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Abstract

Large shallow intraslab earthquakes (LSIEs) of over magnitude-7 rarely occur at shallower depths (<60 km) in the sub-
ducting plates of the circum-Pacific and northern margin of the Australian Plate off Indonesia. Previous studies have
suggested that most LSIEs occur under surface tectonic conditions with a lateral stress gradient across the back-

arc to the fore-arc on the overriding plate based on seismological and geological evidence. In this study, dynamic
conditions for the occurrence of LSIEs were studied using the intraslab stress state, stress state of the overriding

plate, motion speed of overriding and subducting plates, and trench migration speed determined by plate motion
models. LSIEs prefer tectonic conditions under (1) an extensional-to-neutral stress state in the back-arc, (2) a com-
pressional stress state in the fore-arc, and (3) down-dip tension in the shallower part of the subducting plate. The
results suggest that the Earth’s subduction zones can be classified into four categories. This categorization is informed
by the behavior of underlying mantle flow, i.e,, the magnitude of slab suction flow in the mantle under the subduct-
ing plates, which is related to the degree of plate-slab coupling, and the scale of return flow in the mantle wedge
under the overriding plates, which varies the combination of stress states in the fore-arc and back-arc.

Introduction

Large shallow intraslab earthquakes (LSIEs) of over mag-
nitude-7 rarely occur at depths of <60 km (Preston et al.
2002; Seno and Yoshida 2004). More recently, A M,, 8.2
intraslab earthquake occurred in Chiapas, Mexico, on
September 8, 2017 (Ye et al. 2017). Since LSIEs cause
severe damage owing to the shallower depths of their epi-
centers, deep understanding of the mechanism of LSIEs
can aid hazard assessments in areas near related subduc-
tion zones. Furthermore, the occurrence of LSIEs possi-
bly depends on dynamic interactions between not only
the subducting and overriding plates but also between
these plates and underlying mantle flow. Therefore,
the study of the dynamic conditions for LSIEs is key to
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understanding the relationship between the Earth’s sur-
face activity, which is directly observable, and the Earth’s
deep activity, which is not directly observable and indi-
rectly studied by, for example, numerical simulations,
seismic tomography, and geochemical analyses of mantle
rocks.

Based on the focal mechanisms of earthquakes, slab
stress, and the stress state of overriding plates near the
20 events listed by the Global CMT catalog (Dziewon-
ski et al. 1981; Ekstrom et al. 2012) and individual stud-
ies, Seno and Yoshida (2004) concluded that LSIEs occur
in tectonic environments with down-dip tension (DDT)
in the shallower part of the subducting plate and exten-
sional back-arc stress, except for a few events. However,
their analyses were based on a dataset from seismological
and geological evidence and not on geodetic observation
of plate motion, and they did not clearly discuss the phe-
nomenon in terms of the relationship between surface
observation and underlying mantle dynamics.
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Geodetic information of plate motion is useful for esti-
mating not only absolute velocity and motion but also the
deformation rate of the plate interior near a trench. In
particular, such geodetic information produces a quan-
titative estimation of the stress state of the subducting
and overlying plates and complements information from
geological observations and focal mechanisms (e.g., Lal-
lemand et al. 2005, 2008). In this study, I investigated
dynamic conditions for LSIEs using a dataset for the
intraslab stress state, stress state of the overriding plate,
motion speed of the overriding and subducting plates,
and trench migration speed (ie., trench advance or
retreat) determined by geodesic observation.

Stress states in the back-arc and fore-arc regions

Seno and Yoshida (2004) studied events with depths
of 20-60 km, because events at depths shallower than
20 km cannot be distinguished from outer-rise events,
and those deeper than 60 km are caused by unbending
processes in the elastic core of the plate (Engdahl and
Scholz 1977) and thermal stress constrained by slab mor-
phology (Hamaguchi et al. 1977). It should be noted that
bending/unbending-related events can occur at wide
depth ranges, including within 20—60 km, and there is no
uniform depth distribution pattern across all subduction
zones (e.g., Craig et al. 2022; Sippl et al. 2022). Therefore,
excluding the effects of bending and unbending by lim-
iting the analysis to earthquakes in the 20-60 km range
may not be robust, but this study followed the definition
used in the previous study (Seno and Yoshida 2004).

Table 1 is a modified list of LSIEs based on the study
by Seno and Yoshida (2004) and updated information,
and Fig. 1 shows the distributions and focal mechanisms
of the LSIEs listed in Table 1. This list was constructed
mostly from the studies by Preston et al. (2002) and
Wong (2005) for the Cascadia Trench, Ye et al. (2017) for
the Mexico Trench, Mallick et al. (2017) for the Suma-
tra—Andaman Trench, and Harada and Ishibashi (2008)
for the Mariana Trench, in addition to information from
the Global CMT catalog and other individual studies.
The largest LSIEs were the 1994 Hokkaido—Toho—Oki
Earthquake and the 1958 Etrofu—Oki Earthquake, which
occurred in the Kuril Trench, with a magnitude of 8.3.
Although the latter was considered to be an interplate
earthquake (Utsu 1972), more recent seismic analyses
have suggested that this was an intraslab earthquake
(Harada and Ishibashi 2000).

Based on the data base by Heuret and Lallemand (2005)
and Lallemand et al. (2005), Lallemand et al. (2008) pre-
sented the absolute velocity of the subducting plates,
overriding plates, and trench migration (V,,;, V,,, and V,,
respectively) on 166 transects at every 2° along subduc-
tion zones based on the three reference frames of plate
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motion, i.e., HS3 (Gripp and Gordon 2002), SBO4 (Becker
2006; Steinberger et al. 2004), and NNR (DeMets et al.
1994; Gripp and Gordon 2002). Figure 2a, b demonstrate
diagrams relating to trenches in HS3 reference frame,
in which the velocities of the subducting plate (V)
versus those of overriding plate (V,,) for 166 trenches
(Fig. 2a) and trenches where the large shallow intraslab
earthquakes (LSIEs) occur (Fig. 2b) were plotted. The
green, gray, and orange circles show the extensional,
neutral, and compressional stress regimes in the back-
arc as deduced from focal mechanisms of earthquakes
following the work of Heuret and Lallemand (2005) and
Lallemand et al. (2008). Following their definitions, the
extensional stress state is characterized by dominant
normal focal mechanisms with strike-slip components,
whereas the compressional stress state is characterized
by dominant reverse focal mechanisms with strike-slip
components. The “neutral” stress state indicates the focal
mechanism region characterized by dominant strike-slip
or no earthquakes within the overriding plate (see Heuret
and Lallemand (2005) for details).

Meanwhile, Heuret and Lallemand (2005) defined the
stress regimes inferred from the above geodetic data in
the back-arc region, independently of the focal mecha-
nism. In their definition, the relative value of back-arc
deformation is defined by

Vg =V — Vi, (1)

where negative and positive v, values indicate back-arc
compression (i.e., shortening) and extension (i.e., spread-
ing), respectively (Fig. 3).

In this paper, the relative value of fore-arc deformation
was newly defined by

Ve =

sub — vup! (2)

where negative and positive v, values indicate fore-arc
compression (i.e., shortening) and extension (i.e., spread-
ing) respectively (Fig. 3). To determine the relationship
between the back- and fore-arc stress states, I plotted
v ,-versus-v, diagrams of the 166 trenches in the three
reference frames (Fig. 2c and Figs. Slc and S2c in the
supplementary material). On the other hand, Fig. 2d and
Figs. S1d and S2d in the supplementary material show
the v -versus-v, diagram of trenches where LSIEs occur;
I identified 47 trenches relating to LSIEs, including the
Sumatra, Andaman, Manila (Luzon), Mariana, Kuril,
Alaska, Cascadia, Mexico, Costa Rica, Peru, Northern
Chile, and New Hebrides Trenches as well as the Nan-
kai Trough (Table 1). These 47 trenches include 13, 25,
and 9 trenches of compressional, neutral, and extensional
regimes in the back-arc, respectively, as deduced from
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Fig. 1 a Distributions and focal mechanisms of the large shallow intraslab earthquakes listed in Table 1. b Close-up view around the Mexico
and Costa-Rica Trenches shown by a small orange rectangle in (a). ¢ Close-up view of a part of Washington, United States, shown by an orange
rectangle in (a). Blue, green, and red lines indicate the trenches, transform-faults, and ridges, respectively

research on the focal mechanisms of earthquakes (Lalle-
mand et al. 2005, 2008).

It was found that the distribution of these plots did not
depend on the reference frames significantly, although
the V,,,-versus-V,, diagrams (Fig. 2a and Figs. Sla and
S2a in the supplementary material) and the V,,,-versus-
V, diagram (Fig. 2b and Figs. S1b and S2b in the supple-
mentary material) show variations in the three reference
frames. Because the velocities of the subducting and
overriding plates and the speed of trench migration in

each trench depend on the reference frame (e.g., Heuret
and Lallemand 2005; Schellart et al. 2008), it was diffi-
cult to quantitatively determine the effects of the relative
plate motion of the subducting and overriding plates on
the stress states of the back- and fore-arcs. Therefore, I
focused only on the dynamic conditions for LSIEs in
terms of the relationship between the back- and fore-arc
stress states from the geodetic data and intraslab stress
from the focal mechanisms.
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Fig. 2 Diagrams relating to trenches in HS3 reference frame (Gripp and Gordon 2002). a and b Velocities of the subducting plate (V, ;) versus those
of overriding plate (Vup) for a 166 trenches and b trenches where the large shallow intraslab earthquakes (LSIEs) occur. (c and d) Back-arc
deformation (v,) versus fore-arc deformation (v,) for ¢ 166 trenches and d trenches where LSIEs occur. Green, gray, and orange circles show

the extensional, neutral, and compressional stress regimes in the back-arc as deduced from focal mechanisms of earthquakes following the work
of Lallemand et al. (2008). Abbreviations in d: SHEB#: southern New Hebrides Trench; NHEB#: northern New Hebrides Trench; ANDA#: Andaman
Trench; SMAR#: southern Mariana Trench; LUZ#: Manila (Luzon) Trench; NCHI#: Northern Chile Trench; CASC#: Cascadia Trench (where “#”

is the number indicating each transect across the trenches; see Table 1 of Lallemand et al. (2008))

Figure 2d demonstrates that LSIEs are found for a
wide range of v, values, varying from —4.44 cm yr~!
to+2.06 cm yr ', and many trenches (28 of 47) are
neutral, i.e,, v;=0.0 cm yr™. On the other hand, the 10
trenches with v,<0 are a part of the southern and north-
ern New Hebrides, southern Mariana, and Andaman
Trenches, which are minor compared to other trenches
in the Western Pacific and northern Australian Plate off
Indonesia. The five trenches with v,>0 are a part of the
Manila (Luzon) and Northern Chile Trenches, which
are relatively minor compared to other major trenches.
Therefore, I concluded that LSIEs prefer tectonic condi-
tions under (1) an extensional-to-neutral stress state in
the back-arc and (2) a compressional stress state in the

fore-arc from the present analyses. Furthermore, LSIEs
prefer tectonic conditions under (3) DDT in the shal-
lower part of the subducting plate, as previously sug-
gested by Seno and Yoshida (2004).

Four categories of subduction zones

Subduction zone systems have geological, seismological,
and geodynamic characteristics. For example, Conrad
et al. (2004) classified trenches in subduction zone sys-
tems into two types in terms of the mechanical coupling
between the surface and subducting plates ("plate-slab
coupling”). One type includes trenches under condi-
tions with a strong mechanical coupling between these
plates, such as the South Chile, Aleutian, and Japan,
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Vup : Vt ; Vsub :

Fig. 3 Definitions of the velocity of the overriding plate (\/up),
subducting plate (V,,), and speed of trench migration (V)

following the work of Lallemand et al. (2008). Negative and positive
values of back-arc (v,) and fore-arc (v,) deformations show extension
(i.e,, spreading) and compression (i.e,, shortening), respectively.

The capital letter “V"indicates the speed from the observation

and the lower-case letter “v"indicates the relative speed estimated
from the observation. Note that V,,,~V, in many trenches (Lallemand
etal. 2008)

and Kuril-Kamchatka Trenches (Fig. 6a of Conrad et al.
(2004)). In this type of subduction zone system, the slab
pull force is decoupled or weakly coupled with the surface
plate, because the convergent continent—ocean margin
is considered to be mechanically damaged in the shal-
lower part of the subducting slab. The other type includes
trenches under conditions with a weak mechanical cou-
pling between them, such as the Tonga—Kermadec,
Java—Andaman, and Izu-Bonin (Ogasawara)-Mariana
Trenches (Fig. 6b of Conrad et al. (2004)). In this type,
the slab pull force is strongly coupled with the surface
plate because there is no mechanical damage in the shal-
lower part of subducting slab when the continental plate
moves backward from the trench (see Yoshida (2017) for
details).

The above classification is used in Fig. 4 to demonstrate
the proposed four categories of subduction zone systems
in terms of the back- and fore-arc stress states, magni-
tudes of slab suction flow under the subducting plates and
mantle wedge flow under the overriding plates, and intra-
slab stress state in the subducting plate (see also Fig. S3
in the supplementary material). The latter from the focal
mechanism has been discussed in previous studies (Alp-
ert et al. 2010; Bailey et al. 2012; Goes et al. 2017; Isacks
and Molnar 1971). The categories in Figs. 4c, d are similar
to those in Figs. 6a, b of Conrad et al. (2004), respectively,
but are slightly different, for example, the back-arc in the
Japan Trench shows a compressional stress state, whereas
that in the Aleutian Trench has a neutral stress state; the
back-arc stress in Fig. 4d is indicated by “C~N” LSIEs
are expected to occur in the subduction zone systems of
Types I and II and not to (or to hardly) occur in those of
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Types III and IV. Indeed, in Type III (Fig. 4c), a magni-
tude-9 mega-trench earthquake has not occurred in the
Izu—Bonin (Ogasawara)-Mariana and Tonga Trenches
since at least 1700 CE (McCaffrey 2008).

The intraslab stress is related to the morphology of the
subducting plate in the mantle. According to the seismic
tomography model focused on the Cascadia Trench (e.g.,
Hawley et al. 2016; Obrebski et al. 2010), the Mexico and
Costa Rica Trenches (e.g., Li et al. 2008), and the Nan-
kai Trough (e.g., Huang et al. 2013), high seismic veloc-
ity regions in the shallower lower mantle—indicating
the morphology of the subducting plate—do not directly
reach the highly viscous lower mantle and are not subject
to resistance forces from the lower mantle, which gener-
ates DDT in the shallower part of the subducting plate.
LSIEs seem to occur frequently in these trenches, as clas-
sified as Type II in this paper.

In 2000, an LSIE occurred near the southernmost part
of the Sumatra Trench. High-resolution seismic tomog-
raphy demonstrated that the subducting Indian Plate
penetrates the shallower lower mantle at a depth of
approximately 1000 km (Li et al. 2008; Zahirovic et al.
2014) and does not appear to stagnate in the mantle
transition zone, which is consistent with the fact that the
intraslab stress shows DDT because the slab is not sub-
jected to resistance forces from the lower mantle. There-
fore, the dynamic condition in the southernmost part of
the Sumatra Trench was classified as Type I in this paper
(Fig. 4a).

On the other hand, in 2004, a megathrust earth-
quake occurred in the Andaman Trench, (M, 9.3
Sumatra Earthquake), which is considered to be LSIE
(Table 1). This trench shows back-arc spreading in the
Andaman Sea (Diehl et al. 2013). High-resolution seis-
mic tomography images showed that the subducting
Indian Plate penetrated the lower mantle at a depth of
approximately 1000 km (Li et al. 2008; Zahirovic et al.
2014), which is consistent with the fact that the intra-
slab stress showed DDT. Because the largest part of
the Andaman Trench has fore- and back-arc extension
(Fig. 2d), the Andaman Trench was grouped into Type
II in this study (Fig. 4b).

For the Japan Trench, a magnitude-9 class megathrust
earthquake should not occur from a classical “compara-
tive subductology” perspective (Uyeda and Kanamori
1979), but in 2011 a M, 9.0 earthquake occurred off
the Pacific coast of Tohoku. An LSIE has not been
confirmed in the Japan Trench in recorded history. In
this paper, the Japan Trench was classified as Type IV
(Fig. 4d), where the coupling between plate and slab is
weak. The intraslab stress is neutral and an LSIE should
not occur in the Japan Trench, as well as in the Aleutian
Trench, because the flattened slab with a lateral width
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(@) Type |

Strong lateral
mantle flow

e.g., Sumatra, Manila (Luzon),
Kamchatka—Kuril, Peru, Chile

(c) Type I

e.g., lzu-Bonin (Ogasawara), Tonga
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(b) Type Il

e.g., Andaman, Nankai, Ryukyu, Alaska, Mariana,
Cascadia, Mexico, Costa Rica, New Hebrides,
Java, Kermadec

(d) Type IV

Strong lateral

mantle flow

e.g., Japan, Aleutians

* Mega thrust earthquakes (M., > 9)
X Large intraslab earthquakes (~7 <M, <~8)

Fig. 4 Categories showing the relationship between the intraslab and arc stress, and the occurrence of large shallow intraslab earthquakes
(LSIEs) and magnitude-9 class megathrust earthquakes. a Subducting slab shows down-dip tension (DDT) in the shallower part and the arc
shows broadly compressional stress field, e.g., the Sumatra, Manila (Luzon), Kamchatka-Kuril, Peru, and Chile Trenches. b Subducting slab shows
DDT in the shallower part and the arc shows an extensional-to-neutral stress field in the back-arc, e.g., the Andaman, Ryukyu, Alaska, Mariana,
Cascadia, Mexico, Costa Rica, New Hebrides, Java, and Kermadec Trenches, as well as the Nankai Trough. ¢ Subducting slab shows down-dip
compression (DDC) in the shallower part and the arc shows broadly extensional-to-neutral stress field, e.g., the Izu-Bonin (Ogasawara) and Tonga
Trenches. d Subducting slab shows neutral stress in the shallower part, and the arc shows compressional-to-neutral stress field in the back-arc,
and compressional stress field in the fore-arc, e.g., the Japan and Aleutian Trenches. The outward-pointing arrows with abbreviation “T"indicate
the extensional stress field, the inward-pointing arrows with abbreviation “C”indicate the compressional stress field, and the abbreviation “N”
indicates the neutral stress state. LSIEs may occur in Types | and II, whereas it is unlikely to occur in Types Il and IV

of more than 1000 km is formed around the base of the
mantle transition zone (e.g., Zhao 2015).

Figure 5 shows the result of a three-dimensional
numerical simulation of mantle convection with
plate subduction based on a model of Yoshida (2013)
and Tajima et al. (2015), whose dynamic situation is
assumed to be the Japan Trench. Moderately strong
slab suction flow under the subducting plate and strong
lateral mantle flow in the mantle wedge are generated
because the subducting plate stagnates around the

base of the mantle transition zone. Furthermore, the
calculated surface stress state shows fore- and back-
arc compression. This dynamic situation was grouped
into Type IV (Fig. 4d). The strong mantle flow in the
mantle wedge enhances the spontaneous retreat of the
subducting plate and the flattening of the subducting
plate in the mantle transition zone (Yoshida 2017). In
contrast, if the strong mantle flow in the mantle wedge
does not exist in the mantle wedge, the flattening of the
subducting plate in the mantle transition zone does not
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Fig. 5 Snapshots from the numerical simulation of mantle convection with slab subduction based on the model of Yoshida (2013) (For the model
setup, see Yoshida (2013) and Tajima et al. (2015)). The upper color bar indicates the temperature in the model region, and the lower one indicates
the surface stress (red and blue means compressional and extensional stress, respectively). The model setup and the dynamics situation are similar
to Type IV in Fig. 4d. The red and blue circles respectively show strong horizontal mantle flow in the mantle wedge under the overriding plate

and slab suction flow under the subducting plate. The outward-pointing arrows marked “C"indicate the fore- and back-arc compression

occur. Therefore, the flattened slab may not be observed
in the dynamic situation with extensional stress in the
overriding plate (“No” in Fig. S3 in the supplementary
material).

The slab suction flow generated by plate subduction
is not directly related to the surface deformation on the
overriding plate and the mechanical coupling between
the overriding and subducting plates. On the other hand,
the horizontal scale and magnitude of the mantle flow
under the overriding plate are assumed to be related to
the surface deformation on the overriding plate. When
the lateral scale of the mantle flow is large and the magni-
tude of the flow velocity is large (Fig. 4a and d), the over-
riding plate is compressed towards the trench, whereas
when the horizontal scale of the lateral mantle flow is
relatively small (Fig. 4b and c), the surface deforma-
tion becomes complex and possibly the back- or forearc
stresses become extensional and neutral, as demonstrated

by numerical studies of subduction dynamics (e.g., Ishii
and Wallis 2022).

Discussion

In this study, I evaluated dynamic conditions for LSIEs
using a dataset for the intraslab stress state, stress state of
the overriding plate, motion speed of the overriding and
subducting plates, and trench migration speed using geo-
detic data of plate motion in contrast to the qualitative
evaluation based on seismological and geological obser-
vations of trenches by Seno and Yoshida (2004). LSIEs
occur in the Cascadia, Mexico, and Costa Rica Trenches
as well as the Nankai Trough relatively often. Seno and
Yoshida (2004) suggested that LSIEs occur in trench
regions where the overriding plate shows a lateral stress
gradient, and the Kuril, Manila (Luzon), and Sumatra
Trenches were considered exceptions. The present study
suggests that these trenches have compressional stress



Yoshida Geoscience Letters (2024) 11:46 Page 9 of 11
(a) HS3 (B) SB04 (C) NNR
20 :I | | | | | 20 :I | | | | | 20 :I | | | | |
15 -8 1 1512 -1 15 —S -
%] %] %]
— 10}-¢ - 10}¢ 1 108 -
T S0 o8 s e8 s @8
~ 55 4 55§ 4 5}F5 -
> 8 o 3
e 0 0 0
O
— -5}-§ ®Typel | -5[S ®Typel | -5F§ ®Typel
0 8 OType Il 3 OTope i 3 o Type Il
-10-§ @Typelll1 -10}§& @Typell41 -10}F§ O Type Il
: % e Type IV 15 % e Type IV 15 % e Type IV
151 ?xte?sioln colmp/;essqon_ B Iexz‘ell‘rsioln ccimprlessilon_ B ?xtellvsio? colmprlessilon_

vy [cm yr~1]

0 -20 -20
-20-15-10-5 0 5 10 15 20 -20-15-10-5 0 5 1015 20 -20-15-10-5 0 5 1015 20
vy [cm yr~T]

vy [cm yr]

Fig. 6 Back-arc deformation (v,) versus fore-arc deformation (v,) for (c) 127 trenches in HS3 reference frame (Gripp and Gordon 2002), SB4 reference
frame (Becker 2006; Steinberger et al. 2004), and NNR reference frame (DeMets et al. 1994; Gripp and Gordon 2002). The 127 trenches correspond
to those shown in Fig. 4. The red, orange, green, and blue circles show Type |, I, Ill, and IV, respectively, in the four categories of subduction zones

shown in Fig. 4

states in the fore-arc and nearly-neutral stress state in
the back-arc, and were grouped into Type I in this paper
(Fig. 4a).

Subduction zones have been classified into four types
based on surface tectonic motions, stress states in back-
arc and forearc regions, and mantle dynamics, pro-
viding preliminary suggestions for linking LSIEs and
mantle/subduction dynamics (Fig. 4). Compared with
Type I (Fig. 4a) and Type IV (Fig. 4d), and with Type II
(Fig. 4b) and Type III (Fig. 4c), the stress states of the
back-arc and fore-arc are similar. Thus, the nature of
LSIEs depends mainly on the interaction between the
properties of the subducting plates and the mantle transi-
tion zone.

Neither magnitude-9 megathrust earthquakes nor
LSIEs have occurred in the Izu—Bonin (Ogasawara)
and Tonga Trenches in recorded history. On the other
hand, LSIEs have been confirmed near Gaum Island off
the Mariana Trench (Table 1). In addition, Harada and
Ishibashi (2008) reported that three earthquakes near
Gaum Island on August 8, 1993 (depth=67 km, M,, 7.8),
October 12, 2001 (depth=62 km, M,, 7.0), and April 26,
2002 (depth=69 km, M, 7.1) were taken as intraslab
earthquakes, which occurred in the subducting Pacific
Plate, and not as interplate earthquakes. Although the
focal mechanisms of these three earthquakes showed
DDT, even though the epicenter depths were slightly
deeper than 60 km, the dynamic environments of these
earthquakes can be explained by Type II (Fig. 4b). The
difference between the Izu—Bonin (Ogasawara) and Mar-
iana Trenches was attributed to the behavior of the sub-
ducting plate. The former trench stagnates at the base of

the mantle transition zone, whereas the latter penetrates
the 660 km phase boundary (e.g., Fukao and Obayashi
2013; Fukao et al. 2001). Thus, down-dip compression
(DDC) appears in the slab under the Izu—Bonin (Ogasa-
wara) Trench, whereas both DDT and DDC appear in
the shallower and deeper parts of slabs in the Mariana
Trench (Goes et al. 2017). In other words, it may be con-
cluded that the morphology of the subducting plate in
the mantle transition zone affects the possibility of an
LSIE occurring.

In the New Britain Trench, the Ontong-Java Plateau,
which is the largest oceanic plateau on Earth, collides
with the Australia Plate. In this region, there is a strong
coupling relationship between them, leading to a strong
necking of the subducting plate, as shown by the numeri-
cal studies (Wang et al. 2022). Although an LSIE has not
been confirmed in this trench in the recorded history,
this subduction zone may be classified as Type 11, because
the focal mechanism shows that the back-arc stress is
extensional (Lallemand et al. 2005, 2008).

The Java and Kermadec Trenches, where neither meg-
athrust earthquakes (McCaffrey 2008) nor LSIEs have
occurred in recorded history, have DDT in the shallower
parts of the slabs (Alpert et al. 2010; Bailey et al. 2012;
Goes et al. 2017; Isacks and Molnar 1971), and the focal
mechanisms show a neutral back-arc in the Java Trench
and back-arc extension in the Kermadec Trench (Lalle-
mand et al. 2008). Therefore, these two trenches may be
grouped into Type III (Fig. 4c).

The complex behavior of mantle flow under the over-
riding and subducting plates depends on the morphol-
ogy of the subducting plate, amongst others. However,
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the flattened slab around the base of the mantle transition
zone can generate strong lateral flow in the mantle wedge,
and the penetration of the subducting plate can gener-
ate slab suction flow under the subducting plate. Three-
dimensional numerical simulations of mantle convection
considering plate subduction may help to resolve these
problems regarding deep mantle flow and the effects of
mantle flow on the stress states in the subducting slab and
overriding plate, but it is nevertheless difficult to simulate
subduction dynamics in individual trenches even with
modern computational power. For example, the high-
resolution numerical model focused on the Japan Trench
(Fig. 5), the surrounding tectonics of which are relatively
simple, has a numerical resolution of ~8 km and ~9 km in
the vertical and horizontal directions, respectively, which
are insufficient for treating complex surface tectonics.
Nonetheless, LSIEs can be key to a deeper understanding
of the relationship between the surface observation and
underlying mantle flow from the perspective of plate-slab
coupling and interplate coupling in a solid-earth system,
linking seismology and mantle dynamics.

Conclusions

This paper presented a statistical analysis exploring the
dynamic conditions leading to large shallow intraslab
earthquakes (LSIEs) with magnitudes over 7 at depths
ranging from 20 to 60 km. This study integrated geodetic
data, seismological data, and numerical simulations to
understand the stress states and plate motions that influ-
ence LSIEs.

LSIEs prefer tectonic conditions under (1) an exten-
sional-to-neutral stress state in the back-arc, (2) a com-
pressional stress state in the fore-arc, and (3) down-dip
tension in the shallower part of the subducting plate. The
conclusions of (1) and (2) were not varied for three refer-
ence models of plate motion, i.e., HS3, SB04, and NNR
(Fig. 6). The present results suggest that the Earth’s sub-
duction zones can be classified into four categories. This
categorization is informed by the behavior of underlying
mantle flow, i.e., the magnitude of slab suction flow in the
mantle under the subducting plates, which is related to
the degree of plate-slab coupling, and the scale of return
flow in the mantle wedge under the overriding plates,
which varies the combination of stress states in the fore-
arc and back-arc.
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