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SUMMARY

The distribution of historic earthquakes in the Sumatra subduction zone reveals, in the forearc
region, the intense seismic activity and frequent occurrences of M,, > 8 earthquakes through-
out the whole area. In contrast, the neighbouring region has less dense seismicity and no large
earthquake greater than M,,8 has been observed in the Java subduction zone. Such different
seismic behaviours may be due to distinct degrees of the stress accumulation and release. In
this study, the strength of plate coupling inferred from mantle lithosphere buoyancy (H,) esti-
mation is used to explain the seismogenic behaviour in the Sunda—Andaman subduction zone.
Strong and weak plate coupling status are obtained in the Sumatra and Java subduction zones,
respectively. These results can explain the significant differences in seismogenic behaviours
in the Sunda—Andaman subduction zone. In assessing the global implications of this finding,
we observe that uplifted serpentinized forearc mantle peridotite is the critical phenomenon
in weak plate coupling cases and leads to a limit on the width of the coupling zone. Strong
plate coupling can cause a relatively low gravity anomaly as well as a negative trench-parallel
gravity anomaly (TPGA) in the forearc regions and correlates well with the occurrence of
large earthquakes, whereas weak plate coupling can cause a positive TPGA and constrain the
potential occurrence of large earthquakes.

Key words: Gravity anomalies and Earth structure; Earthquake source observations; Dy-

namics: gravity and tectonics; Dynamics: seismotectonics; Subduction zone processes.

1 INTRODUCTION

Subduction zones are plate tectonic boundaries. They accumulate
stress as one plate moves over another and then catastrophically
release this stress in one or more earthquakes along what is com-
monly referred to as the seismogenic zone. Approximately 90 per
cent of the world’s earthquakes and almost all large magnitude (M,,8
or greater) events occur along subduction zones. These events are
major threats to human societies and economies. Their occurrence,
therefore, motivates efforts to identify the subduction zones that
may generate catastrophic events. In general, the recurrence inter-
vals of large earthquakes may range from several hundred years
(Japan Trench; Satake 2015) to over 400 yr (Sumatra; Ando et
al. 2009). Seismicity catalogues alone may not adequately indi-
cate the recurrence intervals of large earthquakes. The seismo-
genic characteristics of subduction zones need to be further inves-
tigated. However, the seismogenic behaviour of many subduction
zones remains poorly understood due to the limited spatial coverage
of seismic networks and geodetic data. Approaches for acquiring
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additional observations and conducting theoretical studies (inde-
pendent methods from seismicity) are worthwhile because they may
provide new constraints for evaluating the seismic potential in sub-
duction zones. Previous studies have proposed that along-trench
variations in some parameters, such as the convergence rate, age
of the oceanic plate (Ruff & Kanamori 1980; Kanamori 1986) and
backarc spreading (Uyeda & Kanamori 1979), may influence seis-
mogenic behaviour. However, Ando et al. (2009) have suggested
that the correlation between these processes and the generation of
large subduction zone earthquakes is weak. Recently, many other
parameters (and/or methods) have been reported to discuss the seis-
mogenic behaviour in subduction zones, such as trench-parallel
gravity anomalies (TPGA; Song & Simons 2003; Wells et al. 2003;
Hsu et al. 2012), trench sediment thickness (Ruff 1989; Scholl
et al. 2011, 2015; Heuret et al. 2012; Seno 2017; Brizzi et al.
2018), mechanical and material properties of subducted sediments
(Hyndman et al. 1997; Peacock & Hyndmn 1999) and plate cou-
pling (deduced from GPS data; Simoes et al. 2004; Chlieh et al.
2008; Konca et al. 2008; Tadokoro et al. 2018). Understanding
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these variations may help to evaluate seismic hazards in subduction
zones.

The occurrence of subduction zone earthquakes is controlled
by the state of stress on the interface between the subducting and
overriding plates (Nishikawa & Ide 2014). Intuitively, stress is more
easily accumulated, and greater amounts of seismic energy can be re-
leased to produce earthquakes where the subducting and overriding
plates are strongly coupled (or locked) in a subduction zone. How-
ever, the direct measurement of the stress state on a plate interface
is difficult. The strength of plate coupling describes the interaction
between an overriding plate and the associated subducting plate and
can be evaluated by determining the buoyancy of the mantle litho-
sphere (Hy,, Gvirtzman & Nur 1999a). The method of determining
H.,, has been applied to several subduction zones (Gvirtzman &
Nur 1999a,b, 2001; Hsu 2001; Lo et al. 2017; Doo et al. 2018). In
the Sunda—Andaman subduction zone, the seismicity distributions
show significant spatial variations; the potential of great destructive
earthquakes is larger for Sumatra than Java (Fig. 1). In this study,
we calculated H,, for four density profiles (across the Sumatra and
Java subduction zones) to enable the discussion of the relationship
between the strength of plate coupling and the occurrence of large
earthquakes in the Sunda—Andaman subduction zone.

2 SEISMIC CHARACTERISTICS IN THE
SUNDA-ANDAMAN SUBDUCTION
ZONE

The Sunda—Andaman subduction zone, where the Indo-Australian
plate subducts beneath the Eurasian plate, is a seismically region.
The rate of plate convergence decreases westwards from 80 mm yr™!
off Java to 55 mm yr~! off the coast of northern Sumatra (DeMets et
al. 1994). The convergence direction is nearly orthogonal along the
Java trench and becomes oblique in the Andaman—Sumatra section.
In addition, the age of the subducting oceanic crust varies from
40-60 Ma off Sumatra to 70—-120 Ma off Java (Miiller et al. 2008).
The spatial distribution of earthquakes recorded by the global cen-
troid moment tensor (GCMT) catalogue (Dziewonski ef al. 1981) as
having occurred in the Sunda—Andaman subduction zone between
1976 January 1 and 2015 April 30 suggests that the seismic poten-
tial for a large earthquake to occur off Sumatra is much larger than
that for Java (Fig. 1). Three large earthquakes (M,, > §) and a num-
ber of M7 events have occurred in the Sumatra subduction zone
in the last decade. The most destructive of these earthquakes, the
2004 December 26 M,,9.3 event, occurred in the northern Sumatra
subduction zone and caused a deadly tsunami. South of the 2004
event, the 2005 March 28 M,,8.7 earthquake (Konca et al. 2008)
ruptured the same region as the 1861 event (M ~ 8.5; Newcomb
& McCann 1987; Natawidjaja et al. 2004). Moreover, two large
historical earthquakes occurred around the Mentawai Islands (pink
triangle shown in Fig. 1) and caused destructive tsunamis in 1797
(M, ~ 8.8) and 1833 (M,, ~ 9.0) (Newcomb & McCann 1987,
Natawidjaja et al. 2006). In contrast to the relatively high frequency
occurrence of large earthquakes along the Sumatra segment, in the
adjacent area shown in Fig. 1, only two M,, > 7 events have occurred
in the Java subduction zone, and no My, > 7 event has been observed
in the forearc area. In addition, the M,,7.8 earthquake in 1994 was
related to a subducting seamount (Abercrombie ef al. 2001). Unlike
Sumatra, the Java subduction zone is suggested to have low seis-
mic potential (Newcomb & McCann 1987). Based on the observed
seismic behaviour in the Sumatra and Java subduction zones, we
expect that the processes by which seismic stress accumulates and

is released and the subsurface structural characteristics may differ
between these two subduction zones. Understanding the local dif-
ferences between these zones may produce insight that could be
applied to other subduction zones.

Grevemeyer & Tiwari (2006) performed forward gravity mod-
elling along four profiles (P1-P4) perpendicular to the strike of
the trench (Fig. 1). The geometry of each profile was initially con-
strained by seismic refraction and earthquake data. Seismic refrac-
tion data constrain the shallow depth (~15 km) and earthquake
data constrain greater depth of the subducting plate. Both incom-
ing oceanic crust and subducting oceanic crust are kept constant
at ~7 km thickness. Four density profiles were modified to fit the
observed gravity anomalies; then, obtained the final density models
(Fig. 2). As shown in Fig. 2, the main subsurface structural dif-
ference between Sumatra and Java is the shallow mantle wedge.
According to these four density profiles, we can estimate mantle
lithosphere buoyancy across the Sumatra and Java subduction zones.

3 BUOYANCY OF MANTLE
LITHOSPHERE (Hp)

In this study, we evaluate the strength of plate coupling inferred
from the estimation of H,, (Gvirtzman & Nur 1999a). Here, we
provide a brief introduction to this method. For additional details
on this method, readers can refer to the literature (Gvirtzman & Nur
1999a,b, 2001). Under the condition of isostatic equilibrium, the
mean elevation of a region can be determined as follows:
& = a(H, + Hy — Hp)
a=1fore>0

Pa fore <0 (D

Pa = Puw

where ¢ is the surface elevation; p, and p, are the densities of
the asthenosphere and sea water, respectively; H, and H,, are the
buoyancy of the crust and the mantle lithosphere, respectively; and
Hy ~ 2.4km is a reference constant for the buoyant height of sea
level at a mid-ocean ridge associated with the densities in eq. (1);

all above refer to the free asthenosphere surface (Lachenbruch &
Morgan 1990):

a =

1

H. = 7(0& - IOC)LC (2)
Pa
1

Hy, = ;(Pa = Pm)Lm, 3)

where p. and p,, are the densities and L. and L, are the thicknesses
of the crust and mantle lithosphere, respectively. If we assume that
the region is in isostatic equilibrium, then the surface elevation
is contributed from the buoyancy of the crust (/.) and the man-
tle lithosphere (H,,). H. can be estimated according to the density
model and crustal geometry; then, the changes in surface elevation
are associated with the value of Hy, (eq. 1). However, in subduction
zones, the topography is lowered by the drag of the descending slab
(coupled) or uplifted by overriding plate rebounding due to the over-
riding plate is detached from the subducted plate (decoupled). The
residual topography (observed topography minus H,), therefore,
reflects the contribution from the buoyancy of mantle lithosphere
and the forces that are pulled down by descending slabs or uplifted
by the ascending asthenospheric materials. In other words, near a
convergent plate boundary, the change of the residual topography
depends on the status of plate coupling and is revealed by variation
in Hy, (Gvirtzman & Nur 1999a).
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Figure 1. Seismicity distribution map of the Sunda—Andaman subduction zone. Earthquake data were obtained from the Global CMT project (1976 to April
2015) data catalogue (M, > 5). The thick white arrows indicate the relative motion between the Indo-Australian and Eurasian plates (DeMets et al. 1994).
The pink triangle indicates the possible location of two past large earthquakes (1797 and 1833) and the pink area indicates the associated rupture area. P1-P4
(thick black lines) represent the profiles that we used to estimate the buoyancy of mantle lithosphere (Hy,) in this study. [FZ: Investigator Fracture Zone; M.L.:

Mentawai Islands.

4 STRENGTH OF PLATE COUPLING IN
THE SUMATRA AND JAVA
SUBDUCTION ZONES

Gvirtzman & Nur (1999a) showed that where an overriding plate
is detached from the associated subducting plate, the H,, curve
across the subduction zone displays a sharp variation (Calabria case
in Fig. 3), which indicates weak plate coupling. In contrast, small

variations in the H,, curve across a subduction zone indicate that a
large portion of the overriding plate is coupled to the slab (strong
plate coupling), as in the Andes subduction zone (Fig. 3). In ad-
dition, the H,, curves across the Bonin and Kurile arcs represent
examples of intermediate coupling. Whereas the amplitude of the
H,, variations there are as large as in Calabria, but, their wavelength
is twice as long. In this study, our results show that the variations

020z Ae g1 uo Jesn Aeiqi Asieniun [enus) [euoneN Aq 69€€ 1 95/G/Z1L/2/02ZAdrASqe-8|one/IB/wod dno-olwspede//:sdiy woly peapeojumoq



1278 W.-B. Doo et al.

@ sw
0

15

30

Depth (km)

45

1 P1 - Northern Sumatra
60 T T - T

Depth (km)

1 P2 - Southern Sumatra
60 I T g T

Depth (km)

1 P3 - Northern Java

60 T " T

15

30

Depth (km)

45

P4 - Central Java

60

5 T % 1
-200 -100 0

Y T Y T Y I
100 200 300

Distance (km)

Figure 2. Density model of four profiles (P1-P4) across the Sumatra and Java subduction zones [modified from Grevemeyer & Tiwari (20006)].

in the H,, curve across the northern part of the Sumatra subduction
zone (profile P1) are similar to those seen in the Andes subduction
zone. The variations in the H,, curve across the southern part of the
Sumatra subduction zone (profile P2) are not as small as those in the
Andes subduction zone; however, they are much smaller than those
observed in subduction zones that feature de-coupling (blue dashed

line in Fig. 3). In other words, the overriding plate is still firmly cou-
pled with the slab along the Sumatra subduction zone. In contrast,
the variations in the H,, curve across the northwestern and central
portions of the Java trench are large (profiles P3 and P4), exceed-
ing the normal range associated with coupled plates, and similar to
those seen in the Calabria subduction zone, implying that the plate
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Figure 3. Map showing curves of Hy,. The curves corresponding to P1-P4 represent the results of estimating Hy, in this study. The curves corresponding
to the Andes, Calabria, Izu-Bonin and Kurile are modified from Gvirtzman & Nur (1999a). The Andes represents a case of strong plate coupling. Calabria
represents a case featuring weak plate coupling. Izu-Bonin and Kurile display intermediate anomalies. The grey band zone (2.0 & 0.5) indicates the variations
in Hy, along the North America passive margin, which represents the normal contribution of the mantle lithosphere to the Earth’s topography.
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Figure 4. Map showing the locations of major subduction zones. The earthquake data, which show events with magnitudes larger than 8.0, were obtained from
the GCMT project (1976 to April 2015) data catalogue. The pink circles indicate M,9.0 or larger earthquakes that occurred between 1700 and 2017. The thick
brown lines indicate the locations of subduction zones. The red, green and blue frames indicate the areas for which the strength of plate coupling is already

known (Gvirtzman & Nur 1999a; Lo et al. 2017; Doo et al. 2018; this study).

coupling is weak there. These results could imply that the stresses
accumulating and releasing in Sumatra are larger than those in Java.
Several previous studies (Simoes et al. 2004; Chlieh et al. 2008;
Konca et al. 2008) suggested that overriding and subducting plates
are locked (or coupled) in the Sumatra subduction zone according to
Global Positioning System (GPS) measurements. In contrast to the

Sumatra trench, the seismicity along the Java trench is dominated by
normal faulting earthquakes in the subducting plate Abercrombie
et al. (2001) thus suggested that the two plates are poorly coupled.
In addition, Grevemeyer & Tiwari (2006) suggested that the width
of the coupling zone is larger in Sumatra than that in Java. We
thus propose that the differences in seismogenic behaviour in the
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Figure 5. Map showing the distribution of seismic events near Taiwan area. The earthquake data were drawn from Global CMT and Theunissen et al. (2010).
The red triangle indicates the possible location of the 1771 Yaeyama Japan earthquake (Nakamura 2009). The thick white arrows indicate the relative motion
between the Philippine Sea and Eurasian plates. The Hy, results indicate relatively strong and weak plate coupling status in the southern Ryukyu (profiles AA’
and BB') and the northern Manila (profiles T1 and T2) subduction zones, respectively (Hsu 2001; Lo et al. 2017; Doo et al. 2018). EU: Eurasian plate; LA:
Luzon Arc; MS: Manila subduction zone; PSP: Philippine Sea plate; RS: Ryukyu subduction zone; SCS: South China Sea.

Sunda—Andaman subduction zone can be explained by variations
in the strength of plate coupling, as revealed by mantle lithosphere
buoyancy.

5 DISCUSSION

By summarizing all of the published and new H,, results, in terms
of the strength of plate coupling and the spatial distribution of large
earthquakes in subduction zones, we find that areas with strong
plate coupling are highly correlated with the occurrence of large
earthquakes, whereas areas that display weak plate coupling are

relatively aseismic (Fig. 4). Determining mantle lithosphere buoy-
ancy could be a useful method of assessing large earthquake po-
tential in subduction zones. However, 2-D profiles just reveal the
local plate coupling strength and could not fully represent plate
coupling status for the whole subduction zone, that is, it only in-
dicates the condition in that segment of the subduction zone. The
variations of the subsurface structural geometries along the sub-
duction zone could be one of the major factors to influence H,,. In
this section, we compare the subsurface structural characteristics of
these two typical cases (strong and weak) and further discuss their
implications.

020z Ae g1 uo Jesn Aeiqi Asieniun [enus) [euoneN Aq 69€€ 1 95/G/Z1L/2/02ZAdrASqe-8|one/IB/wod dno-olwspede//:sdiy woly peapeojumoq



(a) SW
0

Effect of mantle lithosphere buoyancy variations 1281

1.03

10

30 4 Sumatra (P1) 3.30

Depth (km)

40 -

mantle wedge
3.30

G
o
A’
w

E 20 uplifted serpentinized
= | mantle materials
vt
& 30 4 Central Java (P4) 3.30
= : mantle wedge

40 | 3.30

50 T T y T

-100 0 100 200 300

Depth (km)

mantle wedge

—~
o
~

T T T T g

300 400

Depth (km)

Manila (T2)
30 ; T

3.27
mantle wedge i

T : T
200 300

Distance (km)

Figure 6. Map shows the structural geometries of the profiles. (a) Density structure of profile P1 [identified from Grevemeyer & Tiwari (2006)]. (b) Density
structure of profile P4 [identified from Grevemeyer & Tiwari (2006)]. (c) Density structure of profile AA’ [identified from Hsu (2001)]. (d) Density structure
of profile T2 [identified from Doo et al. (2015)]. Location of profiles P1 and P4 are shown in Fig. 1. Location of profiles AA” and T2 are shown in Fig. 5. The

numbers indicate the density of each block.

5.1 Weak plate coupling and uplifted serpentinized mantle

Subduction zones generate almost earthquakes above magnitude
8.0; however, rupture characteristics are highly individual and linked
to margin specific geometric conditions (Koop 2013). Understand-
ing subsurface structural characteristics can help us to assess the

seismic potential in subduction zones. Previous studies (Hsu 2001;
Lo et al. 2017; Doo et al. 2018) have determined mantle litho-
sphere buoyancy in the southern Ryukyu and northern Manila sub-
duction zones, where the seismicity distributions show significant
spatial variations (Fig. 5). They proposed strong and weak plate
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coupling status in the southern Ryukyu and northern Manila subduc-
tion zones, respectively. In addition, their results provide constraints
on the geometry of the crust in these two subduction zones and of-
fer an opportunity to identify the difference between them. The
structural evidence shown in Fig. 6 clearly indicates that the main
subsurface structural difference between cases displaying strong
(Figs 6a and c) and weak (Figs 6b and d) plate coupling is the
uplift of a mantle wedge into the plate contact zone. In terms of
the mechanism of serpentinization in a forearc mantle wedge, this
phenomenon is both expected and observed in subduction zones
(Zhao 2001; Bostock et al. 2002; Brocher et al. 2003; Hyndman
& Peacock 2003; Pilchin 2005; Doo ef al. 2015). The serpentiniza-
tion of mantle rocks can reduce their seismic velocity and density
(Bostock et al. 2002; Hyndman & Peacock 2003). Low-velocity
and low-density anomalies are often interpreted as associated with
the degree of serpentinization of the forearc mantle (Zhao et al.
2001; Bostock et al. 2002; Hyndman & Peacock 2003). Here, we
find that the position of the serpentinized mantle materials plays an
important role. In weak plate coupling cases, the overriding plate is
detached from the subducted plate (Gvirtzman & Nur 1999a) and
then creates space; this process facilitates the automatic uplift of
serpentinized mantle materials into the plate contact zone due to
its positive buoyancy (Doo et al. 2015). The presence of uplifted
serpentinized mantle materials would limit the widths of the cou-
pling zone and may therefore limit the sizes of rupture zones and
the magnitudes of earthquakes. This observation may explain why
areas with weak plate coupling have generally lower potential of
large earthquake occurrence (as shown in Fig. 4). In addition, we
would like to emphasize that weak plate coupling may be the critical
factor in this process. This phenomenon (which we note in the Java
and northern Manila subduction zones) is similar to the Calabria
case of Gvirtzman & Nur (1999a), where weak plate coupling is
present.

5.2 Relationships between plate coupling, trench-parallel
gravity anomalies and large earthquake occurrence

Previous studies have reported that large earthquakes preferentially
occur in association with negative TPGA in forearc areas (Song
& Simons 2003; Wells ef al. 2003). According to this concept,
the implied seismic potential is higher for the Sumatra and lower
for the Java subduction zone with negative and positive TPGA,
respectively (Grevemeyer & Tiwari 2006). As defined by Song &
Simons (2003), the TPGA is calculated as the original free-air grav-
ity data minus an average regional trench-normal gravity profile.
Thus, large-amplitude variations in the TPGA should be caused by
variations in subsurface structures. Song & Simons (2003) also sug-
gested that the frictional properties of plate interfaces represent the
dominant control on variations in forearc gravity and seismogenic
behaviour. This frictional interface is known as the interseismic cou-
pling zone and is assumed to be an important factor in determining
the magnitude of earthquakes (Seno 2005; Grevemeyer & Tiwari
2006; Chileh ez al. 2008; Konca et al. 2008). Is there any connection
between these factors? Here, according to the H,, results (Fig. 4)
and subsurface structural characteristics (Fig. 6), we propose a hy-
pothesis that relates gravity, mantle lithosphere buoyancy and the
TPGA to one another and the occurrence of large earthquakes.

In strong plate coupling cases, we found that the serpentinized
mantle materials cannot rise to shallow depths (Figs 6a and c), in
that situation, they are less dense than their surroundings (normal
mantle; Bostock ef al. 2002; Hyndman & Peacock 2003), which

can result in a relatively low gravity anomaly and negative TPGA
(according to the definition of TPGA). This feature also has been
observed in the Cascadia subduction zone (Bostock et al. 2002;
Brocher et al. 2003; Blakely ef al. 2005). On the other hand, in
weak plate coupling cases, the density of the uplifted serpentinized
mantle materials is higher than that in the ambient crust (Figs 6b
and d), which can result in a relatively high gravity anomaly and
positive TPGA in forearc regions. These observations illustrate that
the TPGA may be related to the strength of plate coupling. The
physical factors governing these characteristics would thus be most
prominent in explaining why great subduction zone earthquakes are
spatially correlated with the locations of gravity lows. In addition,
this hypothesis is consistent with the statistical observation of Song
& Simons (2003) and ties together several mechanisms by linking
the driving factors of plate coupling, such as the serpentinization
of mantle materials and forearc geometry. Overall, strong plate
coupling, strongly negative TPGA and the potential occurrence
of large earthquakes are all positively correlated. The features we
observe (i.e. strong and/or weak coupling) that control seismogenic
behaviour may explain similar features observed elsewhere (Fig. 4).

6 CONCLUSIONS

Assessing the potential for large earthquakes in subduction zones
has always been a very important scientific and societal issue. In this
study, integrating the mantle lithosphere buoyancy estimation re-
sults (published and new), subsurface structural evidence and earth-
quake distribution characteristics, we find that patterns of variation
in H,, are closely related to earthquake magnitude. The strength of
plate coupling inferred from H,, estimation can well explain the
different seismogenic behaviours observed in the Sumatra and Java
subduction zones. In addition, the strength of plate coupling con-
trols the present position of serpentinized forearc mantle peridotite.
The location of serpentinized mantle may be the major factor that
influences the variations of the TPGA in forearc regions. This obser-
vation provides an alternative means of explaining the relationship
between the occurrence of large earthquakes and negative TPGA.
Integrating all observation and estimation results, we propose that
strong plate coupling, strongly negative TPGA and the potential
occurrence of large earthquakes in subduction zones are all posi-
tively correlated. Determining H,,, therefore, could be a consistent
method of assessing large earthquake potential in subduction zones.
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