two lines in the figure show the 410-km and the 660-km phase boundaries. The second and the third columns show the temperature
distribution for the cases with a Clapeyron slope of —4 MPa/K and —2 MPa/K at the 660-km phase change, respectively. The red circle indicates a slab
gap. We assume that the opening of the Japan Sea began at 20 Ma and stopped at 15 Ma. Reprinted from figure 6 of Tectonophysics, 671, Honda, S.,
Slab stagnation and detachment under northeast China, 127-138, Copyright 2016, with permission from Elsevier.

field shows slabs which are more continuous than the tomog-
raphy model does (Honda, 2014).

Major tectonic events of subduction around the Japanese
Islands may be summarized as follows (Fig. 20; Seton et al.
(2012)): (1) Subduction of the ridge which was the plate
boundary between the Izanagi plate and the Pacific plate
around 50-60 Ma; and (2) opening of the northern part of the
Japan Sea which began around 20 Ma and ended around 15
Ma. Using 2D numerical models, Honda (2016a) considered
the subduction of the ridge, the subsequent plate movements,
the increase of the age of the subducting plate (Sdrolias and
Miiller, 2006), the opening of the Japan Sea, and the phase
changes along the northeast Japan section (Fig. 21). Tectonic
movements are mimicked by imposing the velocity on the
top surface (see Fig. 21).

Honda (2016a) considered two possibilities of the emer-
gence of the slab gap; (1) a slab gap caused by the subduc-

tion of the ridge, and (2) the deformation associated with
the opening of the Japan Sea. Comparing the results with
observations, it was concluded that (1) is preferable, since
(2) predicts a too short present stagnant slab and too small a
gap. This conclusion is different from that of Honda (2014),
which used quite a simple subduction history and geome-
try. Another conclusion is that the slope of the Clausius-
Clapeyron curve at 660 km is steeper, say —4 MPa/K, than
that determined by laboratory experiments of ringwoodite-
bridgemanite (plus oxide), say —2 MPa/K or gentler (Kat-
sura et al., 2003). This point was improved in a later model
(see below).

Seton et al. (2015) also found that the gap was the re-
sult of the ridge subduction using 3D models with paleo-
reconstruction of the plates and plate movements assimi-
lated, although the model resolution may not be high enough
to allow a detailed comparison with tomography models.
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Northern Okhotsk arc

Northeast Japan arc

Fig. 22. Comparison between the estimated potential temperature distributions (top row) and the results of numerical simulations (bottom row). The left
column and the right column show the northern Okhotsk model and the northeast Japan model, respectively. Results are from Honda (2016b). Note the

hot region under the subducting slabs shown by red ovals.

Thus, the western edge of the stagnant slab under north-
east China (Fig. 4, Region C) is likely to be a past ridge, or
the plate boundary between the Izanagi plate and the Pacific
plate, rather than the edge of a broken slab after a flushing or
avalanche.

The history of subduction around northeast Japan is sim-
ilar to that of northern Okhotsk, except for the extent of the
back-arc spreading, that is, the subduction of the ridge and
the following Pacific plate. However the morphologies of
slabs there appear to be quite different, with regard to the sig-
nificant stagnation under northeast Japan and the fairy con-
tinuous slab under northern Okhotsk. These differences may
be caused by the difference in convergence velocities, the ge-
ometry of the plate boundary as suggested by Morishige and
Honda (2013), the extent of the back-arc spreading, and/or
the existence of a possible hot anomaly under the northeast
Japan arc.

A weakening of the slab may be caused by the grain-size
reduction associated with the 410-km phase change (Cizkova
et al., 2002; Tagawa et al., 2007; Morishige and Honda,
2013). If the trench retreat is reflected in the back-arc open-
ing, as Honda (2014, 2016a, b) assumed in his modeling,
it may not have happened in northern Okhotsk (no or small
back-arc opening). On the contrary, it may have happened
in northeast Japan (the opening of the Japan Sea). When
the ridge subducted, we may expect a change of downgoing
flow. Such a change of flow may have triggered the rise of
the hot anomaly as shown by Morishige et al. (2010).

Honda (2016b) included the effects of the rheological
weakening of the slab, the different extent of the back-arc
opening and the hot anomaly in the sub-slab mantle, in addi-

tion to other effects considered by Honda (2016a) (Fig. 22)
with the slope of the Clausius-Clapeyron curve at 660 km
being —2 MPa/K.

He concluded that the aforementioned morphological dif-
ferences are the results of the different degrees of a back-arc
opening and the existence/absence of the hot anomaly cou-
pled with the significant rheological weakening of the slab in
the transition zone. In his model, the trench retreat and the
rheological weakening play a major role in the stagnation of
the slab, and the hot anomaly assists the stagnation by shal-
lowing the subduction. Additional results and discussions
are given in Appendix A. Future 3D modeling studies, tak-
ing into account the different subduction angle as observed
by Morishige and Honda (2013) and the detailed geologic
history, will be fruitful for understanding the geological and
geophysical implications of the seismic tomography around
the Japanese Islands.

7. Final Remarks

Generally speaking, two extreme approaches exist in Earth
Sciences. One is based on the descriptions of observations,
and the other is based on the appreciations of fundamental
physics and/or chemistry. The characteristics of these two
approaches are quite different. For example, the latter ap-
proach tends to seek clarification of the general principles
of geologic phenomena, while the former does not necessar-
ily do so. The understanding of Earth Sciences is located
between these two extreme approaches and numerical simu-
lations are appropriate tools to link both approaches. Thus,
we believe that the developments of numerical models will
contribute to the general advancement of the Earth Sciences.
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Regarding the development of models, the increase of ob-
servations and the improving quality of data change the mod-
els. Early models were rather conceptual and general. As
available data, such as heat flow, increased, models were
modified to explain those observations. 3D information such
as seismic tomography and seismic anisotropy introduced
the 3D modeling of subduction zones and the geologic his-
tory led to the modeling of temporally and spatially chang-
ing subduction zones. One important topic, which we do not
discuss extensively in this review, is the chemical aspects and
those related to the subduction processes such as the move-
ment of fluid, that of melt and the melting processes (a brief
discussion is given in Appendix B). This is mainly because
we try to understand the limits of the application of simple
models. The other reason is that it appears that we still do
not have a “standard model” of such processes considering a
variety of studies. This will be clarified by future theoretical
works strongly coupled to observational studies. The mod-
els presented in this review may change in the future, as has
been the case with previous models. It is, however, pleasing
that the models presented here serve as a basis for a further
understanding of the subduction zones.
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Appendix A.

We describe more details of the results presented in Honda
(2016b). The model is essentially the same one as described
in Honda (2016a). Honda (2016b) considered the models of
“Northern Okhotsk™ and “Northeast Japan™. The history of
subduction of each region is mimicked by applying the plate
velocity on the top surface (Fig. A1) and is tabulated in Table
Al.

The law of viscosity is that as described in Honda (2016a)
with the addition of the rheological weakening of the slab in
the transition zone, and is given by

T ~Tinax_\”
n= n(T,z, O'Y)"(Tmax;lmm) (Tmin < T < Thnax)
n (T, z,oy) (otherwise)

(A.1)
where 7 is the effective viscosity, 1 (T, z, oy) is the viscos-
ity of type (A) with an activation energy of 120 kJ/mol as
described in Honda (2016a), T is the temperature, z is the
depth, oy is the yield stress, » = 0.01 and p = 2.5 are

constants and Tp.x = 850°C and T, = 600°C. The mul-

Table Al. Surface speed of plates

Northern Okhotsk model

Time (Ma) 50 20 15 O (Present)
Vop: speed! of “overlying plate” (cm/yr) 1 1 1 1
Viup: speed! of “subducting plate” (cm/yr) 6 6 6 6
Age of “subducting plate”? (Myr) 0 40 30 100
Northeast Japan model

Time (Ma) 50 20 15 O (Present)
Vop: speed! of “overlying plate” (cm/yr) 1 1 1 1

V,: speed! of “trench” (cm/yr) 1 11 11 1

Vig: speed! of “ridge” (cm/yr) — 6 6 —
Vsub: speed1 of “subducting plate” (cm/yr) 8 8 8 8

Vi, spreading rate (cm/yr) 0 10 10 0
Age of “subducting plate”? (Myr) 0 48 36 120

Ipositive toward the trench. Speeds of “T” (V,¢) and “R” (V;,.) are given by:

Vrg = Vu/z + Vop
Vop
Vop + Vir

(Without spreading)

Vip = . .
(With spreading)

See Honda (2016a) for details.
2 Age at the trench. It increases linearly from the time of the ridge subduc-
tion to the present.

tiplier of n (T, z, oy) is based on the rheological weakening
by the grain-size reduction through the phase change (e.g.,
Cizkova et al., 2002; Tagawa et al., 2007; Morishige and
Honda, 2013). However, it should be regarded as a param-
eterization of the rheological weakening of the slab rather
than an application of experimental results. The depth of the
plate boundary (d, in Honda (2016a)) is set to be 100 km
and oy below a 100 km depth is 500 MPa, which is equiv-
alent to the effective friction coefficient of ~0.1 above 100
km depth. This oy is higher than that used before (100~200
MPa: Honda, 2014, 2016a) to avoid the break-up of the sub-
ducting slab by the hot anomaly (see the arrow in Fig. 18).
As a result, the rheological weakening of the slab is required
for the slab to stagnate in the transition zone, as shown in
Fig. A2.

Figure A2 shows the results of the northern Okhotsk
model without (Fig. A2(a)) and with (Fig. A2(b)), rheolog-
ical weakening of the slab. The times 50, 20, 15 and 0 Ma
correspond, respectively, to the time when the ridge started
to subduct, the time when the opening of the Japan Sea be-
gan, the time when the opening of the Japan Sea stopped, and
the present. These figures show the continuous slab from the
upper to the lower mantle both with and without the rheo-
logical weakening of the slab. Note that we do not take into
account the slab ahead of the ridge, i.e., the Izanagi plate.
This is mainly because we do not know much about the na-
ture of the Izanagi plate. It should be noted that it may affect
the results, even though the ridge separated the Izanagi plate
from the Pacific plate. This should be studied in the future.

Figure A3 shows the results of the northeast Japan model
without (Fig. A3(a)), and with (Fig. A3(b)) rheological
weakening of the slab. The main difference between this
model and the northern Okhotsk model is the existence of the
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Northern Okhotsk Northeast Japan
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Fig. Al. Velocity boundary conditions on the top surface for the northern Okhotsk case (left column) and the northeast Japan case (right column). “T”
is “trench” which is the right edge of the “overlying plate” or “back-arc plate”. To the right of “T” is the “subducting plate”. “R” is “ridge” which is
the spreading center of the opening of the Japan Sea. The section between “R” and “T” is the “back-arc plate”. V,, and Vj,; are the speeds of the

“overlying plate” and the “subducting plate”, respectively. V., V,, and Vj, are the speeds of “T”, “R” and the spreading rate of the back-arc basin, i.e.,
the Japan Sea. Further details are given in Table Al.

Northern Okhotsk (No back-arc opening)

PIYYPPRRRAS

15 Ma 0 Ma (Present)

Fig. A2. Results of the potential temperature field for the northern Okhotsk model. Arrows show the velocity and the thin lines show the 410-km and the

660-km phase boundaries. The upper and the lower rows show the cases without, and with, rheological weakening of the slab in the transition zone,
respectively. The initial state (50 Ma) assumes the start of the subduction of the ridge. Results are from Honda (2016b).
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Northeast Japan (With back-arc spreading)
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Fig. A3. Results of the potential temperature field for the northeast Japan model. Arrows show the velocity and the thin lines show the 410-km and the
660-km phase boundaries. The upper and lower rows show the cases without, and with, rheological weakening of the slab in the transition zone. The
initial state (50 Ma) assumes the start of the subduction of the ridge. The opening of the Japan Sea is assumed to have occurred between 15 Ma and 10

Ma. Results are from Honda (2016b).

Northeast Japan (With back-arc spreading and hot anomaly (150 K))
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Fig. A4. Results of the northeast Japan model with a hot anomaly (see red circles). Arrows show the velocity and the thin lines show the 410-km and
the 660-km phase boundaries. The upper and lower rows show the cases without, and with, rheological weakening of the slab in the transition zone,
respectively. The initial state (50 Ma) assumes the start of the subduction of the ridge. The opening of the Japan Sea is assumed to have occurred

between 15 Ma and 10 Ma. Results are from Honda (2016b).

back-arc opening from 20 to 15 Ma for the northeast Japan
model. The trench retreat tends to make the slab stagnant in
the transition zone and the addition of the rheological weak-
ening of the slab enhances this tendency more.

Figure A4 shows the same case as that shown in Fig. A3
with the hot anomaly in the sub-slab mantle, which is set
as an initial condition (see the red circles in Fig. A3). The

magnitude of the hot anomaly is set to be 150 K and its ini-
tial distribution is shown in the “50 Ma” column of Fig. A4.
Comparing this with the case without hot anomaly, the hot
anomaly further enhances the stagnation of the slab in the
upper mantle. Note that the magnitude and the initial posi-
tion of the hot anomaly are essentially unknown. We only
know the present location and the possible magnitude of the
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hot anomaly. Hence, we attempted to set their position and
geometry simple enough by taking into account the results
of Morishige et al. (2010) under the limitation that the final
results are reasonably similar to the present status.

Appendix B.

Model studies treating the fluid and the melting pro-
cesses in the mantle wedge are quite important, since they
have the potential to explain the origin and distribution of
volcanoes—the first-order observations of geologic phenom-
ena. A variety of the models are presented and discussed
currently because of the complexity of problems. Roughly
speaking, there are three major issues relating to this topic:
(1) the amount of fluid based on the determination of the
phase diagram; (2) the rheological behavior of fluid and
fluid-bearing rocks; and (3) the transportation mechanism of
the fluid. Probably, the first point is most accurately deter-
mined based on the experimental and theoretical approach
(e.g., Iwamori, 1998) assuming that the composition of the
material is appropriately inferred, but there still exists prob-
lems such as to what extent the slab was chemically af-
fected by the sea-water—rock interaction. The second point
may be determined experimentally (e.g., Karato and Jung
(2003)), but not as accurately as the determination of phase
diagrams. The third point is probably the most uncertain,
since it is quite difficult to verify it based on both experi-
ments/observations and theories. Currently, the most popular
model appears to be the porous flow model (e.g., McKenzie,
1984) which may be appropriate given that the amount of
fluid/melt is small. While Spiegelman and McKenzie (1987)
showed that the pressure gradient in the deforming mantle
plays an important role, many models assume that the pres-
sure difference in Darcy’s law only comes from the density
difference between fluid and the solid. It is not our intention
to review the above three topics in detail. Rather, we pay
attention to the fluid and viscosity distribution of the models
taking into account the fluid explicitly.

As far as we know, the model which may show or suggest
the finger-like distribution of volcanoes (gravitational insta-
bility of the boundary layer), is a 2D model developed by Ar-
cay et al. (2005). Several conceptual models have been pro-
posed recently by Wada et al. (2015). The general pattern of
the fluid distribution is its almost ubiquitous existence in the
corner of the mantle wedge and the comparatively thin tail
above the subducting slab (Arcay et al., 2005; Cagnioncle et
al., 2007; Hebert et al., 2009; Wilson et al., 2014; Horiuchi
and Iwamori, 2016). However, the detail is different, which
may come from the assumed transportation mechanism and
the composition and temperature structure of the subducting
slab. Wilson et al. (2014) showed that the inclusion of the
pressure term, which is neglected in many studies, can mod-
ify the fluid distribution and may lead to a focusing of the
fluid. Horiuchi and Iwamori (2016) applied their model to
the arc volcanism of northeast Japan. The fluid distribution
of their preferred model is similar to the geometry of our
LVW. Note that we usually do not consider the tail above
the subducting slab, except in a case which is briefly men-
tioned in Honda (2011) where it was shown that such a tail

may explain the migration speed of the volcano distribution
from the back-arc to the trench more naturally.

Although the geometry of the LVW is similar to the
fluid distribution derived from a more-or-less self-consistent
model of fluid distribution, the obtained viscosity is higher
(usually by an order of magnitude) than that which is neces-
sary to explain the hot fingers (O (10'® Pa-s). From an ob-
servational basis, viscoelastic modeling of time-dependent
deformation near the subduction zone shows that the vis-
cosity of the uppermost mantle is around 10'° Pa-s (Wang,
2007). For northeast Japan, it is estimated to be between
0.4 to 1.3 x 10" Pa-s which is marginal to our model of
LVW. A model of Arcay et al. (2005) shows O (10'®) Pa-s in
the fluid-filled region (their Fig. 12(c)). Models of Hebert et
al. (2009) and Horiuchi and Iwamori (2016) show a gener-
ally higher viscosity in the uppermost mantle wedge (~10%°
Pa-s). Thus, at present, the models are not entirely consistent
with present observations and/or analyses.

There are a several missing considerations in these mod-
eling studies. They do not consider the temporal change in
the environment surrounding the subduction zone. For ex-
ample, in northeast Japan, the active back-arc opening oc-
curred around ~20 Ma (Yoshida et al., 2013). This situation
was taken into account in our SSC model by changing the
temperature boundary condition of the back-arc side. The
change of slab dip may also affect the results (Honda et al.,
2007b). Thus, it may be erroneous to treat a variety of ge-
ologic phenomena as a general feature of subduction zone,
and careful evaluation and analyses of observations are nec-
essary.
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Note Added in Proof

I have realized that my explanation of the formulation of
the slab weakening by phase changes is incorrect, and I have
found a mis-programming also. However, the difference
caused by the mis-programming is small as is shown below,
and, therefore, it does not affect the conclusion.

The first sentence of the second paragraph of Appendix A
should read:
“The law of viscosity is the type (A), na, as described in
Honda (2016a)”

The part from Eq. (A.1) to the end of the second paragraph
should read:

113

r]f]_”; (T =< Tmin)

(s )
I'py (Toin < T < Tinax) »
1 (T = Toax)

n=n(T,z) X

(A.1)
where 7 is the viscosity, T is the temperature, z is the depth,
r = 0.01 and p,, = 2.5 are constants, and Tpn,x = 850°C and
Tmin = 600°C. The multiplier of 1 (T, z), is based on the
rheological weakening by the grain-size reduction through
the phase change (e.g., Cizkov4 et al., 2002; Tagawa et al.,
2007; Morishige and Honda, 2013). However, it should be
regarded as a parameterization of the rheological weakening
of the slab rather than an application of experimental results.

The effective viscosity of the yielded mantle ng is given
by

98 or ] (A2)

Neff = MIN [77, ¢’ e
where € = /€;;€; is the second invariant of the strain rate
tensor ¢;; (Tackley, 2000). The depth of the plate boundary
(d, of Honda (2016a)) is set to be 100 km, o is the Byerlee’s
type frictional stress, and oy (= op at z = d,,) below a 100
km depth is 500 MPa which is equivalent to the effective
friction coefficient of ~0.1 above a 100 km depth. This
oy is higher than that used before (100~200 MPa: Honda,
2014, 2016a) to avoid the break-up of the subducting slab
by the hot anomaly (see the arrow in Fig. 18). As a result,
rheological weakening of the slab is required for the slab to
stagnate in the transition zone, as shown in Fig. A2.”

Note that I have slightly changed the magnitude of the hot
anomaly from 150 K to 140 K. The correct programming has
led to a softer slab. As a result, the slab tends to attach to the
upper surface. To avoid this, we have slightly decreased the
magnitude of the hot anomaly. This is not the critical point
of our conclusion considering the ambiguities of the various
parameters.

Page 57 right column line 1: 150 K should be read as 140
K.

Figures relating to these corrections (Figs. 22, A2, A3 and
A4) are shown next.
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Correct Fig. 22.
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Correct Fig. A2.
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