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Abstract

In the Hikurangi subduction zone, situated along the east coast of the North Island, New Zealand, where the old
oceanic Pacific Plate is subducting beneath the Australian Plate, several slow slip events and tectonic tremors have
recently been documented. These observations are somewhat surprising because such slow seismic phenomena
tend to be common in subduction zones where relatively young oceanic plate is subducting. The locations of
tectonic tremors, down-dip limit of slow slip events and seismic coupling transition change along strike from
greater depths in the south to shallower depths in the north, suggesting significant along-strike variations in the
characteristics of the plate interface. Similar along-strike variations have been observed for other characteristic
features of the Hikurangi subduction zone. Here, we demonstrate that along-strike variations observed for tectonic
tremors, slow slip events, and seismic coupling can be explained by lateral differences in the thermal structure of
the subduction zone, which are controlled mainly by variations in convergence rate and friction along the plate
interface. To demonstrate this, we first confirm that tectonic tremors occur around the plate interface. Then, we
calculate the thermal structure of the Hikurangi subduction zone using a two-dimensional finite difference code.
To explain the along-strike variation in the heat flow observed in the forearc region, temperatures along the plate
interface should be systematically higher in the northern region than in the southern region, which we interpret as
a consequence of higher convergence rates and greater frictional heating in the northern region. We compare the
along-strike variation of seismic characteristics with calculated thermal structure and highlight that this along-strike
variation in temperature controls the depth of the brittle-ductile transition, which is consistent with the observed
spatial variations in tectonic tremors, down-dip limit of slow slip events and seismic coupling. Our results suggest
that tectonic tremors recorded within subduction zones reflect the transient rheology of the materials being
subducted, which is controlled by variations in temperature along the plate interface.
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Background
Tectonic tremors, or non-volcanic tremors (Obara 2002),
have been discovered in many subduction zones world-
wide, and they represent successive small slip events along
the plate interface (Ide et al. 2007; Shelly et al. 2007a),
often associated with slow slip events (SSEs, e.g., Rogers
and Dragert 2003). They tend to occur where a young
oceanic plate (<50 Ma) is subducting, such as in the Nankai,
Alaska, Cascadia, Mexico, Costa Rica, and south Chile
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subduction zones (e.g., Obara 2002; Rogers and Dragert
2003; Payero et al. 2008; Brown et al. 2009; Peterson and
Christensen 2009; Brudzinski et al. 2010; Ide, 2012). On
the other hand, tectonic tremors have never been re-
corded where the old plate is subducting, except for the
Hikurangi subduction zone located along the east coast of
the North Island of New Zealand (Fry et al. 2011; Kim
et al. 2011; Ide 2012). Therefore, the occurrence of tremors
appears to be primarily controlled by the age and thermal
structure of the subduction zone.
Tectonic tremors are located at the bottom edge of a

seismic coupling region in subduction zones, as inferred
from geodetic observations (Gomberg and the Cascadia
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2007 and Beyond Working Group 2010; Liu et al. 2010).
Therefore, temperatures around a tremor source region
are expected to be higher than in the source region of or-
dinary interplate earthquakes. The higher temperatures
could be responsible for tectonic tremors having character-
istics that differ from those of ordinary earthquakes, espe-
cially the high sensitivity to small stress change exerted by
tide and surface waves (e.g., Rubinstein et al. 2007; Shelly
et al. 2007b). This high sensitivity may reflect a critical
stress state, which results from the existence of a high-
pressure pore fluid, dehydrated from the subducted slab,
around the tremor source region. Mineralogical studies
show that a young and warm oceanic plate would be dehy-
drated at relatively shallow depths, whereas an old and cold
plate remains hydrated at the comparatively deep levels
where tectonic tremors are thought to originate (Peacock
2009). However, some studies have argued against a causal
relationship between temperature and tectonic tremor ac-
tivity and have invoked other mechanisms to explain tec-
tonic tremors (Brown et al. 2009; Peacock 2009).
As such, the possible influence of temperature on the

tectonic tremor activity is currently an important problem
under discussion in the field of seismology. Therefore, in
this multidisciplinary study, we address this problem by
carrying out a regional-scale seismic/thermal study of the
Hikurangi subduction zone, off the North Island, New
Zealand. It is a unique place in the sense that we have ob-
served fairly large along-strike variations in both the slow
earthquake activity and the observed heat flow within the
subduction zone, which provide us a good opportunity to
investigate the relation between them.
The remainder of this manuscript is organized as fol-

lows. An overview of tremor activity and tectonic setting
is provided in the next section. In the ‘Investigation of
tectonic tremor events’ section, we detect and locate tec-
tonic tremors in the central part of Northern Island
where tectonic tremors were already detected by some
previous seismic studies. Then, we constrain the source
depths of these tectonic tremors relative to the location
of the plate interface, which was poorly constrained in the
previous studies. The thermal structure of the Hikurangi
subduction zone is modeled using a two-dimensional nu-
merical simulation method in the ‘Modeling the thermal
structure of the Hikurangi subduction zone’ section, and
although the uncertainty is large, we conclude that ther-
mal structure also varies along strike. Comparing the esti-
mated thermal models with tectonic tremor and SSE
distribution, we conclude that the along-strike variation of
temperature on the plate interface can control the along-
strike differences in tectonic tremor depth and the down-
dip limit of SSEs, mainly by the calculated lateral change
in depth of the 600°C isotherm (i.e., the location of the
brittle-ductile transition). The depth of the coupling tran-
sition, obtained by GPS, can also be explained by the
lateral variation of the 350°C isotherm (i.e., the isotherm
below which some slab minerals become ductile).

Tectonic setting
In the Hikurangi subduction zone, off the North Island
of New Zealand (Figure 1), the Pacific Plate (PAC) is
subducting beneath the Australian Plate (AUS). The age
of the PAC in this region is estimated to be 120 Ma
(Taylor, 2006), and subduction appears to have started at
24 Ma (Ballance 1976; Rait et al. 1991; Kamp, 1999). Be-
cause of the complicated nature of the regional tectonic
setting, some important physical properties and environ-
mental conditions are known to change significantly
along strike in this subduction zone, which are briefly
explained below (a thorough review of these along-strike
variations is provided by Wallace et al. (2009)).
The first such factor is the convergence rate. The average

convergence velocity of the PAC with respect to the AUS
along the Hikurangi Trench is about 4.5 cm/year in a dir-
ection oblique to the trench axis (Figure 1). However,
clockwise block rotation of the upper plate (i.e., AUS) in
the forearc region is also known to occur (Wallace et al.
2004; Nicol and Wallace 2007). The orthogonal conver-
gence rate between the PAC and the AUS is higher (ap-
proximately 6 cm/year) than the average rate (4.5 cm/year)
at the northern end of the Hikurangi Trench and lower
(approximately 2 cm/year) than the average rate at the
southern end due to this clockwise rotation of the AUS
(Figure 1).
The degree of seismic coupling of the plate interface,

as estimated from GPS, also changes along strike in the
Hikurangi subduction zone (Wallace and Beavan 2010).
Seismic coupling transition occurs at very shallow depths
(approximately 10 km) in the northern region, but it shifts
drastically in the center of the island and occurs at greater
depths (approximately 30 km) in the southern region.
The down-dip limit of SSEs (Wallace and Beavan 2010;
Wallace and Eberhart-Phillips 2013) and tectonic tremors
(Fry et al. 2011; Kim et al. 2011; Ide 2012) show similar
spatial variations. Deep (approximately 50 km), long
duration (approximately 1 year) SSEs have been detected
in the transition zone of the southern and central parts of
the Hikurangi subduction zone (Wallace and Beavan
2010). Tectonic tremors have also been detected at the
central part (Fry et al. 2011; Ide 2012). However, the tem-
poral relationships between SSEs and tectonic tremors
remain unclear. Shallow (approximately 10 km), short
duration (approximately 1 week) SSEs have also been
detected in the coupled zone of the southern part
(Wallace et al. 2012). Here, earthquake swarms have
accompanied these SSEs (Wallace et al. 2012). Meanwhile,
in the northern region of the Hikurangi subduction
zone, shallow (approximately 20 km), short duration
(approximately 1 week) SSEs occur along narrow zones



Figure 1 Tectonic setting of the North Island of New Zealand. An overview of New Zealand is shown at the top right, along with the plate
boundary between the AUS and PAC. In the main figure, the black arrow shows the plate velocity of the PAC relative to the AUS, and the purple
arrows show the orthogonal convergence rates when accounting for the clockwise block rotation of the forearc region (Wallace et al. 2004; Nicol
and Wallace 2007). The purple ellipse shows the pole location used for the block rotation. Gray lines represent the plate contours by Ansell and
Bannister (1996). The brown line demarcates the location of the cross section used in numerical modeling of the thermal structure. Note that
the wedge-shaped volcanic region is also shown. Colored dots represent the observed heat flow data (Global Heat Flow Database compiled by
Pollack et al. 1993 and Townend 1997; Allis et al. 1998). Color scale is shown at right bottom of the figure. At three onshore coastal regions
(southern, northern, and northernmost coastal region), the mean and standard deviation values of observed heat flow data are indicated.
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near the shallowest portion of the uncoupled zone (Wallace
and Beavan 2010). Here, both earthquake swarms and tec-
tonic tremors that occur in conjunction with SSEs have also
been detected. Earthquake swarms have been located by
the slip area of SSEs, while tectonic tremors have been situ-
ated around the down-dip edge of the SSE source region
(Delahaye et al. 2009; Kim et al. 2011).
The final factor is the along-strike variation in the ob-

served heat flow at the surface. Heat flow at the surface
is a direct reflection of the subsurface thermal structure
of the underlying crust and mantle. In northern New
Zealand, a wedge-shaped volcanic region exists, which is
considered to represent the margin of a back-arc exten-
sional event that is laterally continuous with the Kermadec
subduction zone to the northeast (Figure 1). In this back-
arc volcanic region, heat flow is higher (>100 mW/m2)
than in other places. However, the observed heat flow
within the forearc region is lower, and it varies laterally
along the plate interface. Although observed heat flow
data around onshore coastal region are sparse, it changes
as a whole from 33 ± 7 mW/m2 in the southern region to
56 ± 6 mW/m2 in the northernmost region (Figure 1,
Global Heat Flow Database compiled by Pollack et al.
1993 and Townend 1997; Allis et al. 1998). Accordingly,
some studies have evaluated the thermal structure of the
Hikurangi margin based on these observed heat flow data
(e.g., McCaffrey et al. 2008; Fagereng and Ellis 2009; Wada
and Wang 2009).

Methods and results
Investigation of tectonic tremor events
Data and methods
To detect and locate tectonic tremor events in the Hikurangi
subduction zone, we applied the envelope correlation
method of Ide (2010, 2012) to continuous velocity seismo-
grams, as described in the next paragraph. The wave-
forms, originally recorded at 100 samples per second
(sps), are downloaded from GeoNet network, which is a
local seismic network in New Zealand operated jointly by
the Earthquake Commission and GNS Science. We focus
on the central part of North Island, where ambient tec-
tonic tremors have been detected previously by Ide (2012).
Twenty-three seismic stations were used from December

2003 to April 2012 to monitor tectonic tremor activity. For
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each station, we have prepared two horizontal components
of continuous velocity waveforms. The continuous velocity
waveforms were band-pass filtered between 2 and 8 Hz,
then converted to envelope waveform, low-pass filtered
below 0.2 Hz, and then resampled at 2 sps. Continuous en-
velope data were surveyed using half-overlapping time win-
dows of 300 s. For each time window and each envelope-
waveform pair, we calculated cross-correlation coefficients,
and if the maximum value of the coefficients exceeded a
threshold value of 0.6, we regard the lag time as a travel
time difference of S wave. When travel time differences
are measured for more than 40 waveform pairs, then we
tentatively assumed the occurrence of a seismic event. At
this point in the analysis, we would then attempt to locate
this event, using the horizontally layered velocity struc-
ture proposed by Reyners et al. (2006) (Additional file 1:
Table S1). After estimating an approximate epicenter by a
grid search, the hypocenter is iteratively estimated so as
that squared sum of time residual between observed ar-
rival time differences and synthetic ones is minimized.
Once the source location was determined for a given
event, we proceeded to stack all envelopes along the syn-
thetic travel time, and we estimated the event duration by
the half-value width of the stacked envelope.
This analytical method detected not only tectonic tremors

but also ordinary regional earthquakes, relatively large tel-
eseismic earthquakes and many other illusory events that
originated from artificial noise. In order to successfully
distinguish tectonic tremors from these other types of
seismic events, some additional procedures were applied
to the detected signals. First, we selected certain events
that exhibited a total duration longer than a specified
threshold value (50 s). Since tectonic tremor events tend
to be visible only in low frequencies, we also investigated
the high-frequency components for high-frequency (HF)
data sets, which are essentially velocity seismograms that
have been band-pass filtered between 10 and 20 Hz, trans-
formed to envelope, and then resampled at 2 sps. For each
dataset, if we observed correlation coefficients between
HF records higher than a threshold value of 0.6 for more
than 40 waveform pairs, we discarded the candidate. Fur-
thermore, we were able to exploit the successive nature of
tectonic tremor events by carrying out a clustering pro-
cedure on the tectonic tremor candidate catalog, in which
we discarded any candidates that were not observed to be
associated with any other spatiotemporally synchronous
counterpart candidates occurring within at least 0.1 de-
gree of latitude and longitude and 1 day prior or subse-
quent to the candidate tectonic tremor event in question.
We regard these events as tremor candidates.

Results of tectonic tremor detection
Figure 2a shows the results of tectonic tremor detection.
Although tremor candidates, which include ordinary
earthquakes and misdetections as well, show a pronounced
geographic spread (gray dots), there is a discernible cluster
aligned NE-SW (box T), which we consider to represent
tectonic tremors (red dots). In this region, a total of 84 tec-
tonic tremors were detected. Representative examples of
waveforms for these events are shown in Figure 2b. This
location is consistent with previously detected tremor (Ide
2012) for older data (2005 to 2009). Another cluster of
events (box V) is also found within the back-arc volcanic
region, which might be an indication of low-frequency
volcanic tremors, which are commonly observed beneath
active volcanoes.
To confirm that these signals are of tectonic tremors,

not ordinary earthquakes, we have compared the fre-
quency spectrum of these events with that of ordinary
earthquakes, having similar epicenters, and that of a dis-
tant earthquake (Figure 3). The spectrum of an ordinary
earthquake is well fitted by the omega-square model
(Brune 1970). If earthquakes are geometrically similar,
the corner frequency (fc) is inversely proportional to the
cubic root of the seismic moment. Therefore, smaller
earthquakes are expected to have a higher corner fre-
quency (Figure 3a). In Figure 3b, an example of a distant
earthquake, which cannot be well fitted by omega-square
model, is compared with intra-slab earthquakes occurring
below tremor sources. The distant earthquake has smaller
spectrum amplitude in high-frequency range (>4 Hz) than
the intra-slab earthquake, although it has larger amplitude
in lower frequency range (<1 Hz).
In Figure 3c, two examples of detected tectonic tremor sig-

nals are shown. They exhibit a completely different spectrum
from ordinary earthquakes and the distant earthquake, in
that the spectrum amplitude in 3 to 10 Hz frequency
range is smaller, while their spectrum amplitudes are al-
most the same in 0.1 to 1 Hz frequency range. In other
words, if these signals were actually of regular earth-
quakes, they should have a higher fc, i.e., because in this
case, they exhibit smaller signals than regular earthquakes
shown in each figure. Not only is the fc of these signals
lower than that for regular earthquakes but also their
spectrum cannot be well fitted by the omega-square
model. Since we have compared tremors with the intra-
slab earthquake, which has a similar epicenter as tremors,
the amount of attenuation for tremors and the intra-slab
earthquake should not differ drastically. Therefore, we
considered that these signals represent signals of bona fide
tectonic tremor events.
Notably, the location of tremors coincides with the

down-dip edge, rather than central area, of known SSE
areas (Figure 2a). Tremors are also clustered in time, al-
though there is no evidence of any kind of periodicity
(Figure 2a). An especially large tremor burst occurred
from the end of 2010 to the beginning of 2011. An SSE
occurred at the up-dip region of tremor activity in 2010,



Figure 2 Locations of detected tremors and example waveforms. (a) The close-up map for tremor region with detected tremor candidate
signals (gray dots) and signals we regard as tremors (red dots). Blue dots represent the epicenters of intra-slab earthquakes located both by this
study and by GeoNet. Plate contours (green lines, Ansell and Bannister 1996) and SSE distributions (green regions, Wallace and Beavan 2010) are
also shown. Crosses represent the station distribution. The locations of stations whose names are indicated are represented by thicker crosses.
Two cross sections show the depth distribution of tremors and intra-slab earthquakes projected to vertical and horizontal axis. In the right bottom
panel, timing of tremor events in box T is shown against TT′ axis. Green background represents the SSE period (Wallace and Beavan 2010;
Wallace et al. 2012; Wallace and Eberhart-Phillips 2013). Tremor candidates in box V are considered to be volcanic ones. (b) Representative
(typical) tectonic tremor waveforms detected in this study. East–west components are shown. The station location is shown in Figure 2a (date: Jan. 24,
2009, 54,800 to 55,600 s).
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though there is a few months lag between the occur-
rence of SSE around tremor hypocenters and the activa-
tion of tectonic tremor (Bartlow et al. 2014).

Estimation of tectonic tremor depths
The depths of tectonic tremor events documented within
the Hikurangi subduction zone have not been well con-
strained in the previous studies. Here, we provide rela-
tively accurate estimates of the depths of tremor events.
Because the absolute tremor depth estimated by envelope
correlation method is not accurate, we have estimated the
relative depth of tectonic tremors to intra-slab earth-
quakes. We have also estimated the bias in the depth be-
tween our catalog and local GeoNet catalog using intra-slab
earthquakes detected both in this study and by GeoNet,
since depths of ordinary earthquakes in the GeoNet catalog
are probably less biased.
A seismic event detected by our method is assumed to

be identical to an intra-slab earthquake in the GeoNet
catalog if two origin times in minutes are identical and
the two epicentral locations are separated by less than
0.5° in both latitude and longitude. The distribution of
identified intra-slab earthquakes is shown as blue dots in
Figure 2a. The depths of these intra-slab events esti-
mated by our method are shallower than the depths in
the GeoNet catalog (Figure 4a). This is because our
method uses only S wave information, while the routine
analysis uses both P and S waves. We confirmed for sev-
eral selected events that a similar depth with GeoNet
catalog was estimated using manually picked P and S ar-
rivals, meanwhile a similar depth with our catalog by the
envelope correlation method was estimated when only
manually picked S arrivals were used. Hence, we believe
that these biases seen in Figure 4a are inherent in the
method.
Nevertheless, we consider the relative depths of tec-

tonic tremor versus intra-slab seismic events to be less
biased. Figure 4b shows the differences in depth distri-
bution between tectonic tremors and intra-slab earth-
quakes, estimated by our method. Overall, the depths of
tectonic tremors are shallower by about 15 km than the
depths of intra-slab earthquakes. Since the depths of
intra-slab earthquakes are about 60 to 65 km in this re-
gion, as determined by the routine analysis, we can infer



Figure 3 Comparison of the velocity spectrum between ordinary earthquake, tectonic tremor and noise. (a) Synthetic velocity power
spectrum of the omega-square model (Brune 1970). Arrows show the corner frequency, corresponding to the peak of spectra. (b) Comparison of
velocity power spectra between an ordinary intra-slab earthquake and a distant earthquake at station TUVZ (Figure 2a). (c) Comparison of velocity
power spectra between an ordinary intra-slab earthquake and two examples of tectonic tremors, all of which occurred with similar epicenter.
Black arrow represents the peak of spectrum (approximate corner frequency) of the ordinary earthquake. Orange arrow represents the peak of
tectonic tremor spectrum. Date, time, and location of events: ordinary earthquake for (b) and (c): May. 2, 2009, 52,230 to 52,270 s (39.46°S, 175.83°E,
54 km in GeoNet catalog); distant earthquake for (b): Sep. 8, 2010, 42,130 to 42,160 s (20.52°S, 170.06°N, 14.1 km in Global CMT catalog; Dziewonski et al.
1981; Ekström et al. 2012); tectonic tremor 1 for (c): Jan. 24, 2009, 53,350 to 53,450 s (39.36°S, 175.93°E, 23.9 km in this study); tectonic tremor 2
for (c): May. 12, 2009, 26,200 to 26,300 s (39.39°S, 176.00°E, 33.4 km in this study).

Figure 4 Depths of tectonic tremors and intra-slab earthquakes. (a) Comparison of estimated depths of intra-slab earthquakes determined
by the GeoNet method versus our method. On the green line, depths estimated by the two methods are equal. Our method tends to estimate
shallower depths. (b) Depth histogram of intra-slab earthquakes and tectonic tremors. The red line shows depth histogram of tectonic tremors
estimated by our method, while the green line shows intra-slab earthquakes. The blue shows intra-slab earthquakes estimated by the GeoNet.
Tectonic tremors are about 15 km shallower than intra-slab earthquakes.
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that the depths of tectonic tremor events are about 45 to
50 km, assuming that the relative depths are not biased.
These depths seem to be close to the depth of the plate
boundary in this region. We will discuss this point again
in the ‘Relationship between tectonic tremors and the
plate interface’ section.

Modeling the thermal structure of the Hikurangi
subduction zone
Thermal modeling methods
We calculated the thermal structure of the Hikurangi sub-
duction zone using the two-dimensional finite difference
code developed by Yoshioka and Sanshadokoro (2002)
and Torii and Yoshioka (2007), in which the equations for
momentum (inertial term is neglected) and energy are
solved simultaneously as a coupled problem with viscous
dissipation and adiabatic heating. In addition, we use fric-
tional heating and radiogenic heating (following Yoshioka
et al. 2013) to accurately obtain the temperature distribu-
tion in the whole model space. We present a brief descrip-
tion of our calculations below, and more details are given
in the Appendix.
Figure 5 shows a schematic model space for the

Hikurangi subduction zone. In its entirety, the model
space measures 800 km in length and 400 km in depth.
This size is large enough to encompass our entire region
of interest (i.e., the plate interface where tectonic tremors
are considered to occur). The continental crust, which has
a thickness of 32 km in average beneath the North Island
of New Zealand, combined with the upper mantle above
70 km depth, is considered in this model to effectively
represent the continental lithosphere, which itself is
treated as a conductive layer. The geometry of the sub-
ducted slab (Figure 5), along the brown line shown in
Figure 1, is constructed based on the slab model of
Figure 5 Model space for the two-dimensional numerical simulation o
deep. The geometry of the subducted plate is set manually, and the subdu
plate initiates subduction at the beginning of the calculation and then con
at 80 km. The continental crust is set from the surface to a depth of 32 km
line represents the location on the plate interface where shear heating is a
blue characters. The grid size for temperature (T) and flow function (ψ) use
Ansell and Bannister (1996) and used for all calculations
because the slab shape does not change drastically in the
along-strike direction (Figure 1). Subduction is considered
to start at the beginning of the calculation (24 Ma), after
which the oceanic plate subducts gradually at a constant
rate till the end of the calculation (the present) at time in-
crements of about 0.071 m.y. for the lowest subducting
velocity (2 cm/year) in the southern region and about
0.024 m.y. for the fastest subducting velocity (6 cm/year)
in the northern region.
The mantle surrounding the slab below 70 km repre-

sents a free-flowing region, where the momentum equa-
tion is solved. We used this depth of 70 km so that the
calculated heat flow around the tip of the mantle wedge in
the central transition zone should reproduce the observed
one. Since the calculated surface heat flow around the tip
of the mantle wedge is increased by including the effect of
the free-flowing mantle, its effect is also essential when es-
timating the temperature along the plate interface. Zero
normal stress is assumed as a boundary condition for the
momentum equation at both the sides and the bottom of
the model region. Zero motion is assumed at the top
boundary, where landward free-flowing regions contact
with the upper rigid lithosphere. We put the value of the
stream function, calculated from the velocity of the sub-
ducting slab and its direction, in the region where the slab
exists to express the movement of the slab.
The thermal boundary condition is set to a constant 0°C

at the top of the model region. The temperature boundary
conditions on the left side and the bottom of the model re-
gion are adiabatic. The boundary conditions on the right
side of the model region are fixed by a variable temperature
profile that is directly dependent on the age of the slab;
the profile was calculated following the method of Stein
and Stein (1992). In addition, for the entire duration of
f the thermal structure. The model space is 800-km long by 400-km
ction velocity (convergence rate) is given in that region. The oceanic
tinues to subduct deeper as time proceeds. The plate thickness is set
, below which rigid mantle is set down to a depth of 70 km. The red
pplied. The boundary conditions are written at each boundary with
d in the calculation is also shown.
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the model calculations, a fixed slab age of 80 Ma was used,
and this corresponds to the same age assumption made by
McCaffrey et al. (2008). Although the actual age of the
subducted plate must have changed from the start of sub-
duction to the present day, it would nevertheless be suffi-
ciently old not to change the thermal state of the incoming
plate very much (Stein and Stein 1992).
At the start of subduction in our thermal modeling

study, the distribution of temperature is given as a strati-
fied temperature profile, which is constrained by carrying
out a half-space cooling calculation on 1,350°C homoge-
neous mantle for 20 m.y., and we assume adiabatic com-
pression. The initial continental age is estimated on the
basis of heat flow in the back-arc region, so that our mod-
eling results are roughly consistent with the observed heat
flow in this area. This parameter has no influence on
the temperature in our region of interest because the
temperature in the forearc region is mostly controlled
by shear heating and the advection of the slab.
Frictional heating is calculated in the brittle region of

the plate interface using the methods of Byerlee (1978)
and in the ductile region using the flow law for diabase
presented by Caristan (1982) (Appendix). Distinguishing
whether a calculation point is in the brittle or ductile re-
gion is done automatically, by assuming that the brittle-
ductile transition is defined as the depth at which shear
strain in the ductile deformation regime becomes smaller
than that found in the brittle deformation regime. Fric-
tional heat is considered to be the product of both shear
stress and strain rate on the plate interface. In addition, a
high frictional parameter (a frictional parameter of pore
pressure ratio λ ~0.95) reduces the effective normal stress,
thus also reducing shear stress and shear heat in the brittle
deformation regime (see Appendix for details). In this
Figure 6 Observed and calculated heat flow in the southern and nort
convergence rate for southern and northern regions, respectively. Three va
region, which are represented by blue, red, and green lines, respectively. Tr
at regions in the southwestward and northeastward strike direction from the
Shaded area represents the volcanic region, which is not considered in our m
uncertainty. Two orange-colored rectangles and a magenta-colored rectangle
data at southern, northern, and northernmost onshore coastal region, respect
model, all kinds of effects that lead to an increase or de-
crease in shear heat are included in this λ. Furthermore,
we applied frictional heating to the plate interface over a
depth range of 0 (at the surface) to 70 km. On the deeper
plate interface, slip-weakening behavior with cutoff
velocity is sometimes assumed to reproduce SSE in the
simulation study (e.g., Shibazaki et al. 2012), which is
based on the experimental study of Shimamoto (1986,
1989). Hence, we consider that frictional heating can be
applied to deeper plate interface as well.

Temperature distributions along three profiles
As described in the ‘Tectonic setting’ section, the ob-
served heat flow data at onshore coastal region varies
along strike. In the southern and central coast, observed
heat flow value is low (33 ± 7 mW/m2), while it is higher
(56 ± 6 mW/m2) in the northernmost coastal region
(Figure 1). To reproduce this along-strike variation pat-
tern of the observed heat flow data at onshore coastal
region, we carried out a series of numerical simulations
that incorporated the variations in convergence rate and
frictional parameter (λ). In making these calculations,
we assigned three values to each parameter for nine pos-
sible scenarios. With regard to the convergence rates used
in these numerical simulations, a value of 6 cm/year for
the northern region was used to represent relatively fast
subduction, whereas progressively slower rates of 4 and
2 cm/year were assigned to the central and southern re-
gions, respectively (after Wallace et al. 2004). Three values
(0.94, 0.96, and 0.98) were used for λ.
Figure 6 shows the calculated heat flow in southern

and northern part of the subduction zone for three λ
values with heat flow data observed at regions in the
southwestward and northeastward strike direction from
hern regions. Thermal structure is calculated with 2 and 6 cm/year
lues of frictional parameter (λ =0.94, 0.96, and 0.98) are tested in each
iangles indicate observed heat flow values. Heat flow values observed
brown line in Figure 1 are shown in South and North panel, respectively.
odel, and offshore region, where the observed heat flow data have large
show the mean and standard deviation values of observed heat flow
ively (Figure 1).
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the brown line in Figure 1, respectively. In the southern
part, higher λ value (0.96 to 0.98, i.e., smaller frictional
heating) is required to reproduce lower heat flow at
coastal region. Although observed heat flow is higher
than calculated one at near-trench region here, these off-
shore data are obtained using the depth to a gas hydrate
related bottom simulating reflector, which is considered
to have relatively large uncertainty. Hence, we give more
importance to heat flow observation at on-shore coastal
region. Meanwhile, in northern part, though the scatter
of observed heat flow data is large, lower λ value (0.94
to 0.96, i.e., larger frictional heating) is required to ex-
plain higher heat flow at northernmost coastal region.
These comparisons suggest that frictional parameter λ
should vary in the strike direction from about 0.98 at
southern part, where convergence rate is 2 cm/year, to
about 0.94 at northernmost part, where convergence rate
is 6 cm/year, through the transitional part with medium
value (0.96), where convergence rate is 4 cm/year. Ther-
mal and stress profile on the subducting plate interface
calculated for these three sets of parameters are shown
in Figure 7.
This along-strike change of frictional parameter might

be related to the along-strike change of sediment thickness
in the trench because the amount of sediment might have
influenced on the amount of pore fluid (Clift and Vannucchi
2004; van Keken et al. 2011). In the Hikurangi subduction
zone, it is known that the thickness of turbidite sequence
at the trench varies drastically in the along-strike dir-
ection, from thicker (typically approximately 3 km,
approximately 6 km at most) in the south to thinner (ap-
proximately 1 km) in the north (Lewis et al. 1998; Wallace
et al. 2009). Although the difference of sediment thickness
might change the temperature at trench by about 50°C,
Figure 7 Along-strike comparison of the results of numerical simulati
and shear stress on the plate interface is shown. The green lines indicate s
are calculated with (λ, convergence rate) = (0.98, 2 cm/year) for southern re
(0.94, 6 cm/year) for northern region (right panel). The black circles show th
ductile one, and the red circles show the depth where the temperature is
which may change the brittle-ductile transition depth by
approximately 5 km, it is not significant compared to the
much bigger along-strike difference (Figure 7).
Figure 7 shows three numerically modeled profiles dis-

playing temperature and shear stress along the plate inter-
face considering the aforementioned along-strike variation
of convergence rate and frictional parameter. In these pro-
files, the shear stress increases with depth at shallower
part due to the brittle behavior of plate interface. At this
frictional regime, the temperature on the plate interface
also increases rapidly with depth. The shear stress value
exhibits a maximum when frictional behavior transits
from brittle one to ductile one, and then it decrease with
depth below the transition depth. The temperature on the
plate interface increases more slowly in this regime. This
indicates that the temperature gradient is dependent on
the deforming regime. Because of the along-strike vari-
ation of convergence rate and frictional parameter, the
depth of the brittle-ductile transition varies from about
60 km in the southern region (calculated with λ =0.98 and
2 cm/year) to about 25 km in the northern region (calcu-
lated with λ =0.94 and 6 cm/year).
By comparing numerical models for the nine scenar-

ios, we can examine the relative stability or variability of
temperature, as estimated for different regions of the
plate interface (Figure 8). In deeper regions (approxi-
mately 50 km), the model temperature is 600°C for all
parameter sets except those which were assigned with
the highest values of λ (i.e., 0.98). In contrast, in shal-
lower regions (approximately 20 km), the model temper-
atures vary according to the differing values of λ and
convergence rate, although we also note that there is
probably an additional trade-off between shear heating
and advective cooling, which has not been investigated
on of the thermal structure. Along-strike variation in temperature
hear stress, while the orange lines indicate temperature. These values
gion (left panel), (0.96, 4 cm/year) for transition (middle panel), and
e depth of the transition from a brittle deformational regime to a
350°C.



Figure 8 Variability of calculated temperature on the plate
interface. Model temperatures along the plate interface determined
using all parameter sets (nine scenarios). The colors of the lines
indicate the different convergence rates (blue = 6 cm/year; red =
4 cm/year; green = 2 cm/year). The style of lines shows the pore
fluid pressure ratio λ (solid line = 0.94; dotted line = 0.96; dashed
line = 0.98).
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in detail in our study. For the tectonic tremor region
near the central part (or northern edge of southern part)
of the North Island (Figure 2a), the modeled tempera-
tures are very high (at least 500°C even for the highest
corresponding λ parameter) for the scenarios set to a
convergence rate of 2 and 4 cm/year. On the other hand,
in the northern region, although the model temperatures
determined at tectonic tremor depth vary from 250°C to
500°C in response to variations in the value of λ for the
scenarios set to a convergence rate of 6 cm/year, higher
temperature model (i.e., lower λ model) is appropriate in
the light of the observed higher heat flow at onshore
coastal region.

Discussion
Relationship between tectonic tremors and the plate
interface
Because tectonic tremors are thought to represent shear
slip along the plate interface (Ide et al. 2007; Shelly et al.
2007a), the estimated depths of tectonic tremor events
(see the ‘Estimation of tectonic tremor depths’ section)
should coincide with the depth of the plate boundary, as
estimated in the previous studies. To date, a number of
models have been proposed for the plate geometry within
the Hikurangi subduction zone, constrained using various
techniques. For instance, Ansell and Bannister (1996) esti-
mated the location of the plate boundary using the seismi-
city of ordinary earthquakes, whereas Bannister et al.
(2007) constrained the plate geometry within the central
part of the subduction zone by analyzing receiver func-
tions; of note, the depth of the latter plate boundary is
slightly shallower than that of the former.
In the central part of North Island, depths estimated for

the plate interface beneath the tremor epicenters are ei-
ther about 55 km (Ansell and Bannister 1996; Williams
et al. 2013) or 45 to 50 km (Bannister et al. 2007). The lat-
ter depth coincides approximately with our estimate for
the depth of tectonic tremor events. This coincidence is
not surprising because the results of receiver function
analysis are considered to be more accurate when estimat-
ing the location of a sharp structural change like the plate
interface. Although the apparent vertical separation be-
tween tectonic tremor events (i.e., the plate interface) and
intra-slab earthquakes seems to be slightly too large (ap-
proximately 15 km; Figure 4b) when compared with the
typical separation of about 10 km in other subduction
zones (Shelly et al. 2006; Yabe and Ide 2013), the discrep-
ancy might reflect the thick oceanic crust of the subducted
Hikurangi Plateau. Therefore, we can conclude that tec-
tonic tremor events do actually seem to occur around the
plate interface in this region of the Hikurangi subduction
zone.

Comparisons with thermal structures deduced in the
previous studies
As we showed in the ‘Temperature distributions along
three profiles’ section, variations in the along-strike ther-
mal structure are needed to explain along-strike variations
of the observed heat flow within the Hikurangi subduction
zone. This challenges the idea put forth by McCaffrey
et al. (2008), who suggested that the thermal structure
across this subduction zone does not vary along strike.
They used an approximation made with a simple equation
developed by Molnar and England (1995), and although
they were able to sufficiently explain the offshore heat
flow data, they were not able to provide an adequate ex-
planation of the inland heat flow data measured in the on-
shore coastal region (Figure 1).
Fagereng and Ellis (2009) also concluded that the vari-

ation in thermal structure along the Hikurangi subduction
zone is small, and they suggested that the along-strike
variation in seismic coupling is mainly due to differences
in local pore fluid pressures and convergence rates. How-
ever, they did not reproduce the higher heat flow values
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observed in the northern region. Although our idea is
similar to theirs, our numerical simulations do not require
the same large differences in λ that Fagereng and Ellis
(2009) used (0.4 to 0.95 for a linear plate interface geom-
etry) to reproduce the observed along-strike variations in
heat flow. Such a drastic change of pore fluid pressure
along the strike of this subduction zone might be unrealis-
tic because Seno (2009) indicated that pore fluid pressures
within subduction zones worldwide, including those where
very old oceanic plate is being subducted, are always very
high, regardless of the age of the subducted plate. It is im-
portant to highlight at this point that our calculations also
take into account several additional realistic and presum-
ably very important effects such as mantle flow, the bent-
plate geometry, as well as the relatively small frictional
parameter changes that take place from one region to an-
other along the trench. Because of mantle flow in the
mantle wedge, the plate geometry affects both the distribu-
tion of frictional heating along the plate interface and the
calculated peak of heat flow, and this consequently affects
the estimation of temperatures along the plate interface.
Wada and Wang (2009) also calculated the thermal

structure of the Hikurangi subduction zone, but they did
not address the possibility of any significant along-strike
variation in the thermal structure on the plate interface.
According to their results, the overall temperature for
the Hikurangi subduction zone is lower than that esti-
mated in our numerical modeling and in the previous
studies. They did reproduce the heat flow at the surface
without having to invoke a large amount of frictional
heating, but this contrasts with our model where fric-
tional heating is a necessary condition for producing the
observed heat flow above the subduction zone.
One problem is that the literature contains numerous

estimates of the temperature along the plate interface in
the Hikurangi subduction zone, and the results are incon-
sistent with each other. For example, the temperature at
about 50 km depth was estimated to be around 200°C to
250°C by Wada and Wang (2009), 350°C to 400°C by
Fagereng and Ellis (2009), around 400°C to 450°C by
Table 1 Summary of along-strike variations in seismic charact
this study

Feature South

Tremor -

SSE 5 to 15 km

30 to 50 km

Seismic coupling transition Approximately 30 km

350°C Approximately 35 km

Brittle-ductile transition (approximately 600°C) Approximately 60 km

Tectonic tremor depth at central part was determined during this study. In the nort
et al. (2011) is about 20 km in the plate model of Ansell and Bannister (1996). The d
and Wallace and Eberhart-Phillips (2013). The depth of seismic coupling transition i
the locations (depths) of the brittle-ductile transition were calculated during this stu
McCaffrey et al. (2008), and around 600°C in the present
study. Although accurate and precise values of temperature
along the plate interface in the Hikurangi subduction zone
may not yet be well constrained, we nevertheless think that
we can conduct relative comparisons between some of the
important parameter sets (scenarios) in a self-consistent
model, and the results should provide along-strike varia-
tions in the thermal structure of the Hikurangi subduction
zone.
Previous studies of the Hikurangi subduction zone have

involved two-dimensional models, and our investigation is
no different in that respect. Nevertheless, our conclusions
differ from those of the previous studies in a number of
important ways, such as along-strike variation of thermal
structure and the temperature around tremor source re-
gion. Furthermore, Reyners et al. (2006) pointed to the
three-dimensional mantle flow in the Hikurangi subduc-
tion zone, where flow is from south to north, parallel to
the trench, and the effects of that flow are beyond the cal-
culations of any of the two-dimensional models. However,
this effect should be to weaken the along-strike variations,
and we do consider that here, thereby helping us to esti-
mate the upper limit of the along-strike variation with our
two-dimensional model.

Relationship between thermal structure and tectonic
tremor events
Table 1 summarizes the observed along-strike variations
in depth of some key characteristics of the Hikurangi
subduction zone pertaining to the calculated thermal
structure, estimated depth of tectonic tremor events, the
distributions of SSEs, the seismic coupling transition
depth, and the calculated location of the brittle-ductile
transition. Notably, our calculated depths for the brittle-
ductile transition coincide closely with both the ob-
served depths of tectonic tremor events (this study) and
the down-dip limit of SSEs. In addition, the estimated
seismic coupling transition depths are similar to those
estimated for the 350°C isotherm. The calculated brittle-
ductile transition depth is quite consistently at depths
eristics and thermal structure calculated during

(Central transition) North

45 to 50 km (Approximately 20 km)

10 to 15 km 10 to 20 km

20 to 60 km

Approximately 10 km/approximately 30 km Approximately 10 km

Approximately 25 km Approximately 15 km

Approximately 40 km Approximately 25 km

hern part, the depth of plate interface where tremors are detected by Kim
epth of SSE is from Wallace et al. (2004, 2012), Wallace and Beavan (2010),
s based on Wallace and Beavan (2010). The 350°C depths (isotherm) along with
dy, as shown in Figure 7.



Figure 9 Schematic figure showing the relationship between
seismicity and temperature. In the shallower region, the
temperature is low and ordinary earthquakes occur (stick–slip
behavior). At depths where temperature reaches 350°C (orange line),
some minerals start to deform in a ductile manner, and seismic
coupling weakens. Below the depth where temperature exceeds
600°C (red line), the entire rock deforms in a ductile manner (stable
slip), and neither earthquakes nor tectonic tremors occur. Tectonic
tremors occur at locations where temperatures are around 600°C,
just before stable slip takes over with depth.
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where the temperature is around 600°C because the
amount of ductile shear stress acting on the rocks rap-
idly decreases at this temperature to comparatively low
values with respect to the amount of brittle shear stress,
as would be expected when moving into a completely
ductile regime. At depths where the temperature is 350°C,
the brittle-ductile transition has taken place for some rock-
forming minerals. This means that transitional slip behavior
starts at such depths, which results in the genesis of tec-
tonic tremors rather than ordinary earthquakes between
350°C to 600°C. In contrast, SSEs distribution (Wallace
and Beavan 2010; Wallace et al. 2012; Wallace and
Eberhart-Phillips 2013) seems to be able to exist even
where temperature on the plate interface is low. This
would be possible because SSEs are observed not only
around tremor source region but also in any other places
around ordinary earthquake regions (e.g., Kato et al. 2012;
Ito et al. 2013). In summary, in a very brittle regime at
shallow depths, complete seismic coupling causes ordinary
earthquakes and earthquake swarms with SSE; in the
brittle-ductile transitional zone, insufficient coupling is ex-
hibited, and tectonic tremor with SSE occurs between
350°C to 600°C and tectonic tremor events are mainly sit-
uated near the bottom of this transitional area, at around
600°C (Table 1). At deep depth where temperature is
above 600°C, only stable slip occurs. This accordance sug-
gests that the slip behavior on the plate interface, such as
tectonic tremor events and the down-dip limit of SSEs,
are mainly controlled by temperature. The absolute values
of the temperature at the starting point of the partial duc-
tile regime (350°C) and the more complete brittle-ductile
transition (600°C), as outlined in this study (Table 1),
might have some biases as discussed in the ‘Comparisons
with thermal structures deduced in the previous studies’
section. The important thing to highlight here is that, os-
tensibly, there are two significant boundaries represented:
one corresponding to the start of partial rock ductility and
the other corresponding to the transition from unstable slip
to a more stable form of ductile deformation. The absolute
temperatures of those transitions might vary among sub-
duction zones according to their specific tectonic environ-
ment, the variations in the total thickness of the subducted
sediments, and/or the composition of the subducted sedi-
ments. This idea is illustrated in Figure 9.
By comparing the estimated values of temperature in

the vicinity of the source regions for tectonic tremors
among three different subduction zones, Brown et al.
(2009) proposed that tectonic tremors are not simply con-
trolled by temperature alone. However, it is important to
note that the comparisons in their study were based on
thermal models constrained by various authors that pre-
sumably employed different strategies/techniques in con-
structing their own individual models of the thermal
structure of those various subduction zones. Accordingly,
since the calculation of thermal structure in subduction
zones requires several different assumptions, making com-
parisons between different models for different subduction
zones is inherently a tricky problem, as we have seen when
making comparisons between our work and the previous
studies on the Hikurangi subduction zone (e.g., in the
‘Comparisons with thermal structures deduced in the pre-
vious studies’ section).
Peacock (2009) calculated the thermal structure for the

Nankai and Cascadia subduction zones and concluded that
tectonic tremors are not controlled by a specific temperature.
This particular study used a consistent model for compar-
ing the two subduction zones; however, one cannot neces-
sarily assume that tectonic tremors will occur at the same
temperature in all subduction zones because there may be
other specific environmental differences between them
that are important in terms of modeling their individual
thermal structures. To circumvent this problem, we have
modeled and examined the along-strike variations in ther-
mal structure within one single subduction zone, and vari-
ations in the tectonic environment did not play an
important role, therefore implying that any effects of
temperature on the generation of tectonic tremor events
should in our case be seen more clearly. In the light of
this, our conclusion that the generation of tectonic tremor
events can be temperature-dependent should be quite
valid, at least in the case of our study on the Hikurangi
subduction zone.

Conclusions
We have documented several parameters for the Hikurangi
subduction zone of northern New Zealand that seem to
vary systematically along the strike of the plate interface.
These include the convergence rate, the thickness of
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sediments, seismicity, seismic coupling, and SSEs. By using
continuous seismogram records obtained from GeoNet,
we have confirmed the existence of tectonic tremors in the
central part of the North Island documented in the previ-
ous studies. In addition, we have constrained their depths
relative to the plate interface through comparisons with or-
dinary intra-slab earthquakes.
We also modeled the thermal structure of the Hikurangi

subduction zone along a vertical profile oriented perpen-
dicularly to the strike direction of the plate interface, and
for this model, we considered the known along-strike vari-
ations in convergence rates. To reproduce the along-strike
variations of observed heat flows, especially at onshore
coastal region, we needed to use along-strike variations in
the pore pressure ratio related to interplate friction.
We have compared the estimated thermal model with

the along-strike variations in tectonic tremor, SSE, and seis-
mic coupling transition depth. The depth of the brittle-
ductile transition on the plate interface in these numerical
models coincides closely with the estimated depths of tec-
tonic tremors and the down-dip limit of SSEs. Furthermore,
the observed along-strike variations in seismic coupling
transition can also be explained by the lateral change in
depth of the 350°C isotherm on the plate interface, at which
depth the rheology of some common minerals in this envir-
onment would begin to exhibit partially ductile behavior.
The brittle-ductile transition is thought to be controlled
mainly by temperature, which means by inference that the
occurrence of tectonic tremors is also mostly dependent
on temperature. Consequently, as there are many different
factors controlling the temperature, and these factors
may differ significantly among different subduction zones,
comparisons of tectonic tremor activity and thermal pro-
files in parts of a single subduction zone are more efficient
in terms of evaluating the possible dependency of tectonic
tremor activity on temperature.

Appendix
The fundamental equations for our thermal calculations,
the momentum equation, and the energy equation, are
based on Yoshioka and Sanshadokoro (2002) and Torii
and Yoshioka (2007).
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The consideration of radioactive heating and frictional
heating (the last two terms in energy equation) are based
on Yoshioka et al. (2013). Here, ψ and T represent a

stream function and temperature, respectively. v
→¼ u; vð Þ

is the velocity vector, k is thermal conductivity, Cp is a
constant pressure specific heat, g is a gravity constant,
and ρ is density, which depends on temperature follow-
ing Andrews (1972) with a thermal expansivity of α.

ρ ¼ ρ0 1−αTð Þ
H0 is a radioactive heating constant. Radioactive heating

decays with depth following Furukawa (1995). η is the vis-
cosity of flowing mantle calculated following Burkett and
Billen (2010) at the estimated upper and lower limits of
mantle viscosity of 1023 and 1020 Pa · s, respectively. The
values of constant parameters are listed on Additional
file 1: Table S2.
The last term in the energy equation represents shear

heating along the plate interface, which is applied to the
plate interface from the surface to 70-km depth. τ repre-
sents shear stress along the plate interface. It is deter-
mined by the following procedure: first, for one point on
the plate interface, we have the pressure and temperature
on that point, and then we calculate brittle and ductile
shear stresses using Byerlee (1978) and Caristan (1982),
respectively.

τbrittle ¼ 0:85σn 1−λð Þ σn 1−λð Þ≤200 MPað Þ
τbrittle ¼ 50þ 0:60σn 1−λð Þ σn 1−λð Þ≥200 MPað Þ

τductile ¼ 1
2
A− 1

n _∈
1
n exp

E
nRT

� �

We adopt the smaller one for an appropriate value in our
calculation. We can automatically obtain the brittle-ductile
transition depth, which depends on the temperature profile
along the plate interface at that time, using this procedure.
Here, σn is the normal stress, though we use pressure in-
stead. λ is usually interpreted as pore fluid pressure. How-
ever, in this study, we call this parameter the ‘frictional
parameter’ because this parameter includes all effects that
reduce or increase frictional heating along the plate inter-
face, such as strength weakening during coseismic slip or
cooling by the flow of fluids along the plate interface. A is a
constant, n is a stress factor, E is the activation energy, and
R is the gas constant. These parameters are also listed on
Additional file 1: Table S2. _∈ is the strain rate, which is ob-
tained by dividing plate velocity by thermal dissipation
length. Frictional heating is obtained by multiplying shear
stress τ and the plate velocity vpl. However, to calculate fric-
tional heat in the energy equation, we have to convert it
from heat per area to heat per volume. We divided the fric-
tional heat by the thermal dissipation length w, which we
assume to be 2,000 m.
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The whole model space is 800 km (horizontal) ×
400 km (vertical). As an initial condition with no slab,
there is a stratified temperature profile which is con-
strained by carrying out a half-space cooling calculation
of 1,350°C homogeneous mantle for 20 m.y., and we as-
sume adiabatic compression. With increments of time,
the slab subducts from the right boundary through the
passage, which is constrained by the present geometry
of the slab. The top 70 km is set as a conductive layer
(i.e., continental lithosphere), which is made up by 32-km
crust and upper mantle. The mantle, which is not con-
ductive, is considered to be free-flowing, with the move-
ment obtained by solving the momentum equation. At the
side and bottom boundaries, zero normal stress is given.
At the top boundary, a rigid condition is given on the
landward boundary. The value of the stream function is
given following the velocity and direction of the subducted
slab. We first solve the momentum equation with a 10-km
grid. Because the inertial term is neglected in the momen-
tum equation, we can solve it as a simple inverse problem
at each time step. Then, we interpolate the stream func-
tion into a 2-km grid and solve the energy equation. As
for the boundary condition of the energy equation, the
adiabatic condition is given at the left side and bottom
boundaries. At the top boundary (surface of the model re-
gion), 0°C is given. At the right side boundary, the thermal
profile depending on the age of subducted slab is given
following Stein and Stein (1992).

Additional file

Additional file 1: Table S1. Velocity structure used for locating events.
Table S2. List of parameters used in the thermal modeling.
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