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Slab temperature controls on the Tonga double seismic
zone and slab mantle dehydration
S. Shawn Wei,1,2* Douglas A. Wiens,1 Peter E. van Keken,3 Chen Cai1

Double seismic zones are two-layered distributions of intermediate-depth earthquakes that provide insight into the
thermomechanical state of subducting slabs.We present newprecise hypocenters of intermediate-depth earthquakes
in the Tonga subduction zone obtained using data from local island–based, ocean-bottom, and global seismographs.
The results showadowndip compressional upperplane andadowndip tensional lowerplanewith a separationof about
30 km. The double seismic zone in Tonga extends to a depth of about 300 km, deeper than in any other subduction
system. This is due to the lower slab temperatures resulting from faster subduction, as indicated by a global trend
toward deeper double seismic zones in colder slabs. In addition, a line of high seismicity in the upper plane is observed
at a depth of 160 to 280 km, which shallows southward as the convergence rate decreases. Thermal modeling shows
that the earthquakes in this “seismic belt” occur at various pressures but at a nearly constant temperature, highlighting
the important role of temperature in triggering intermediate-depth earthquakes. This seismic belt may correspond to
regionswhere the subductingmantle first reaches a temperature of ~500°C, implying thatmetamorphic dehydration of
mantle minerals in the slab provides water to enhance faulting.
INTRODUCTION
Intermediate-depth earthquakes, which occur at depths of ~70 to
300 km, are observed at most subduction zones. The causes for this
seismicity remain controversial because the pressure (P) and tempera-
ture (T) are too high to allow brittle failure. Of particular interest are
double seismic zones (DSZs) discovered in several subduction zones,
in which intermediate-depth earthquakes occur along two layers that
are parallel to the subducting slab and are separated by 20 to 40 km
(1–10). The upper plane is usually confined in the slab crust and upper-
most mantle with downdip compressional stresses, whereas the lower
plane is deeper in the slab mantle with downdip tensional stresses.

A variety of mechanisms have been proposed to explain these earth-
quakes, including dehydration embrittlement (11), plastic shear instability
(12), transformational faulting (6), and fluid-related embrittlement (13).
The upper zone hypocenters coincide well with locations where free
fluids can be produced by dehydration reactions. This suggests that
intermediate-depth earthquakes may be triggered by increased pore
fluid pressure that reduces the confining pressure at great depths. The
free fluids are usually assumed to be derived from in situ dehydration of
hydrous minerals (14–16) or by migration from elsewhere (17).

The Tonga subduction zone is a particularly interesting place to study
intermediate-depth seismicity because it represents the coldest slab, due
to the subduction of old oceanic lithosphere with the largest convergence
velocity of any subduction zone. Thus, temperature-controlled processes,
such asmost dehydration reactions, should occur at greater pressures and
depths than those observed in other subduction zones. The convergence
rate decreases southward from ~240 mm/year at 16°S to ~164 mm/year
at 22°S (Fig. 1) (18), whereas the slab age and dip angle roughly remain
constant. The DSZ in Tonga was initially discovered using global seismic
data byKawakatsu (2), with an estimated depth range from60 to 200 km.
Although the slab is dominated by downdip compressional stresses (19),
the few earthquakes in the lower plane of the DSZ are characterized by
downdip tensional stresses (2, 20).
Because of the lack of local seismic data, Tonga earthquake hypocen-
ters listed in all standard global earthquake catalogs, such as the EHB
Bulletin (21), generally have large uncertainties. Therefore, the Tonga
DSZ has not been precisely delineated, and the regional connection be-
tween intermediate-depth seismicity and slab processes, such as dehy-
dration reactions, remains unclear. Here, we present precise hypocenters
of 671 intermediate-depth earthquakes in the Tonga subduction zone
(Fig. 1 and fig. S1) using data from local island–based, ocean-bottom,
and global seismographs (fig. S2), which provide an unprecedented
image of the Tonga DSZ. Among these earthquakes, 324 have Global
Centroid Moment Tensor (CMT) solutions (22, 23), allowing us to de-
termine the stress state within the slab (figs. S3 to S5).
RESULTS
The detailed seismicity cross sections show a DSZ in the northern and
central parts of the study area (Fig. 2). The existence of the DSZ is further
demonstrated by plotting the number of earthquakes as a function of the
depth normal to the slab surface along each cross section (Fig. 3A). In the
northernmost region (A-A′), where there are few local seismic stations,
thehypocenters donot showaclear double-planed structure, but the focal
mechanisms appear to be separated with downdip compressional events
closer to the slab surface and downdip tensional ones deeper within the
slab. This is in agreement with results from Kawakatsu (2, 20), who pro-
posed the existence of theDSZ largely based on focalmechanisms. Along
cross sections B-B′, C-C′, and D-D′, the lower plane of the DSZ can be
identified simplyon thebasis of thedistributionof the slab-normal depths
(Fig. 3A). In the south, the lower plane diminishes, and the seismogenic
zone becomes a single layer of downdip compressional earthquakes along
cross section E-E′ (Fig. 2E). The only downdip tensional event in the
south is the earthquake on 22 June 1977 (MW = 8.2), at a depth of 61
km in the Global CMT catalog and 85 km in this relocation (E-E′ in
fig. S5). Its unusually large magnitude, relatively shallow depth, and loca-
tion seaward of the usualDSZposition suggest that it is not a regularDSZ
lower-plane earthquake and may be related to the subduction of the
Louisville Ridge (24). Neither the slab surface nor the DSZ can be ex-
plicitly determined by the standard global earthquake compilations
such as the EHB Bulletin (21) without local seismic data (fig. S1B).
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The best earthquake locations, providing the highest-resolutionDSZ
image, are those located using both local and global stations along cross
sectionC-C′, beneath the center of the 2009–2010 array (Fig. 4 and fig. S6).
Because most of these earthquakes are relatively small compared to those
with CMT solutions, the waveforms have lower signal-to-noise ratios and
limited bandwidth; thus, it is difficult to determine reliable focal mechan-
isms. The analysis of waveform similarity suggests that the seismogenic
zone along C-C′ can be roughly divided into two layers, so that most of
the upper-layer events are similar to an upper-plane earthquake with a
downdip compressional CMTmechanism, whereas the waveforms from
lower-plane events resemble those from a downdip tensional CMT
earthquake (Fig. 4).

The delineation of the two seismic planes is not as clear as observed
for the DSZ in northeastern Japan [for example, see study by Kita et al.
(8)], but this may not indicate a difference in the separation of the two
planes. Tonga event locations are less accurate than for northeastern
Japan, and in particular, those events that are solely constrained by
global stations (black dots in fig. S6) have larger uncertainties and
may cause the DSZ to be less distinct. Perhaps more importantly, the
lower plane of the Tonga DSZ is significantly less active compared to
that of the northeastern Japan DSZ, making it more difficult to identify
the two distinct planes. It is intriguing that the absence of theDSZ lower
plane in the south coincides with a change in the deeper slab geometry,
going from a torn or contorted slab in the northern and central parts
(25) to a continuous slab in the south. The slab stress state also becomes
Wei et al. Sci. Adv. 2017;3 : e1601755 11 January 2017
strongly compressional in the south over all depth ranges (19, 26).
Therefore, we suggest that the change in the overall slab stress field is
responsible for the absence of the DSZ in south Tonga.

Our new results show that the DSZ in Tonga extends to a depth of
~300 km (Figs. 3B and 4 and fig. S6), which is significantly deeper than
what was found by Kawakatsu (2, 20). It also extends significantly
deeper than DSZs in other subduction zones, which we interpret as re-
sulting from the colder slab temperature due to the higher convergence
rate. Following Kirby et al. (11), we describe the slab temperature using
the thermal parameter, defined as the product of plate age and the ver-
tical descent rate of the slab. The thermal parameter is proportional to
the depth to which an isothermwill extend in themantle assuming only
conductive heat transfer. Figure 5 shows a strong correlation between
the depth extent of the DSZ within various subduction zones (3–9) and
the thermal parameters given by Syracuse and Abers (27), suggesting
that the termination of theDSZ is predominantly controlled by slab tem-
perature. This demonstrates that the fundamental controls onmaximum
DSZ depth result from thermally activated processes, such as slab dehy-
dration, and not from purely geometric factors related to slab bending,
which varies among subduction zones.

The highest Tonga intermediate-depth seismicity rate occurs along
a linear pattern of epicenters at about a depth of 280 km in the north,
shallowing to 160 km in the south, labeled as the “seismic belt” in
Figs. 1 and 2. This belt appears as an earthquake cluster along each
cross section, as illustrated by histograms of event depths in fig. S7.
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Fig. 2. Cross sections of hypocenters superposed on thermalmodels. (A to E) Hypocenters with thermal models for each cross section. The temperature contour interval is
200°C. The gray curve shows the slab surface fit to the seismicity, and the red triangle on the top represents the volcanic arc. Earthquakes are sorted into the categories of downdip
compression (yellowdots), downdip tension (magenta dots), and null (black dots) on the basis of the directions of the principal axes shown in fig. S5. Small black dots illustrate the
events without a CMT solution. Superposed on the left is the slab curvature along each cross section. (F) Enlarged view of cross section C-C′ to show the seismic belt. Yellow and
black dots are the actual hypocenters. The solid and dashed gray curves illustrate the slab surface and Moho, respectively.
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Some other earthquake clusters, such as the one at a depth of 125 to
150 km along cross sections A-A′ and B-B′, do not extend for long
distances along strike (map view in Fig. 1 and 3D view in fig. S8). We
thus focus our investigations on the seismic belt at a depth of 160 to
280 km. It is unlikely that these earthquakes are caused by the change
Wei et al. Sci. Adv. 2017;3 : e1601755 11 January 2017
in the slab geometry, because the slab curvature changes at greater
depths (Fig. 2 and fig. S7). A similar seismic belt in the upper plane of
the DSZ has also been observed in northeastern Japan and has been
attributed to the formation of eclogite within the slab crust (28). Kita
et al. (28) further proposed that the deepening of the seismic belt
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beneath the Hokkaido corner results from a change in the slab tempera-
ture and emphasized the predominant role of thermally controlledmech-
anisms. By comparison, the seismic belt in Tonga occurs at greater
depths. Because the convergence rate decreases almost linearly fromnorth
to south (18),whereas slab age anddip angle are constant, the slab interior
temperature must increase linearly from north to south, coinciding with
the trend that the seismic belt occurs at shallower depths toward the south.

The strong correlation between the depth extent of theDSZs and the
slab thermal parameter, combined with the correlation between the
depth of the seismic belt and the convergence rate, suggests that one
or more thermally controlled mechanisms are responsible for the
DSZ and the seismic belt. To quantify these effects, we developed
two-dimensional (2D) thermal models for each cross section, taking
into account the varying slab geometry and convergence rate. The other
parameters, including the plate age and sediment thickness, are constant
for all cross sections (see tables S1 and S2). The differences between the
2D cross sections are therefore primarily due to the varying slab ge-
ometry and the convergence rate. As expected, the cold core of the
Tonga slab extends deeper in the north than in the south and also
deeper compared to that in northeastern Japan (13) and other slabs
because of the high convergence rate in Tonga.

From these thermal models (Fig. 2, A to E), we extract the P-T
conditions of the slab surface and earthquakes along each cross section
(Fig. 6, A to E). We also assumed a slab crustal thickness of 5.5 km on
the basis of a previous active-source seismic study of the incoming
Pacific Plate (29) to determine the P-T conditions of the Moho. The
seismic belt is quantitatively defined as the peak of seismic activity in
both pressure and temperature shown in fig. S9. Figure 6F shows that
the P-T conditions of the seismic belt earthquakes along all the cross
sections are within a narrow thermal range of 325° to 425°C, despite a
wide pressure range of 4.5 to 8.5 GPa. Most of these earthquakes are
located at the Moho or within the uppermost mantle of the subducting
Wei et al. Sci. Adv. 2017;3 : e1601755 11 January 2017
slab (Fig. 2F), and CMT solutions and waveform similarity analysis,
which indicate downdip compression, associate them with the DSZ
upper plane. This suggests that the seismic belt occurs where the upper
plane, likely confined to the crust at shallower levels by comparison to
Japan (28), descends into the subducting mantle. This suggests that a
temperature-activated process in the uppermost subducting mantle is
responsible for the seismic belt. However, the temperature in the
earthquake foci is highly uncertain because of possible systematic errors
introduced by fitting the slab surface to the hypocenters. Given the
strong thermal gradients near the slab surface, relatively small errors
in slab surface or hypocenter location can translate into large differences
in predicted temperature. The estimated errors of pressure are negligible,
but the thermal uncertainties can be as large as 300°C for earthquakes
near the slab surface (Fig. 6, A to E).

More precise estimates of the controlling temperatures may be ob-
tained if we assume that the seismic belt occurs where the mantle im-
mediately beneath the Moho is heated above some threshold. The
thermal structure of the slab Moho is more robust because it primarily
depends on the thickness of the subducting oceanic crust, which is well
resolved by previous seismic refraction studies (29). Plots of the Moho
temperature adjacent to the seismic belt hypocenters (Fig. 5F) show that
the P-T conditions of theMoho are restricted in an even narrower tem-
perature range of 475° to 525°C. Therefore, both the actual P-T con-
ditions calculated for the earthquakes and the P-T conditions of the
adjacent Moho show nearly isothermal trends.
DISCUSSION
Our study indicates a strong correlation betweenDSZdepth extents and
slab thermal conditions (Fig. 5). In addition, thermal modeling shows
nearly isothermal trends for the seismic belt earthquakes and the adja-
cent Moho (Fig. 6F). These observations suggest that the Tonga DSZ is
controlled by one or several temperature-sensitive mechanisms rather
than slab geometry or pressure. Although several possible mechanisms
are temperature-controlled, we suggest that serpentine dehydration re-
actions are the most plausible candidates because of the widespread oc-
currence of serpentine in the subductingmantle and because serpentine
dehydration is expected at the temperature and pressure conditionswhere
the seismicity is observed [for example, see study by Hacker et al. (15)].

The P-T conditions of the subducting uppermost mantle in the
southern and central regions of the seismic belt are 5.5 to 7 GPa and
500°C, respectively, and correspond closely with the first dehydration
reaction of antigorite (antigorite = phase A + enstatite + H2O) along
theMoho geotherm (Fig. 6) (30–32). Therefore, we suggest that the seis-
mic belt earthquakes are triggered by water released from antigorite de-
hydration in the uppermost mantle immediately beneath the Moho.
This is consistent with a conclusion by Brudzinski et al. (10), who com-
pared DSZ layer separations and slab ages worldwide. Many studies in-
dicate that seawater reacts with mantle peridotite to form serpentine
minerals (including antigorite) in plate bending faults on the incoming
plate just seaward of trenches (33–36), and that antigorite will be the
dominant hydrousmineral in the subductingmantle. Someof the seismic
belt earthquakesmay occur closer to theMoho than they appear in Fig. 2
because of the large uncertainties of those hypocenters constrained solely
by global data. However, some earthquakes occurring at colder tempera-
tures 10 to 15 km below theMoho (Fig. 2F) are still plausible, because a
few numerical models show that pressure gradients within the slab may
drive the water deeper into the slab (17, 37) and cause seismicity by fluid-
related embrittlement.
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Wenote that the experimentally determined equilibrium conditions
of antigorite dehydration (30–32) show a somewhat different P-T slope
than the observed nearly isothermal trends of the seismic belt and the
adjacent Moho (Fig. 6F). One possible explanation is that the reaction
antigorite = phase A + enstatite + H2O may have a more isothermal
trend, at pressures greater than 6 GPa, than indicated in the limited
experimental data. The significant differences between the studies by
Hilairet et al. (31) and Schmidt and Poli (32) suggest that the phase
boundaries at these pressures are relatively uncertain (Fig. 6F).

An alternative explanation is that the kinetics of antigorite dehydra-
tionmay effectively inhibit the reaction at temperatures lower than~450°C.
In this case, the reaction would proceed near equilibrium around 5.5 GPa
butwould become increasingly inhibited at greater pressures, producing
a nearly isothermal trend. Although the dehydration reaction antigorite =
forsterite + enstatite +H2Oproceeds rapidly at temperatures above 530°C
at lower pressures (38), there is no published kinetic data on the higher-
pressure dehydration reaction to phase A. More detailed experimental
constraints on antigorite dehydration reactions at pressures greater than
6 GPa will be required to verify the abovementioned hypotheses.
Nevertheless, the nearly isothermal trend of the seismic belt, combined
with the strong correlation between the maximum depths of the DSZs
Wei et al. Sci. Adv. 2017;3 : e1601755 11 January 2017
and the thermal parameters for various slabs, emphasizes the predomi-
nant role of the slab temperature in dehydrating subducting mantle and
triggering intermediate-depth earthquakes at these great depths.
MATERIALS AND METHODS
Locating/relocating earthquakes
Most of the data were collected from 49 ocean-bottom seismographs
(OBSs) deployed in the Tonga-Lau-Fiji region from November 2009
to October 2010 and from 17 island-based seismic stations operated
from October 2009 to December 2010 (red symbols in fig. S2). Each
of the 29 OBSs fromWoods Hole Oceanographic Institution consisted
of a Guralp CMG-3T seismometer and a Quanterra Q330 datalogger,
whereas the other 20 OBSs from Lamont-Doherty Earth Observatory
(LDEO) used Sercel L-4C seismometers and LDEO-designed dataloggers.
The land stations were deployed on islands in Tonga and Fiji. Each of
them consisted of a broadband three-component seismometer (Guralp
CMG-3T, Streckeisen STS-2, or Nanometrics Trillium 120PA) and a
RefTek RT130 recorder.

We first manually examined 764 earthquakes cataloged in the Re-
viewed International Seismological Centre (ISC) Bulletin (39) that
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occurred between December 2009 and December 2010, with epicenters
confined in latitudes of 16.5°S to 24°S and longitudes of 177°E to 171°W
using the data from the local seismic array. P and S arrivals were man-
ually picked, and then the events were relocated using the Antelope
software with the generalized earthquake-location package (40) and
the IASP91 velocity model (41). We also picked the arrivals of 399
previously unlocated earthquakes, which were automatically detected
by event detection and association routines in the Antelope software,
in the same region and time period but confined in a depth range of
50 to 450 km. This resulted in 94,851 P arrivals and 14,772 S arrivals
for 1163 earthquakes in total. We also combined the arrival data of
292 events from the 1994 Lau Basin Ocean Bottom Seismograph Sur-
vey and the 1993−1995 Southwest Pacific Seismic Experiment (yellow
symbols in fig. S2) (42, 43). To investigate the slab stress state, we also
relocated earthquakes listed in the Global CMT catalog (22, 23) in the
same region during 1977−2013 using the P, S, and pP arrivals recorded
by global stations in the ISC catalog (39). S arrivals for epicentral
distances larger than 10° were omitted because of generally large arrival
time uncertainties.

Because the focus of this study is the intermediate-depth earth-
quakes, we used the hypocentroidal decomposition relative relocation
algorithm (44, 45) to relocate only the events that were initially located
within a depth range of 50 to 450 km. Including earthquakes at depths
of 300 to 450 km is essential to constrain the slab geometry. The advan-
tage of combining the local data jointly with the ISC teleseismic data in
the same relative relocation is significant, because the arrivals recorded
by the local stations can help to constrain the CMT events without local
records through the overlapping global stations. Figure S6 shows that
the relative locations of events constrained by both local and global
stations are robust, independent of the inclusion of events without local
records in the relocating inversion, although their absolute locations
shift by ~10 km. A shift in absolute locations is expected when different
station sets are used, because the different raypath coverage differently
samples unknown earth heterogeneity (44, 46). However, the relative
locations are robust because there are enough common stations in the
station sets. The events without local records have larger location uncer-
tainties andmake theDSZ less distinct. However, these events with CMT
solutions provide important information of stress state and seismic ac-
tivity. We therefore primarily described the DSZ morphology on the
basis of the events recorded by both local and global stations and inves-
tigated the slab stress and thermal conditions on the basis of all events.

After the initial inversion, themost poorly located events were elimi-
nated, and the remaining data set was again relocated. This procedure
was repeated several times to include only earthquakes with the smallest
uncertainties.We initially divided the events into three subregions from
north to south and relocated each subset. This strategy of separately lo-
cating different regions is necessary because the hypocentroidal de-
composition algorithm is designed for clustered events, so that raypaths
to the same station sample similar lateral heterogeneity. As some events
with large uncertainties were discarded, the final round of relocation
included only two subsets in the northern and southern subregions
divided along 20.1°S. No significant discrepancies among hypocenters
near 20.1°S were found because of this division.

A total of 671 intermediate-depth earthquakes with 95% confidence
ellipsoids smaller than 8 km along all semiaxes were relocated (fig. S8).
We further projected these earthquakes into five cross sections perpen-
dicular to the TongaTrench, eachwith awidth of 133 km (Fig. 1 and fig.
S3), and determined the slab geometry for each cross section on the
basis of these events. The slab surface was fit using the smoothing spline
Wei et al. Sci. Adv. 2017;3 : e1601755 11 January 2017
algorithm inMATLAB, such that the resulting surface lies above 85% of
all hypocenters at depths of 50 to 400 km. The relocated hypocenters,
along with their principal axes if associated with a Global CMT solution
(22, 23), are plotted in figs. S3 and S4.We further sorted the events into
three categories: downdip compressional events, of which P axes are
within 30° of the slab dip vector; downdip tensional events, of which
T axes are within 30° of the slab dip vector; and null events, which do
not fall into either of the previous groupings, in many cases because the
P or T axis is oriented along strike (Fig. 5).

Waveform similarity
Hypocenters of earthquakes with both local and global records show a
distinctDSZ along cross sectionC-C′. However, because the local seismic
stations were deployed for a short time period, only a few of these earth-
quakes have well constrained focal mechanisms. To investigate the small
events without CMT solutions, we conducted an analysis of waveform
similarity for earthquakes recorded by both global and local 2009–2010
stations. Figure 4A shows all events, of which only two have CMT solu-
tions, one of which is downdip compressional and located in the upper
zone and the other is downdip extensional and located in the lower zone.
We compared waveforms of all the well-located 2009–2010 events re-
corded at station FONI, because the raypaths are roughly parallel with
the slab and have similar takeoff angles. Events right beneath FONI (gray
dots in Fig. 4A)were excluded to avoid near-vertical raypaths. All seismo-
grams were filtered at a frequency of 1 to 5 Hz using a bandpass filter
(fourth-order Butterworth, zero-phase shift). We then cross-correlated
the waveform (±0.4 s relative to P arrival) of each small event with the
waveforms of the two CMT events (bold curves in Fig. 4B).

All events were then sorted into three groups according to their
cross-correlation coefficients. One group shows high similarity to
the downdip compressional CMT event (blue locations and wave-
forms in Fig. 4), and another group shows high similarity to the
downdip tensional CMT event (red in Fig. 4) and events that have
low or equal similarity to both events (black in Fig. 4). The histogram
of depths in the slab-normal direction (Fig. 4C) suggests that the blue
events concentrate near the slab surface, whereas most of the red
events are 20 to 40 km deep beneath the slab surface. This analysis
shows a DSZ of which the upper plane primarily consists of downdip
compressional earthquakes and the lower plane contains downdip
tensional events.

Modeling slab thermal structures
To investigate the P-T conditions of earthquakes in the depth range of
50 to 350 km, we developed 2D thermal models for each cross section
with varying slab geometry defined in the last section. The modeling
generally follows those of van Keken et al. (47) and Syracuse et al.
(48), as benchmarked by van Keken et al. (49), in which a dynamic
corner flow in the mantle wedge is driven exclusively by the kinematic
motion of the slab under a fixed overriding plate. The models were
calculated using a finite element approach on the basis of the SEPRAN
modeling package (http://ta.twi.tudelft.nl/sepran/sepran.html),
following the methods described by Cuvelier et al. (50).

By ignoring the thermal buoyancy in the wedge, secondary convec-
tion, and compressible effects of mantle, the governing equations are
simplified as the conservation of mass

∇⋅v⇀ ¼ 0 ð1Þ
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and the conservation of momentum

∇⋅��t � ∇P ¼ 0 ð2Þ

where v
⇀
is the velocity, P is the dynamic pressure, and��t is the deviatoric

stress tensor given by

��t ¼ 2he: ð3Þ

where h is the effective dynamic viscosity and e
:
is the strain rate tensor

given by

e:ij ¼ 1
2

∂vi
∂xj

þ ∂vj
∂xi

� �
ð4Þ

The mantle viscosity is defined by a non-Newtonian, temperature- and
stress-dependent rheology based on a dislocation creep flow law for dry
olivine as

h T; e:ð Þ ¼ A�1=nm exp
E

nRT

� �
e:ð1�nÞ=n ð5Þ

whereR= 8.3145 Jmol−1 K−1 is the gas constant;A, E, m, and n are listed
in table S1 (51). The temperature is calculated on the basis of the heat
advection-diffusion equation

rcp
∂T
∂t

þ v
⇀⋅∇
� �

T

� �
¼ ∇⋅ k∇Tð Þ þH ð6Þ

where T is the temperature, t is the time, and H is the volumetric heat
production; r, cp, and k are listed in table S1. The overriding plate was
modeled as a young oceanic lithosphere (half-space cooling profile)
with an initial age of 10 million years (My). Thus, the modeling was
time-dependent, although the kinematic descriptions and boundary
conditions were fixed. We took models after evolution of 20My, which
is (more than) sufficient to reach a quasi–steady-state thermal structure.

The mantle potential temperature was assumed to be constant at
1475°C over all cross sections according to the estimation from major
element chemistry at theValu FaRidge (52). The condition of plate cou-
pling between the slab and the mantle wedge is crucial for modeling
the shallow part of the subduction zone.We adopted the assumption
of Syracuse et al. (48) that the plates partially couple above 80-km depth
and become fully coupled below this depth. This assumption was valid
in this study because our focus was the intermediate-depth earthquakes,
and the slab surface shallower than 50 km is poorly constrained because
of the lack of precisely relocated seismicity.

The kinematic information of the slab for each cross section is
shown in table S2, according to previous geodetic studies andmodeling
(27, 48, 53). The convergence rates are corrected normal to the trench,
and the back-arc spreading rates are also taken into account so that VC

describes the motion of the incoming plate with respect to the arc. The
other parameters, including the plate’s age and sediment thickness, are
set constant for all cross sections, as shown in table S2. Therefore, the
differences between individual 2D thermalmodels come solely from the
varying slab geometry and the convergence rate VC.
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Earthquake P-T conditions
The earthquake hypocenters were superposed on the 2D thermalmodel
along each cross section, and then, the in situ pressure and temperature
of the model were extracted for each event. It is worthwhile to notice
that each earthquake is treated as a point source near the initial nuclea-
tion, although large earthquake ruptures should extend widely in space
and thus broadly in the P-T diagram. Given the strong thermal gradients
near the slab surface, relatively small errors in hypocenter location can
translate into large differences in predicted temperature. We thus esti-
mated the uncertainties of the slab location to be ~5 km normal to the
slab and further calculated the corresponding uncertainties of tempera-
ture and pressure for the earthquakes. The estimated errors of pressure
were negligible, but the thermal uncertainties were as large as 300°C for
earthquakes near the slab surface (Fig. 6, A to E).

To precisely locate the seismic belt in the P-T diagrams, we plotted
histograms of pressures and temperatures of earthquakes (fig. S9). The
seismic belt was identified as the peak of the distribution. The Moho
temperature adjacent to a hypocenter was obtained by shifting the tem-
perature to the Moho path in the P-T diagrams while keeping the pres-
sure unchanged. This strategy was based on the fact that the thermal
gradient is much larger than the pressure gradient. Therefore, the P-T
conditionof theMohoadjacent to the seismic beltwasdefined as thepeak
of seismic activity in both pressure and shifted temperature (fig. S10). Al-
though the pressure of the seismic belt consistently decreases from north
to south, its temperature is restricted in a narrow range of 325° to 425°C.
In addition, the temperature of the Moho adjacent to the seismic belt is
confined in an even narrower range of 475° to 525°C.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/1/e1601755/DC1
fig. S1. Cross sections of hypocenters.
fig. S2. Tectonic map and seismic stations.
fig. S3. Map view of relocated Global CMT solutions.
fig. S4. Cross sections of earthquake at vertical depths of 50 to 300 km with Global CMT
solutions.
fig. S5. Cross sections of earthquake principal axes based on Global CMT solutions.
fig. S6. Cross sections of hypocenters from different inversions.
fig. S7. Histograms of earthquake depths along each cross section.
fig. S8. 3D view of error ellipses for all events, viewed normal to the trench.
fig. S9. Histograms of earthquake P-T conditions along each cross section.
fig. S10. Histograms of P-T conditions of the Moho adjacent to the seismic belt along each
cross section.
table S1. Thermodynamic parameters used in thermal modeling.
table S2. Slab parameters for each cross section.
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