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Abstract

Deep tectonic tremors occur in the Nankai subduction zone, defining a belt-like zone with a width of a few ten km located
at depths between 30 and 55 km along upper surface of the subducting Philippine sea slab. We interpret the geometry of
the tremor belt based on temperature calculations. Time evolution of temperature is calculated using a 3-D heat conduction
assuming constant geometry of the slab and the present-day plate convergence velocity. The results show that the tremors occur
along the 450°C isotherm along the slab surface where the mantle wedge can be non-convective and already well-serpentinized.
Two gaps of the tremor belts are explained by different mechanisms. The Ise gap is where the hanging wall is not mantle wedge
but crust. The Kii Gap is not a gap orthogonal to the plate convergence direction, but only appears to be a gap because the
isotherm of the plate surface steps in the plate convergence direction. The tremors can be caused by high pore-fluid pressure
conditions due to aqueous fluids released by dehydration reactions in blueschist-facies oceanic crust to form eclogite facies. The
depth of the tremor belt corresponds to that of decoupled, non-convective mantle wedge. Since the temperature and pressure
are within the serpentinite stable condition, the released fluid would normally be absorbed by serpentinization of the mantle
wedge peridotite. However, since the non-convective mantle wedge is already well serpentinized from exposure to previously

released fluids, the newly released fluid is not absorbed and increases the pore pressure.
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Key Points:

¢ Revelated fluid from oceanic crust beneath non-convective mantle wedge
causes the deep tectonic tremors.

o Ise gap of the deep tectonic tremor belt is explained as the locations where
the hanging wall is not mantle wedge but crust.

e Kii gap of the deep tectonic tremor belt is not a gap in the direction
orthogonal to the plate convergence.

Abstract

Deep tectonic tremors occur in the Nankai subduction zone, defining a belt-like
zone with a width of a few ten km located at depths between 30 and 55 km
along upper surface of the subducting Philippine sea slab. We interpret the
geometry of the tremor belt based on temperature calculations. Time evolution
of temperature is calculated using a 3-D heat conduction assuming constant
geometry of the slab and the present-day plate convergence velocity. The results
show that the tremors occur along the 450°C isotherm along the slab surface
where the mantle wedge can be non-convective and already well-serpentinized.
Two gaps of the tremor belts are explained by different mechanisms. The Ise
gap is where the hanging wall is not mantle wedge but crust. The Kii Gap is
not a gap orthogonal to the plate convergence direction, but only appears to be
a gap because the isotherm of the plate surface steps in the plate convergence
direction. The tremors can be caused by high pore-fluid pressure conditions due
to aqueous fluids released by dehydration reactions in blueschist-facies oceanic
crust to form eclogite facies. The depth of the tremor belt corresponds to that
of decoupled, non-convective mantle wedge. Since the temperature and pressure
are within the serpentinite stable condition, the released fluid would normally
be absorbed by serpentinization of the mantle wedge peridotite. However, since
the non-convective mantle wedge is already well serpentinized from exposure to
previously released fluids, the newly released fluid is not absorbed and increases
the pore pressure.

Plain Language Summary

Deep tectonic tremors in the Nankai trough form belt-like zone on the plate
boundary only to a specific along-strike extent with two blank areas in the zone.
These tremors are thought to be caused by fluid released from the subducting
slab, which raises pore pressure. We discuss their occurrence condition based on



temperature calculation, shape and motion of the slab. The results suggest that
the fluid is released from the slab only once under certain temperature and that
the tremors occur at the location. The temperature condition is that the fluid is
released from the oceanic crust and at the same time the mantle absorbs more
fluid. For pore pressure to increase in such a location, the mantle must already
be saturated. This is consistent with the idea that the tip of mantle wedge does
not flow but rather decouples from the subducting slab. The tremors form the
belt only in specific regions where the released fluid contacts with the decoupled
mantle wedge. An absence of tremors at the contact with the continental crust
also suggests that the presence of minerals such as antigorite may also be a key
for the tremors.

1. Introduction

Deep tectonic tremor (Obara, 2002) and long-term slow slip (Hirose et al., 1999)
were first reported in the Nankai subduction zone, where the Philippine sea plate
(PHS) is subducting beneath the Amur plate (AM), and subsequent studies have
documented slow earthquake phenomena beneath many trenches worldwide (see
the review by Obara, 2020). These slow earthquakes occur in a frequency band
different from normal earthquakes and are governed by a different scaling law
(Ide et al., 2007). The small amplitudes of the seismic waves generated by these
events indicate the low frictional strength of the source fault, which is most likely
to be related to high pore pressure (e.g., Julien, 2002; Obara, 2002), which is
consistent with the results of seismic tomography (Shelly et al., 2006; Nakajima
& Hasegawa, 2016).

Episodic tremor and slip (ETS) in the Nankai, Cascadia (e.g., Rogers & Dragert,
2003), and Mexico (Husker et al., 2012) subduction zones defines a “tremor belt”
along the down-dip edge of the coupling zone of megathrust earthquakes. We
interpret the geometry of the tremor belt based on 3-D temperature calculations.
We focus on two features of the tremor belt in the Nankai subduction zone
(Figure 1; Nakajima et al. 2007; Annoura et al., 2018): (1) the depth of ETS
varies regionally from 30 to 55 km, assuming that the ETS occurs on the slab
surface (e.g., Hirose et al., 2008; Shiomi et al., 2008); and (2) ETS does not occur
beneath Ise Bay (Figure 1, B) or the Kii Channel (Figure 1, D). We discuss these
features with reference to the geometry of the slab surface, the velocity vector
of plate convergence, and temperature profiles and provide constraints on the
cause of the ETSs. Hereafter we use the term ‘tremor’ rather than ‘ETS’ because
we do not consider the slip.
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Figure 1. Tectonic setting and location of the tremor belt in southwestern
Japan. The Philippine sea plate (PHS) is subducting beneath the Amur plate
(AM) along the Nankai trough and the Ryukyu trench. White arrows show plate
velocity of PHS relative to AM by DeMets et al. (2010). Contours indicate the
depth of the slab surface at intervals of 10 km. Black, gray, and blue contours
indicate data from Nakajima et al. (2007), Hirose et al. (2008), and Tatsumi
et al. (2020), respectively. Red dots indicate tremor epicenters determined
by Annoura et al. (2016). Triangles represent Quaternary volcanoes (Global
Volcanism Program, 2014). The black circles indicate the Ise and Kii gaps in the
tremor belt. Letters indicating locations along the tremor belt correspond to
those in Figure 2a. The small red circle to the north of the letter “E” indicates
the focal region of the Okayama tremor (Ide & Tanaka, 2014).

1. Subducting slab model

Here we compare models of the subducting slab and select the model that best
accounts for the depth of the tremor hypocenters in the Nankai trough. Various
slab-surface models have been proposed (e.g., Baba et al., 2002; Hirose et al.,
2008; Shiomi et al., 2008; Ide et al., 2010; Hayes, 2018). The models differ




because of differences in data coverage and a priori information. The depth
of the tremor belt on the slab surface differs among the models (Figure 2a).
Nevertheless, in all models except the low-resolution Slab 2.0 model, the depth
of the tremor belt deepens eastward of the Ise gap (B to A, Figure 2a), deepens
westward between the Ise and Kii gaps (C to D), and deepens westward of
the Kii gap (E to G). Low-frequency earthquakes (LFEs) occur at the same
locations as the tremors, and their hypocenters have been determined by Kato
& Nakagawa (2020) from the arrival times of S-waves. The LFEs show an along-
trough trend similar to that of the tremors. Figure 2b shows the deviation of
the tremor depths from the hypocenter depths of the LFEs determined by Kato
& Nakagawa (2020), averaged every 0.1 £ 0.1° in longitude. Among the five
models, Nakajima et al. (2007) model has the smallest east—west variation in
depth difference across the Kii gap (Figure 2b). The temperature model of
the slab was calculated using the slab-surface model of Nakajima et al. (2007).
Other slab-surface models are described in the Supplementary Information.
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Figure 2. (a) Depths of the slab surfaces from the slab models of Shiomi et al.
(2008; black dots), Slab 2.0 (Hayes 2018; green dots), Ide et al. (2010; pink
dots), Nakajima et al. (2007; red dots), and Hirose et al. (2008; cyan dots) at
the epicenter locations of the LFEs. 5 km is subtracted from the oceanic Moho
surface model of Shiomi et al. (2008). Gray dots represent the hypocenter
depths of LFEs from Kato & Nakagawa (2020) using S-wave arrivals, and open
circles with error bars represent their averaged depths over £0.1° in longitude.
Locations indicated by letters A—G at top correspond to those in Figures 1 and
4. (b) Deviation of the averaged slab surface depths (£0.1° in longitude) from
the hypocenter depths (open circles in (a)) of Kato & Nakagawa (2020). Symbol
colors are as in (a).




1. Calculating the temperature of the subducting slab

A 3-D heat conduction and advection model is used to calculate the temper-
ature field of the subducting PHS slab. The finite difference method is used
for the calculation, employing the following conditions: (1) heat moves only
by 3-D conduction and slab subduction, as convection in the mantle wedge is
not included; (2) the slab is a medium with constant thickness that subducts
along its present-day surface profile at the present-day rate of plate convergence;
and (3) the initial temperature field is given by a one-dimensional semi-infinite
cooling model. The consideration of convection in the mantle wedge is likely
to yield higher temperatures than those obtained using the conduction model,
and will be considered if the absolute temperature estimates are considered to
be important.

3-1. Model geometry and equations

The 3-D model is composed of a rectangular solid with dimensions of 11.6° in
longitude (up to ~1,100 km), 9.5° in latitude (up to ~1,000 km), and 170 km
depth, within which 1,453,701 regular grid points are set at 0.05° intervals in
the east—west and north—south directions, 2 km intervals in the vertical from
the surface to 50 km depth, 5 km intervals in the vertical from 50 to 100 km
depth, and 10 km intervals in the vertical at depths greater than 100 km. The
equations of heat conduction are solved for these grid points and the time evo-
lution of temperature is calculated with the finite difference method. The other
grid points are set along the slab geometry (Figure 3) at spatial intervals cor-
responding to a subduction time of 50,000 years (i.e., 0-4 km) in the direction
of plate convergence and 5-10 km in the direction orthogonal to convergence,
and a constant interval of 2 km in the direction normal to the slab surface. The
grid points in the slab are used only for calculating the temperature distribution
within the slab during subduction, which represents heat advection due to the
downward movement of the slab. Heat conduction is calculated using only the
regular grid points (i.e., those grids consisting the rectangular solid), employing
the temperature distribution updated by movement of the slab and interpola-
tion from the slab grid points to the regular grid points. To clearly show the
contrast in temperature distribution within and outside the slab due to this
shift related to downward movement of the slab, an extra 10 km thickness of
no-shift grid points (i.e., 4 layers of grid points) is set above and below the slab
(black grid points in Fig. 3b). The initial temperature structure of the regular
grid points is given by a semi-infinite cooling model as follows:

(1) = (T, — Tyerf(522) + Ty, (1)
k

K=
pcy,

where z is depth, T, is the Earth surface temperature, T,, is the initial temper-
ature of the asthenosphere, k is the thermal conductivity, is the density of the
medium, and c¢,, is the specific heat of the medium at constant pressure. These

parameters are assumed to be common in the mantle and crust for simplicity



(Table 1). The time ¢ of the initial state is assumed to be 15 Myr before the
present, coinciding with the cessation of spreading in the Shikoku basin.

For the one-dimensional initial condition, the temperature shift in the slab grid
results in an inhomogeneous 3-D temperature distribution. From this distribu-
tion, the temporal evolution of temperature is calculated by the following heat
diffusion equation:

%—? =kV2T. (2)

In each cycle of the calculation, we first solve equation (2) for the regular grid
points to calculate the temporal evolution of temperature by conduction over
a period of 50,000 years, and then pass the new temperature to the slab grid
and shift the grid by one grid point in the direction of subduction to represent
heat advection due to subduction over the same time period. This cycle of
conduction calculation and temperature shift is repeated until the end of the 15
Myr period of the experiment.

The shape of the subducting PHS slab is from Nakajima et al. (2007). The
motion of the PHS has varied throughout its subduction history. According to
Isezaki (1986), the Japan Sea basin continued to spread until about 15 Ma, as
southwestern Japan rotated clockwise. This coincided with ENE-WSW spread-
ing in the Shikoku basin, which started at ~26 Ma and ended at ~15 Ma (Okino
et al. 1994). The history of magmatic activity in southwestern Japan sug-
gests that subduction of the PHS stopped during the period of spreading in
the Shikoku basin, and resumed at ~6 Ma (Kimura et al. 2014). We ignore the
different cooling histories of the central and marginal parts of the Shikoku basin
and the movement of the PHS prior to the cessation of subduction. We assume
that the Shikoku basin, which was in a cooling phase during the 15 Myr from
21 Ma, began subducting at 6 Ma at the same rate as that of the present day.
The vector of subduction for each location is computed using the Euler pole and
the rotation velocity of the PHS relative to the AM (54.8°N, 160.6°E; 1.126 deg
Myt ! clockwise; DeMets et al., 2010).

The temporal evolution of temperature from 6 Ma to the present is calculated
using the above geometry, motion, and initial temperature distribution of the
slab. It is assumed that there is no heat transfer through the sides or bottom of
the 3-D model; i.e., g%f = 0 (« is the direction normal to the model boundary).
In terms of advection, the slab always subducts at the trench and does not enter
or leave through the boundaries of the model. For areas at depth in the model
where the presence of the slab is not certain, it is assumed that no slab exists,
and the slab is set to disappear when it subducts beyond the point.
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Figure 3. A 3-D model used for temperature calculation. (a) Slab configuration
in the calculation field. Gray volume indicates the slab body of the subducting
PHS. The solid curve along up-dip edge of PHS indicates the Nankai trough. (b)
Vertical cross-section through the 3-D model, oriented parallel to the direction of
subduction. Gray dots indicate the regular grid points used to calculate thermal

conduction. Red solid circles indicate grid points within the subducting slab.

The slab grid points are used to move the temperature field in the direction of
subduction at each time step, every 50,000 years (inset). The solid black circles
above and below the slab body represent extra grid points that are added to
ensure the accurate projection of the temperature distribution near the slab
boundaries onto the regular (conduction) grid points.

Table 1. Parameters for temperature calculation

Parameter Name Value

¢, [J kgt K'']  Isobaric specific heat 1.046 x 103 T
[kg/m3] Density of the mantle 3.4 x 103

T, ['C] Initial asthenosphere temperature 1350 ¥

T, ['C] Surface temperature 15

E[Wm?!K?! Thermal conductivity 4.184 1

"From Hamaguchi et al. (1983).
tFrom Takenaka et al. (1999).
1. Result

Figure 4 shows the temperature of the slab surface at 6 Myr after the start of
subduction. Shallow extensions of the hot zone at the eastern and western ends
of the slab are due to an edge effect of the slab grid model. The temperature
distribution at sites located >50 km from the slab ends, which are not affected
by edge effects, shows that at a given depth the slab temperature is higher in
areas with a smaller angle of subduction than in areas with a higher angle of
subduction. This pattern arises because it takes longer for a slab with a lower
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angle of subduction to reach a given depth. Figure 5 shows the temperature
distribution in vertical cross-sections along the direction of plate convergence.
The shape of the isotherms varies with the subduction angle of the slab.

Tremors are assumed to occur on the slab surface. The depth of hypocenters
varies systematically along the strike of the slab from 30 to 55 km, whereas the
isotherms fall within the range of 400-500°C regardless of location (Figures 4
and 5). Figure 6a shows depth or temperature versus distance from the Euler
pole between PHS and AM (DeMets et al. 2010). The temperature is more
constant than the depth, except in the region between points E and F.

The Kii gap spans up to 1° in longitude on the map but only 0.2° in Figure 6a
in the direction normal to the slab motion. In addition, the cluster near point
E in Figure 1 appears to be the second zone on the back-arc side of the main
tremor belt in the eastern Shikoku fills the Kii gap if we consider the direction of
slab motion (Figure 4). In other words, the tremor clusters align in a direction
orthogonal to the direction of slab motion.
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Figure 4. Calculated temperature (color scale) on the slab surface at 6 Myr
after the initiation of subduction, viewed overhead from the NNW. The slab-
surface model is from Nakajima et al. (2007). Pink lines are isotherms with an
interval of 50 °C. White lines on the slab surface are isodepth contours with an
interval of 10 km. The epicenter of tremors (Annoura et al. 2016) are projected
on the slab surface as black dots. The tremor belt is oblique to the isodepth
contours. Black vertical lines on the slab surface are projections of small circles



that indicate the plate motion direction, based on DeMets et al. (2010). The
points along the tremor belt indicated by letters A—G correspond to those in
Figures 1 and 2, and the small circles indicated by (a)—(c) correspond to the
cross-sections in Figure 5.
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Figure 5. Cross-sections of the thermal structure beneath the Nankai trough
along small circles at 25° (line “a” in Figure 4), (b) 26° (line “b” in Figure 4), and
(c) 29.5° (line “c” in Figure 4) from the Euler pole. White contours indicate
isotherms with an interval of 100°C. Solid and dotted pink lines indicate the
upper surface and base of the subducting slab, respectively.
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Figure 6. Depth and temperature of the slab upper surface in the region beneath
the tremor epicenters. The x-axis represents the distance from the Euler pole
between the PHS and the AM. The temperature and depth are equally scaled
by the averaged standard deviation each 0.1°. The straight black line is the
least squares approximation of the temperature using the formula T = 19.50A
— 86.99, except for x-axis distances of 27.2-28.1° (dashed line). (a) Temperature
is calculated based on the slab model of Nakajima et al. (2007) and velocity
data of DeMets et al. (2010). (b) Temperature calculated based on Nakajima et
al. (2007) model to the east of the Kii gap (location E) and based on no-valley
subduction model for the area of Okayama tremor and to the west of the Kii
gap (Figure S1). (¢) Temperature is calculated by tripling the deviation of the
subduction rate of the PHS from the average value over the entire length of the
trough.

1. Discussion
5-1. Fluid supply from downgoing oceanic crust

The locations of tremor epicenters are not concordant with the isodepth con-
tours of the slab surface of subducting PHS; instead, they are sub-parallel to
the 450 °C isotherm. The thermal structure of the subducting oceanic litho-
sphere controls the along-dip location of tremor. This indicates that tremors
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are caused by aqueous fluids resulting from dehydration reactions in the oceanic
lithosphere, with the reactions being controlled by temperature rather than pres-
sure. The temperature of 450°C leads to dehydration reactions related to (1)
a transition from the blueschist facies to the eclogite facies in oceanic crust,
and (2) a transition from antigorite + brucite to forsterite + H,O in oceanic
mantle (Figure 7; Maruyama et al. 1986; Evans 2004). The former transition
is expected to release much more aqueous fluid than the latter, as the amount
of aqueous fluid released in the latter is related to the amount of brucite, which
typically occurs in minor amounts. The close relations between temperature of
the downgoing oceanic crust and the locations of tremors has been pointed out
by the previous studies (Yoshioka et al., 2008). Yoshioka et al. (2008) intro-
duced the dehydration rate which can be important to control the density of
tremors. It is important to suggest the H,O dehydrated from the downgoing
oceanic slab to the mantle peridotite to make antigorite, a high-pressure form
of serpentine until fully serpentinized mantle wedge, at least at the base of the
wedge. Aqueous fluids can be present in such fully serpentinized mantle, which
results in lowering normal stress to cause tremors.

Hydrous minerals in subducting oceanic crust are dehydrated at 450 °C to deliver
aqueous fluids towards the plate boundary and the base of the mantle wedge.
Such fluids lead to the serpentinization of mantle wedge peridotite under tem-
perature of 450-600°C (Figure 7). In this temperature range, un-serpentinized
mantle wedge can absorb the fluids, resulting in a reduction in pore pressure.
In contrast, serpentinized mantle wedge cannot accommodate more fluid, result-
ing in an increase in pore pressure. The tremors occur under such conditions
at the base of the well-serpentinized mantle wedge above the locations of slab
dehydration.
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Figure 7. Calculated temperatures of the slab surface at location of the tremor
hypocenters superposed on metamorphic facies fields (gray lines; modified from
Maruyama et al., 1996) and the phase diagram for serpentine (pink lines; Evans
2004). Dots indicate the temperature and pressure of the slab surface at the
locations of tremor epicenters (see Figure 6a). Abbreviations of facies names:
BS = blueschist; Zeo = zeolite; PP = prehnite-pumpellyite; PrA = prehnite—
actinolite; PA = pumpellyite—actinolite; GS = greenschist; AP = actinolite—
calcic plagioclase; EA = albite epidote amphibolite; AM = amphibolite; HGR =
high-pressure granulite; GR = granulite; Am EC = amphibole-eclogite subfacies.
Abbreviations of serpentine mineral names: Liz = lizardite; Atg = antigorite;
Brc = Brucite; Fo = forsterite; Tlc = talc.

5-2. Subducting slab model

The tremors west of the Kii gap (in the region between E and F in Figure 6a)
are inconsistent with the overall temperature dependence of tremor activity in
the studied section of the Nankai trough. We examine the calculation model
with regard to this inconsistency, and further discuss a model in which a tear
exists in the slab at around the location of the Kii gap. Next, we investigate
the effect of the subduction rate on the overall temperature increase from east
to west.

The calculated high temperatures at shallow depths in the E-F region might
have arisen because the slab that subducted from the southern tip of Kii penin-
sula (near to D) was once heated at depth and then returned to shallower levels
assuming slab motion along present-day shape of the slab surface. However,
such a depth history for the slab surface may be unrealistic. It is more likely

12



that once a slab sinks, it does not return to shallower levels. However, to intro-
duce temporal variation in the shape of the slab surface, we must adopt other
assumptions that are poorly constrained, such as the deformation history and
mantle rheology.

As a second-best model, we conduct separate calculations for the periods before
and after a change in the shape of the slab. We calculate the temperature of the
shallow slab to the west of the Kii gap as if the slab had arrived at its present
location by sliding along a slab surface without valley, which is done by filling
the valley in the original model (Figure S1). Then we combine this result for
the western side of the Kii gap with that for the eastern side, as calculated using
the present-day slab geometry.

The new temperature distribution at the tremor epicenters is flatter along the
trough (Figure 6b). The unusual high temperature in the E-F region shown in
Figure 6a disappears in Figure 6b (Figure S2). Given the relationship between
tremor and temperature, it seems more likely that the shallow slab in the eastern
part of the Shikoku near area E (Figure 6b) was subducted to this location while
maintaining its shallow depth.

The boundary between the eastern part of the original model and the western
part of the new model is the northern extension of the Kinan seamount chain,
along which there possibly exists a tear in the PHS slab, as inferred from micro-
earthquake distributions and receiver function analysis (Figure S1; Ide et al.
2010). This tear in the slab was also proposed by Cummins et al. (2002) based
on the seismic structure. The existence of a tear is also indicated by earthquake
clusters triggered by subsurface fluids (Yoshida et al, 2011) and mantle-derived
hot springs with high *He/*He ratios (Wakita et al. 1987; Sano & Nakajima
2007). The other slab models, including those of Nakajima et al. (2007), Hirose
et al. (2008), and Shiomi et al. (2006), show a curve in the slab around the area
of the seamount chain, but not a tear. The differences in slab depth among these
models (Figures 1, S3, and S4) indicate that the depth of the upper surface of the
slab is poorly constrained in this area. It is also difficult to conclude whether
the slab is torn or just bending sharply, if considering only the link between
temperature and tremors.

Following the concept of spherical-shell tectonics proposed by Yamaoka et al.
(1986), we estimate the excess or deficiency in area of the upper surface of the
subducted slab by assuming that the surface retains its pre-subduction area on
the spherical shell. The distance measured along the slab surface, orthogonally
from the meridian of 139°E, is compared with the distance on the spherical shell
along the surface. If we assume a tear in the area of the extension of the Kinan
seamount chain, the spherical shell is ~20 km less in maximum width than the
bending slab modeled by Nakajima et al. (2007), suggesting a gap in the slab in
this region. The calculation is not based on the model of Nakajima et al. (2007)
itself, but on a slab model in which the deeper part below 70 km is extrapolated
(see Figure 8) to maintain continuity of the slab surface. In conclusion, the torn
slab model is supported from the perspective of spherical-shell tectonics, too.
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Although there is small deficit in area at a depth of 30 km around the tremor
belt and the area of missing slab is ~100 km farther north, the torn slab enough
causes steep temperature and pressure offset which would cause offset of the
tremor belt.

Judging from the cross-sections along various latitudes, the width of the area
without slab, as inferred from spherical-shell tectonics, is generally narrower
than the width of the aseismic area without intra-slab earthquakes (Figure S5).
Here the slab depth to the east of the tear, which has not been identified from
observation, is extrapolated for the area computation. The slab in this area may
have been bent downward by slab pull and/or slab anchor force (i.e., resistance
by the mantle wedge) to further widen the area without slab, and the eastern
end of the slab on the western side of the tear might be shallower than in the no-
tear model. On the western side of the tear, there is an offset in the temperature
distribution between the tremor clusters (vertical arrows in Figure 6a), which
may be due to the normal or transform fault structures near the spreading axis
that create a rupture as the slab is torn and pulled apart.

In this study, we focus only on the tremor catalog of Annoura et al. (2016),
but some tremor activity is not included in this catalog; e.g., a cluster named
‘Okayama tremor’ (Ide & Tanaka 2014) occurs near area E (Figure 1). The
approximate extent of this cluster is shown by an ellipse in Figures 1, 4, and
6. The slab surface beneath the epicenter of the Okayama tremor is about
40 km, which coincides with the reported hypocenter depth by Ide & Tanaka
(2014) that best explains the seismic waveform. The Okayama tremor appears
to overlap with the tremor belt on the forearc side in the direction of plate
motion across the tear. The positional overlap may be an apparent result of
locally different movements of the torn slab, but even so, it remains uncertain
why the clusters in region E and the Okayama tremor do not appear to follow
a continuous isothermal line and why they are isolated from the tremor belt.
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Figure 8. Deficit in slab width predicted by spherical tectonics. (a) Map view of
the area of slab deficit (pink shading) assuming a slab tear along the northern
extension of the Kinan seamount chain. Dots indicate earthquakes hypocenters
at depths of 20-120 km, as detected by the Japan Meteorological Agency (JMA)
from January 2000 to December 2020; the dots are color-coded according to
depth. Black dots indicate the epicenters of the tremors. (b) Cross-section
along 34.1°N latitude, as indicated by the red line in (a). Red dots indicate the
earthquakes hypocenters within 10 km from the 34.1°N latitude. Thin black
curve shows the upper surface of the subducting slab. Black dots on the curve
shows the hypocenter of the tremor whose depth is fixed on the slab surface.

The temperature of the slab surface tends to become higher towards the west
(Figure 6b). Excluding the E-F region, the linear fitting of the first model
calculation shows an increase in temperature towards the west with a slope of
18.38 K/deg against longitude (Figure 6a). If slab dehydration occurs via a
specific reaction at a certain temperature and pressure, this temperature trend
could accompany systematic change of the slab surface depth. However, there
is no east-west trend in tremor depth (Figure 2). If so, the temperature trend
could be an apparent phenomenon due to calculation. The temperature of
the slab surface is controlled by the subduction velocity, with a lower (higher)
temperature being associated with a faster (slower) subduction velocity. In the
current subduction model of DeMets et al. (2010), the subduction velocity is
52 and 71 mm/yr at the eastern (35°N, 139°E) and western (28°N, 130°E) ends
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of the trench on the slab grid, respectively. We vary this subduction velocity
linearly along trough without changing the average value of 61.5 mm/yr to
eliminate the along-trough temperature gradient. The new model increased the
along-trough velocity gradient by a factor of three compared to the old one. The
new subduction velocity is 34 and 89 mm/yr at the eastern and western ends
of the modeled trough, respectively. The resulting temperature profile shows
no trend along the trough (Figure 6¢). The new velocity at the eastern end of
the tremor belt is 36 mm/yr, which is similar to the actual value of 42 mm/yr
reported by Nishimura et al. (2007) based on a local geodetic model. The
convergence rate of 89 mm/yr along the Ryukyu trench at the western end of
the model is also within a reasonable range, considering the trench retreat caused
by back-arc opening along the Ryukyu Arc and the resulting subsidence of the
slab. Ultimately, the linear east—west trend in temperature in our original model
would be within the range of variation among different subduction models.

Figure 9a shows the temperature distribution calculated using the modified
model with the no-valley subduction and the larger velocity gradient which
corresponds to Figure 6¢c. Figure 9b shows the P-T conditions at the points
on the slab where tremors occur. The tremors are concentrated around the
boundary between the blueschist and amphibole-eclogite facies, which suggests
that dehydration reactions in the crustal rock liberate fluids that migrate into
the mantle wedge and create favorable conditions for tremor on the slab surface.
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Figure 9. Temperature distribution calculated using the modified model with
the no-valley slab surface and the tripled subduction velocity gradient, which
corresponds to Figure 6c. (a) Same as Figure 4, but using the modified model.
(b) Calculated temperatures superposed on metamorphic facies fields and the
phase diagram for serpentine. Dots indicate the temperature and pressure of
the slab surface at tremor epicenters, based on Figure 6c.

5-3. Gaps in the tremor belt, and the ends of the belt

Tremors do not occur in the Ise gap (Figure 4). Tidaka et al. (2017) reported
that the subducted slab beneath this region is in direct contact with continental
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crust, as inferred from receiver functions and seismic wave velocity tomography.
In contrast, the tremor zones would be located within the mantle wedge. In the
western part of the tremor belt, the thickness of the continental crust from Kii
peninsula to Shikoku is ~30 km, as inferred from seismic reflection data (Salah &
Zhao 2004) and receiver functions (Shiomi et al. 2006), whereas the slab surface
along the tremor belt is located at depths of >30 km (Figure 4). This suggests
that the tremors are occurring when the hanging wall is composed of mantle rock,
as noted by Shelly et al. (2006) and Shiomi et al. (2004). Nakajima & Hasegawa
(2016) undertook a seismic tomography study and reported that around the Ise
and Kii gaps, the hanging wall at 3 km above the slab surface has lower Vp,
lower Vp/ Vg, and higher attenuation than the surrounding area, indicating a
high metamorphic grade and low pore pressure; i.e., the plate boundary is well
drained. Aqueous fluids might originate from the slab beneath the Ise gap;
however, the conditions in the hanging wall act to suppress the occurrence of
tremor.

Suenaga et al. (2018) proposed that little fluid is liberated from the slab
in the Ise gap. These authors performed 2D temperature calculations based
on observed heat flows around the gap and calculated dehydration gradients
(wt%/km) in crustal rock along the direction of subduction. Their results in-
dicate that weaker dehydration is expected in the Ise gap than in surrounding
areas. However, since their dehydration gradient is an average over a range
of 3-5 times the width of the tremor zones, the dehydration gradients are not
fairly evaluated. Our calculations yield a steep temperature gradient (K/km)
around the Ise gap, which is comparable with that in surrounding areas. Aque-
ous fluid is being produced beneath Ise gap but does not result in pore pressure
enhancement.

The blank area of the tremor belt beneath the Kii channel, orthogonal to the
direction of subduction, is not as wide as it appears in map view (Figures 4
and 6). The tremor belt is almost continuous in a direction orthogonal to the
slab motion direction, indicating that the fluid stored in the slab is definitely
liberated to generate the tremors. Whether the remaining sliver of the gap
without tremor contacts with continental crust as well as in the Ise gap or not
remains unclear due to the uncertainty in the estimated depth of the slab around
the tear.

The isotherms on the slab surface become deeper outside of the eastern and
western ends of the tremor belt due to the high angle of subduction (Figure 4;
note that in the figure the isotherms at the eastern end of the tremor belt returns
to a shallower depth due to the apparent effect of the edge of the slab). Wada
et al. (2008) numerically simulated the rheology of a mantle wedge and showed
that the slab surface shallower than 70-80 km is decoupled from the mantle
wedge due to a weak interface layer composed of talc. In a study of the Shikoku
region in the Nankai trough, Wada & Wang (2009) proposed that the downdip
limit of decoupling is 60 km. This suggests that the tip of the mantle wedge is
well-serpentinized by continued exposure to the slab dehydration-derived fluids
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over long periods of time due to lack of convection. On the other hand, in
the deeper part of a mantle wedge, interplate coupling generates mantle wedge
convection, which brings un-serpentinized peridotite from back-arc side toward
the slab surface, where it absorbs fluid and effectively reduces inter-plate pore
pressure (Figure 10). This indicates that tremor occurs along plate boundaries
overlain by serpentinized mantle, which is formed by the dehydration of oceanic
crust through eclogite formation under conditions of 450°C and 1-2 GPa. Such
conditions occur in relatively hot subduction zones such as those at the Nankai
and Cascadia (e.g. Behr & Burgmann, 2021).

Regarding the Cascadia subduction zone, the deep tremor belt is distributed
at a similar depth to that in the Nankai Trough but the temperature may be
slightly higher. Jiet al. (2017) calculated the slab surface temperature at about
700°C in the tremor belt in the Cascadia, which is much hotter than that in the
Nankai subduction zone in this study and others (e.g. Yoshioka & Murakami,
2007). However, their calculated temperature is unrealistically high at 300°C at
the trench axis, suggesting that overall temperature is over-estimated. It is open
to study the slab surface temperature and the depth range of the non-convective
mantle wedge for Cascadia and other subduction zones where deep tremor belts
exist.

— — (DContinental crust
(N

N (@Non-convective

well-serpentinized

Figure 10. Schematic illustration showing slab motion (white arrows), torn and
ruptured slab with isodepth contours, dehydration-derived fluid (blue), tremors
(black circles). Hanging wall is divided by colors: From the top to bottom,
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continental crust (white), non-convective well-serpentinized mantle (light gray),
convective dry mantle (dark gray patch) with its convection by orange arrows.

1. Conclusion

Three-dimensional heat conduction and advection related to subduction of the
PHS slab were simulated to compare the temperature of the slab with the along-
dip location of the tremor belt. Starting from a semi-infinite flat cooled litho-
sphere for 15 Myr and progressing to subduction for 6 Myr, the tremor belt
coincides with the ~450°C isotherm on the slab surface. This is the tempera-
ture at which the slab crust is transformed to eclogite via the dehydration of
hydrous minerals. The dehydration-derived fluid results in serpentinization of
the base of the mantle wedge, where the pressures and temperatures are within
the stability field of serpentinite. The ~450°C isotherm is shallower within the
tremor belt that outside the eastern and western margins of the belt, suggesting
that tremor can occur only where dehydration-derived fluid encounters stag-
nant, well-serpentinized toe of the mantle wedge. The Ise and Kii gaps can be
explained by the fact that the hanging wall is crust rather than mantle and
that there is a step in the isotherm in the direction normal to plate convergence,
respectively. An analysis of slab geometry indicates a tear in the deep extension
of the slab beneath the Kii gap, which allows the step in the isotherm.
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