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Temporal variations of seismic properties in inner trench regions before and after three megathrusts with
magnitudes greater than or equal to 8.8 since 2004 are investigated to understand the nature of mega-
thrust earthquakes. The seismicity was increased significantly, and the fault-type compositions changed
after megathrusts. The seismicity displays characteristic fault-type-dependent distribution on rupture
planes. The postseismic thrustal events were populated around the down-dip rupture margins due to
the concentration of shear stress after coseismic ruptures. Normal-faulting earthquakes increased after
the megathrusts particularly in shallow-depth regions with large slips, which may be associated with
lithospheric rebound and development of splay faults. The earthquake occurrence rate (b value) displays
a characteristic slip-dependent feature. The earthquake occurrence rates decrease with the slip amount of
forthcoming megathrust, which may be caused by continuous accumulation of plate-driven stress and
tectonic loading around the future rupture planes on the slab surface. The slip dependency of earthquake
occurrence rates is enhanced with time until the occurrence of megathrust. The level of seismicity after
megathrust is inversely proportional to that before megathrust, yielding comparable average seismicity
over the rupture zone. It was also observed that the dynamic lithospheric response is highly correlated
with slip distribution on the rupture plane. The tension axes of the normal-faulting earthquakes for
100 days after the Tohoku-Oki earthquake focus to an apparent pole, suggesting a radial viscoelastic
deformation of lithosphere. The temporal changes of slip-dependent b values fit well with an exponential
function, suggesting an exponential increase of normal stress on the locked region with time until the
occurrence of the megathrust. This observation suggests that the temporal variation of slip-dependent
b values may be useful for prediction of forthcoming megathrusts at least several tens years beforehand.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Great earthquakes cause devastating damages. Understanding
the nature of megathrusts is crucial for seismic hazard mitigation.
In particular, understanding the source physics may aid in predict-
ing forthcoming megathrusts. Several precursory features before a
large events have been reported. One prominent feature is the
observation of seismic quiescence before large earthquake (Wyss
and Martirosyan, 1998; Enescu and Ito, 2001). Another feature is
the observation of decreasing earthquake occurrence rates (b
values) before megathrust (e.g., Nuannin et al., 2005; Moreno
et al., 2010; Nanjo et al., 2012; Nuannin et al., 2012). The b-value
variation is associated with locking on the slab surface (Ghosh
et al., 2008). Such interplate coupling has been well recognized
in various subduction zones (e.g., Nishimura et al., 2004).
The deficiency of large events can be judged properly with long-
time seismicity records, which is difficult to achieve in regions
with poor seismic monitoring systems. In addition, the b value
analysis suggests only the possibility of occurrence of large events
(e.g., Nanjo et al., 2012), However, prediction of precise occurrence
time and size of forthcoming events remains unsuccessful. There
have been other studies based on seismic and geophysical proper-
ties that presented possible applications to earthquake prediction
(Abercrombie and Mori, 1996; Lu et al., 1999; Arabelos et al.,
2001; Song and Simons, 2003). However, these features have not
been observed consistently.

Seismic features after large events were also found to be
changed. It has been reported that normal-faulting events increase
significantly in the outer rise and inner-trench regions after large
events (e.g., Asano et al., 2011; Obana et al., 2012), which is a
unique postseismic feature associated with dynamic lithospheric
response to a large earthquake. The lithospheric responses appear
to be controlled by locking and accumulated stress on the slab
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surface, which is not fully understood. The interplate coupling and
lithospheric rebound are also poorly known. Thus, the properties of
postseismic normal-faulting events provide information on the
locking process on the slab surface.

There have been seven earthquakes with magnitudes greater
than or equal to 8.8 since 1900 that have been recorded instrumen-
tally. The 26 December 2004 M9.1 Sumatra–Andaman earthquake
is the first great earthquake since the 1964 great Alaska earth-
quake. Two great earthquakes followed the Sumatra–Andaman
earthquake (the 27 February 2010 M8.8 Maule earthquake, and
the 11 March 2011 M9.0 Tohoku-Oki earthquake). These great
earthquakes occurred at active convergent margins where signifi-
cant tectonic stresses had been accumulating for hundreds or
thousands of years (e.g., Kanamori, 1986; Minoura et al., 2001;
Beavan et al., 2010).

In this study, we investigate the seismicity properties, including
earthquake occurrence rate and fault-type composition, before and
after the three megathrusts since 2000. The source properties and
mechanical response of the lithosphere to the megathrust and the
temporal variation of slip-dependent b values are investigated. We
finally discuss the way how to predict a forthcoming megathrust
based on the temporal variation of slip-dependent b values.

2. Events and data

The 26 December 2004 M9.1 Sumatra–Andaman earthquake is
the largest event since the 1964 M9.2 Alaska earthquake. The
Sumatra–Andaman earthquake ruptured unilaterally, which is
similar to the 1952 M9.0 Kamchatka, the 1960 M9.5 Chile, and
the 1964 M9.2 Alaska earthquakes (Ammon et al., 2005). The rup-
ture plane extended over 1200 km along the trench. The Sumatra–
Andaman earthquake occurred along the subduction zone between
the Indo-Australian plate and Sunda plate (e.g., Tanioka et al.,
2006) (Fig. 1). The plate convergence speed is 42 mm/year (e.g.,
Newcomb and McCann, 1987; Ide, 2013).

The 27 February 2010 M8.8 Maule earthquake occurred in the
subduction zone between the Nazca plate and the South American
plate where the plate convergence speed is as high as 80 mm/year
(e.g., Angermann et al., 1999; Ide, 2013). The Maule earthquake
ruptured bilaterally with two major slip patches (Delouis et al.,
2010; Pollitz et al., 2011).

The 11 March 2011 M9.0 Tohoku-Oki earthquake occurred on
the convergence margin between the Pacific plate and the Okhotsk
plate where the convergence speed is as high as 91 mm/year (e.g.,
Seno and Sakurai, 1996; Apel et al., 2006). The rupture plane of the
Tohoku-Oki earthquake extended �440 km long along the Japan
trench and was�180 km wide in the trench normal direction along
the slab interface (e.g., Yagi and Fukahata, 2011).

The peak coseismic slips on the rupture planes were observed to
be �20 m for the Sumatra–Andaman earthquake (Ji, 2005; Vigny
et al., 2005), �15 m for the Maule earthquake (Hayes, 2010; Lay
et al., 2010), and �50 m for the Tohoku-Oki earthquake (Yagi and
Fukahata, 2011) (Fig. 1). The slips generally decrease with depth.
The coseismic slips are different among the megathrusts, which
may be associated with differences in interplate coupling and rup-
ture processes (e.g., Kanamori, 1986; Lay et al., 1989). It is also
noteworthy that postseismic slips occurred after the dynamic rup-
tures (e.g., Ozawa et al., 2011). The great earthquakes have long
source durations, large slips and many normal faulting events in
inner-trench regions, which display the features of tsunami earth-
quakes (Kanamori, 1972; McKenzie and Jackson, 2012).

Dynamic ruptures accompany lithospheric deformation, which
causes crustal uplift or subsidence (Fig. 2(a)). The vertical displace-
ments on the seafloor were �2 to 6 m in the Sumatra–Andaman
earthquake region (Hoechner et al., 2008), �0.8 to 3.9 m in the
Maule earthquake region (Moreno et al., 2012), and �5.3 to
14.3 m in the Tohoku-Oki earthquake region (Keliang and Jin,
2011). It is intriguing to note that the vertical displacements in
the Tohoku-Oki earthquake region are different between the
northern and southern source regions with comparable slip
amounts.

We collected event information and focal mechanism solutions
for earthquakes with magnitudes greater than 5.0 in the Sumatra–
Andaman earthquake region and the Maule earthquake region
between 2000 and 2013 from the Global Centroid Moment Tensor
(CMT) catalog (Fig. 1). Event information of earthquakes around
the Tohoku-Oki earthquake region since 1991 was collected from
the Full Range Seismograph Network (F-net) and Japan Meteoro-
logical Agency (JMA) catalogues.
3. Methods and process

The type of faulting can be identified from analysis based on
compressional (P), tensional (T), and null (B) axes of focal mecha-
nism solutions (Frohlich, 1992). The P, T, and B axes are three
orthogonal axes that are given by (Aki and Richards, 1980;
Gasperini and Vannucci, 2003):

p̂i ¼
n̂i � d̂i

ffiffiffi

2
p ;

t̂i ¼
n̂i þ d̂i

ffiffiffi

2
p ;

b̂i ¼ êijkn̂jd̂k

ð1Þ

where p̂ is the unit P-axis vector, t̂ is the unit T-axis vector, b̂ is the
unit B-axis vector, n̂ is the unit vector normal to the fault plane, d̂ is
the unit slip vector, and ê is the unit azimuth vector.

Earthquakes with B-axis dip angles greater than 60� are defined
to be strike-slip events, those with P-axis dip angles greater than
60� are normal-faulting events, and those with T-axis dip angles
greater than 50� are thrustal events. Events satisfying none of these
criteria are classified to have odd mechanisms that are composed
of multiple source mechanisms (Frohlich, 1992).

The minimum magnitude, Mmin, of the earthquake catalog is
estimated to ensure the completeness of records (Ogata and
Katsura, 1993; Wiemer and Wyss, 2000; Woessner and Wiemer,
2005). The minimum magnitude is estimated using the Guten-
berg-Richter magnitude-frequency relationship:

log N ¼ a� b �M; ð2Þ

where M is the magnitude, N is the number of earthquakes with
magnitudes greater than or equal to M, and a and b are constants.
The constants a and b are estimated using the maximum likelihood
estimation (MLE) method (Wiemer and Wyss, 2000). The b value
varies by region and time, and the global average b value is �1.0
(Wesnousky, 1994; Stein and Wysession, 2003; Schorlemmer and
Wiemer, 2005; Nuannin et al., 2012).

Seismic properties may respond to the stress field that accumu-
lates in the locked areas on the slab surface. As the rupture planes
of megathrusts develop in shallow inner-trench regions, the seis-
mic properties in the inner-trench regions may reflect the source
physics. We investigate the spatial and temporal characteristics
of seismicity in the inner-trench regions before and after mega-
thrusts. The inner-trench region is segmented into three zones
along subducting slabs beginning from the trench axes (zones I,
II and III).

Zone I covers the shallow inner-trench region around the trench
axis. Zone II covers the intermediate-depth rupture area, and zone
III represents the lowermost marginal rupture area. We exclude
the outer rise regions in the analysis in order to constrain only
the lithospheric response around the epicenters of megathrusts.



Fig. 1. (a) Map of megathrusts with magnitudes greater than or equal to 8.8 since 2000. Seismicity of earthquakes after (b) the 26 December 2004 M9.1 Sumatra–Andaman
earthquake, (c) the 27 February 2010 M8.8 Maule earthquake, and (d) the 11 March 2011 M9.0 Tohoku-Oki earthquake. Slip models (Ji, 2005; Hayes, 2010; Yagi and Fukahata,
2011) and plate speeds (Newcomb and McCann, 1987; Angermann et al., 1999; Seno and Sakurai, 1996; Ide, 2013) are presented on the maps. The plate boundaries and iso-
depth contours for slab surfaces are presented with solid lines (Bird, 2003; Hayes et al., 2012). Aftershocks with magnitudes greater than or equal to 5 over 1 year are
presented. The tension-axis directions (red bars) are marked on the epicenters of normal-faulting events. (e) Faulting-type composition of earthquakes before and after
megathrusts. The amounts of normal-faulting events increased after the megathrusts, which is particularly strong in the Tohoku-Oki earthquake region.
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Each zone has a size of 90� 100� 25 km3 (Fig. 3(a)). The three
zones take 225 km in the trench-normal direction and 65 km in
the vertical direction. The shallow source region (i.e., zone I) of
the Tohoku-Oki earthquake is divided into 21 subregions for inves-
tigation of along-trench variations in seismicity properties (L1 to
L21 in Fig. 2 (a)). The relationships among seismicity, stress field,
slip amount, and coseismic surface deformation are determined
for the source region.
4. Faulting-type compositions before and after megathrusts

We analyze the faulting-type compositions in the source
regions with a size of 8� in longitude and 7� latitude before and
after the three megathrusts (Fig. 1). The ambient stress fields
before megathrusts are dominated by compressional stress
induced by convergence at the plate margins, incurring thrustal
earthquakes (Fig. 2(b)). The compressional axes determined from
the fault-plane solutions are naturally parallel with the plate con-
vergence directions (Fig. 2(c)). Seismicity increased abruptly after
the megathrusts, and then decreased gradually with time. The nor-
mal-faulting events occurring after megathrusts display various
tension-axis directions (Fig. 1).

The number of earthquakes with magnitudes greater than 5.0
over the 5 years before the Sumatra–Andaman earthquake is 34,
of which 3% (1 event) are normal-faulting earthquakes, 49% (16
events) are thrustal earthquakes, and 24% (8 events) are strike-slip
earthquakes. The number of earthquakes for 1 year after the
Sumatra–Andaman earthquake is 315, of which 9% (27 events)
are normal-faulting earthquakes, 46% (144 events) are thrustal
earthquakes, and 20% (64 events) are strike-slip earthquakes.

For the Maule earthquake region, 32 earthquakes with
magnitudes greater than 5.0 occurred over the 5 years before the
megathrust. The earthquakes are composed of 9% (3 events) nor-
mal-faulting events, 63% (20 events) thrustal events, and 3% (1
events) strike-slip events. The number of earthquakes for 1 year
after the Maule earthquake is 152, of which 15% (22 events) are
normal-faulting earthquakes, 76% (116 events) are thrustal earth-
quakes, and 1% (2 events) are strike-slip earthquakes.

We observe 134 earthquakes with magnitudes greater than 5.0
over the 5 years before the Tohoku-Oki earthquake. The earth-
quakes are composed of 7% (10 events) normal-faulting events,
74% (99 events) thrustal events, and 4% (5 events) strike-slip
events. The number of earthquakes for 1 year after the megathrust
is 406, of which 29% (116 events) are normal-faulting earthquakes,
44% (179 events) are thrustal earthquakes, and 5% (20 events) are
strike-slip earthquakes.

These three great earthquakes share similar features in
fault-type compositions and event distribution. Normal-faulting
earthquakes are clustered in large slip regions, and thrustal
earthquakes are populated outside the large-slip regions
(Fig. 1(b–d)). In addition, the numbers of normal-faulting events



Fig. 2. (a) Seismicity of aftershocks with magnitudes greater than or equal to 3.3 after the Tohoku-Oki earthquake. The Tohoku-Oki rupture area is divided into 21 subregions
(L1 to L21) for the investigation of seismicity properties. The vertical uplifts and subsidences on the Earth’s surface (Hisashi, personal communication, 2013) are presented
with contours. (b) Distribution of focal depths of events. The compositions of faulting type for three depth ranges are presented. The normal-faulting events are dominant at
shallow depths. (c) A comparison of tensional-axis directions from normal-faulting events after the megathrust with compressional-axis directions from thrustal events
before the megathrust for L1 to L21. The tensional-axis directions deviate from the ambient compressional-axis directions.
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appear to be proportional to the peak slip amounts. The Tohoku-
Oki earthquake has the largest peak slip (�50 m) among the great
earthquakes, and presents the largest number of normal-faulting
events. On the other hand, the smallest peak-slip earthquake,
Maule earthquake, displays the smallest number of normal-
faulting events.

Thrustal earthquakes were dominant before the megathrusts,
while normal-faulting events increased after the megathrusts. This
suggests that the lithospheres experienced similar deformation for
accumulating stress and outburst-release of stress. These observa-
tions may allow us to infer the detailed properties of lithospheric
responses to megathrust based on an analysis of seismicity in a
representative megathrust region with dense seismic networks.

A dense seismic network is available in the Japanese islands,
which allows for an earthquake catalog of the Tohoku-Oki region
to be complete up to magnitude 3.3. The number of earthquakes
with magnitudes greater than 3.3 for 5 years before the Tohoku-
Oki earthquake is 1934, of which normal-faulting events comprise
9% (174 events), thrustal events comprise 60% (1170 events), and
strike-slip events comprise 6% (160 events). The number of earth-
quakes increase to 6188 over the 1 year following the megathrust,
of which 64% (2115 events) are normal-faulting events, 31% (1936
events) are thrustal faulting events, and 5% (296 events) strike-slip
events. The composition of normal-faulting events is much higher
in low magnitudes than in high magnitudes. This observation sug-
gests that the earthquake occurrence rates change by faulting type,
and normal-faulting events are particularly abundant among
small- and moderate-sized events (Asano et al., 2011).

5. Fault-type-dependent seismicity features

The occurrence rate of normal-faulting events increased after
megathrusts in all regions. The number of normal-faulting
earthquakes is anti-correlated with the number of thrustal earth-
quakes. However, the compositions and occurrence rates of nor-
mal-faulting earthquakes are found to be different by region.
Normal-faulting earthquakes compose 9–29% of the events that
occurred in the first year after megathrusts. The occurrence rates
of normal-faulting events in the Sumatra–Andaman and Maule
regions returned to their usual rates in one year after great earth-
quakes. On the other hand, the Tohoku-Oki region displays abun-
dant normal-faulting events in the second year, comprising 33%
of observed events. It is intriguing to note that the number of
strike-slip events was also increased in the Sumatra–Andaman
earthquake region after the megathrust.

Normal-faulting earthquakes increased at depths less than
50 km, with most occurring at depths less than 10 km where slip
amounts are large (Fig. 2(b)). Shallow-focus normal-faulting earth-
quakes are clustered in the regions with large slips. The normal-
faulting events appear to be associated with the development of
splay faults at shallow depths (Conin et al., 2012; Cubas et al.,
2013). These splay faults may develop as a consequence of
stress-field change due to depth-dependent deformation of the
lithosphere after a megathrust (e.g., Asano et al., 2011; Shinohara
et al., 2012). It has been suggested that the local stress field is
affected by coseismic strain release and gravitational potential
energy (McKenzie and Jackson, 2012). The observation implies that
the faulting-type composition of each region is highly correlated
with the slip amount.

The tension axes of post-megathrust normal-faulting events
over the rupture surfaces display epicentral-location-dependent
directions in all megathrust regions. It is observed that the tension
axes are oriented outward from the peak-slip locations (Fig. 1). The
seismicity compositions and tension-axis features suggest that the
three megathrusts share similar lithospheric responses.

Vertical variations in seismicity and lithospheric responses
along the slab surface is investigated for the Tohoku-Oki
earthquake. One-year seismicity after the Tohoku-Oki earthquake
is presented for three cross-sections (AA

0
, BB

0
, and CC

0
in Fig. 3).

Cross-section BB
0
lies across the region of peak slip. Cross-sections

AA
0
and CC

0
are placed across adjacent regions with mild slips. The

zone I regions of all cross-sections show a high population of nor-
mal-faulting earthquakes and low population of thrustal earth-
quakes. Zone III of cross-section BB

0
presents the highest



Fig. 3. Seismicity along three cross-sections in the Tohoku-Oki region (A–A
0
, B–B

0
, and C–C

0
in Fig. 2(a)): (a) zonation model, (b) cross-section A–A

0
, (c) cross-section B–B

0
, and

(d) cross-section C–C
0
. The three zones (zones I, II, and III) with a uniform size are designated along the subducting slab, starting from the trench-axis. The seismicity densities

of thrustal and normal-faulting events are presented along with vertical displacements on the seafloor. The slip amounts on the rupture plane are presented along the slab
boundaries. The seismicity properties (a and b values) are presented for each zone. The amount of normal-faulting events is large in zone I, and thrustal earthquakes are
dominant in zone III.
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seismicity, which may be because the accumulated stress in the
down-dip margin of the rupture plane was not released sufficiently
during coseismic slips.

The increase in seismicity after megathrust may be due to strain
release associated with coseismic and postseismic lithospheric
deformation (Ozawa et al., 2011). The increase in normal-faulting
events suggests the prevalence of horizontal tensile stress in the
shallow source region after megathrust. The relative population of
thrustal earthquakes appears to increase with depth. Thrustal earth-
quakes are particularly clustered around the down-dip rupture
edges in all three megathrust regions, which may be associated with
accumulation of additional stress released from locked regions.

The one-year seismicity after the Tohoku-Oki earthquake hardly
presents a fault-type-dependent b-value variation, which is
different from the typical fault-type-dependent b-value variation
in global seismicity (Narteau et al., 2009). Thrustal earthquakes
are dominant in zone III regions of all cross-sections where the b
values vary between 0.73 and 1.24 (Fig. 3). The composition of nor-
mal-faulting events is high in zone I where the b values range
between 0.83 and 1.03. The seismicity in zone II is mixed with nor-
mal-faulting and thrustal events, and the b values are between 0.82
and 0.98. The differences in fault-type compositions and b values
may be associated with coseismic and postseismic lithospheric
deformations that cause temporal variations in the stress field of
the lithosphere.
6. Relationship between aftershocks and slips

In the Tohoku-Oki earthquake region, large uplifts are observed
in the seafloor above the locations of large slips (Figs. 2(a), 3(b)).
Generally, the seafloor displacement is inversely proportional to
the distance from the region with the largest slip amount. Seafloor
subsidences are observed behind the regions with uplifts in the
landward direction (Fig. 2(a)).

The number of aftershock events is the largest in the region
with the peak slip amount. Also, the number of normal-faulting
events is observed to be proportional to the slip amount
(Figs. 4(a), 3). However, the proportionalities are different between
the northern and southern regions. The northern region shows lar-
ger seafloor displacements and fewer events than the southern
region with the same slip amounts. This observation suggests that
the seafloor displacements are not affected only by the slip
amounts, but also by the medium properties, such as geology, elas-
ticity, and accumulated stress.

These features may suggest that the release of the stress accu-
mulated along slab surface during the locking process before the
megathrust depend on the elastic properties of the medium. The
accumulated stress in the northern region might be released more
effectively than that in the southern region during coseismic
lithospheric rebound. The unleased stress appears to trigger more
normal-faulting events in the southern region than the northern
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region. It is intriguing to note that the northern region coincides
with the slow slip event region before the megathrust (Ito et al.,
2013). The slow slip events in the northern region consume the
energy stored in the lithosphere, making the lithosphere deformed
efficiently. On the other hand, the unconsumed energy in the
southern region yields a relative increase in aftershocks with sub-
sequent delayed faulting (cf., Heki et al., 1997).

The number of normal-faulting events is anti-correlated with
the number of thrustal events (Figs. 4(a), 3). The number of nor-
mal-faulting events is greater than that of thrustal events when
the slip amount is greater than �15 m (Fig. 4(a)). However, the
anti-correlation relationship between normal-faulting and thrustal
events is not apparent in regions with slip amounts less than �5 m.

The ranges of vertical surface displacements and slip amounts
of three megathrusts are presented in Fig. 4(a). The Tohoku-Oki
earthquake displays a large peak-slip amount and vertical surface
displacement compared with the other megathrusts. Megathrusts
with smaller slips (i.e., Sumatra–Andaman earthquake and Maule
earthquake) have fewer normal-faulting events (Fig. 1(e)). The
Fig. 5. (a) Apparent tensional-axis directions from normal-faulting events: the tensional
lithospheric rebound model. The rupture along the slab surface causes coseismic lithosp
with large slips where splay faults subsequently develop. Large subsidences are observe
observation of normal-faulting events in the three megathrust
regions suggests that there appears to be a minimum slip amount
(or a minimum vertical surface displacement) required to produce
normal-faulting earthquakes.

The vertical uplifts in the northern regions of Tohoku-Oki earth-
quake are larger than those in the southern regions (Fig. 4(a)). The
northern regions have larger vertical uplifts, but fewer normal-
faulting events compared to the southern regions. Thus, the slip
amount on the rupture plane and vertical surface displacement
appear to be important parameters for excitation of normal-fault-
ing earthquakes.
7. Temporal variation of ambient stress field

The compressional (P) and tensional (T) axes directions before
and after the Tohoku-Oki earthquake are estimated from the focal
mechanism solutions of the events. The P-axis directions for thru-
stal earthquakes on 21 cross-sections (L1–L21) for 5 years prior to
the Tohoku-Oki earthquake are found to be 277.5�–297.5�, which
axes are directed to an apparent pole in the backarc offshore region. (b) A coseismic
heric deformation. Large uplifts are observed in the seafloor above the slab surface
d in the forearc regions between the inland and large-slip regions.
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Fig. 6. Example of b value measurement for seismicity in the period of 11 March 2001 to 10 March 2003. The b values generally decrease with slip amount.
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are consistent with the plate-convergence directions on the Japan
trench (Fig. 2(c)). The T-axis directions estimated from the nor-
mal-faulting earthquakes during 100 days after the Tohoku-Oki
earthquake are observed to vary from 180.8� to 317.5� in L1 to
L21 along the trench. When we limit the region from L1 to L14,
the T-axis directions display a consistent increase by location from
275.6� to 304.6� (Fig. 4(b)).

The least-squares line for the observed T-axis directions is given
by

AðdÞ ¼ 0:082ð�0:017Þ dþ 289:644ð�1:661Þ; ð3Þ

where AðdÞ is the tension-axis direction at distance d. The location
of d ¼ 0 is placed between L8 and L9, which approximately coin-
cides with the peak-slip location. The A-intercept (289.644�) agrees
with the average P-axis direction before the megathrusts. The fitted
line displays that the T axes deviate from the plate convergence
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Fig. 7. Temporal variations of b values for cross-sections L1 to L20. Large-slip regions
significant in some regions with large slip amounts, reflecting the influence of time-dep
direction in a consistent manner. This feature suggests that the T-
axis directions are dependent on the relative locations of the events
with respect to the peak-slip location. Similar variations of T-axis
directions are observed in the Sumatra–Andaman and Maule earth-
quake regions (see Fig. 1(b)(c)).
8. Dynamic response of lithosphere

A large rupture on the slab surface causes coseismic lithospher-
ic rebound, accompanied by regional seafloor uplift and subsidence
(Fig. 3). The uplift generally appears to be proportional to the slip
amount on the slab surface. The lithospheric rebound in the
accretionary wedge of overriding plate causes viscoelastic relaxa-
tion of medium, incurring long-term prevalence of tensional field.
The preseismic stress field is recovered slowly with time. The vis-
coelastic relaxation of medium and transitional stress field cause
L4 slip amount = 26.26 m

slip amount = 40.01 m L10 slip amount = 36.30 m

mount = 17.08 m L14 slip amount = 11.76 m slip amount = 8.26 m

0 1 2 0 1 2 2 0 1 2

slip amount = 4.34 m L20 slip amount = 3.22 m

generally display large decreasing rates. The temporal b-value decreases are not
endent factors.
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postseismic lithospheric deformation. Normal-faulting aftershocks
appear to occur at shallow depths as a result of subsequent
development of splay faults in the accretionary wedge during the
coseismic and postseismic lithospheric deformation (Fig. 5). Nor-
mal-faulting earthquakes are clustered in the regions with large
uplifts and subsidences (zones I and II in Fig. 3). The magnitudes
of uplifts are larger than those of subsidences, which is consistent
with the spatial distribution of normal-faulting events.

The T-axis directions of normal-faulting events are associated
with postseismic lithospheric deformation. The T axes of normal-
faulting events over 100 days following the Tohoku-Oki earth-
quake are presented in Fig. 4(b). The T axes between L1 and L14
(275.6�–304.6�) display linear deviations from the reference P-axis
direction as a function of distance from the cross-section L9 that
lies across the peak-slip region (Fig. 4(b)). This observation is con-
sistent with the stress field in the upper crust after the Tohoku-Oki
earthquake (Lin et al., 2013). The northern cross-sections (L1–L8)
display negative angle deviations, while the southern cross-sec-
tions (L10–14) present positive angle deviations.

The T axes of events from L1 to L14 are directed to an apparent
pole at 136.3�E, 39.9�N, which is placed on the trench-normal axis
crossing the peak-slip region (Fig. 5). The depth of the apparent
pole is �208.0 km. This T-axis focusing is observed at the
cross-sections with large slips (L1–L14), while not obvious at the
cross-sections with slips less than 7–10 m (L15–L21) (Fig. 4). This
apparent pole composes a circular arc with a radius of 697.3 km
Fig. 8. (a) Variation in b values before the Tohoku-Oki earthquake as a function of slip
occurrence of the megathrust. The b values increase abruptly after the megathrust. The
average b values before and after the megathrust for L1 to L21. The average b values ar
on the Earth’s surface, and a circular arc along the slab surface with
a radius of 727.6 km (Fig. 5).

The focusing T-axis directions are consistent with finite fault
slip models for the megathrust (Hayes, 2011; Yoshida et al.,
2011). The coincident of directions between the T axes of nor-
mal-faulting events and coseismic ruptures supports the subse-
quent postseismic lithospheric deformation following the
coseismic rupture. Thus, a comparison between T axes directions
and plate convergence directions allows us to infer the properties
of coseismic and postseismic lithospheric deformation. The focus-
ing T axes suggest that lithospheric rebound is initiated by the
large rupture on the slab surface. The T-axis distribution suggests
that the upper lithosphere was deformed radially from a location
behind the peak-slip region due to interplate coupling during litho-
spheric rebound.

9. Slip-dependent earthquake occurrence rates

The earthquake occurrence rates (b values) are influenced by
asperities, frictional properties, and interface locking along sub-
duction zones (Sobiesiak et al., 2007; Schorlemmer and Wiemer,
2005; Ghosh et al., 2008). Additionally, the crustal deformation
causes a change in stress field, which influences the earthquake
occurrence rate. Thus, spatial and temporal changes of b values
present the stress state of the medium (Smith, 1981;
Schorlemmer et al., 2005). We investigate the temporal variation
amount for L1 to L21. The slip-dependent b values decrease with time until the
b values before and after the megathrust are anti-correlated. (b) A comparison of

e similar among various regions.



Fig. 9. Variation in slip-dependent b-value change rates, SðtÞ, as a function of time
in year t, which is fitted by an exponential function. The slip-dependent b-value
change rate increases negatively with time until the occurrence of the megathrust,
and increases positively after the megathrust. The average rate of the slip-
dependent b-value changes for 22 years in the Tohoku-Oki earthquake region is
�0.0003 (� 0.00004) m�1 yr�1.
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of b values in the inner-trench region of the Tohoku-Oki earth-
quake for cross-sections L1 to L21, which allows us to deduce the
upper-crustal response during interplate locking.

Fig. 6 presents b values for the events in zone I of every cross-
section from L1 to L21 over 11 March 2001 to 10 March 2003.
The average slip amount is also presented in the figure. It is
observed that the b values change with the slip amount of forth-
coming megathrust. Fig. 7 presents the b value variation with
time before and after the megathrust. The b values decrease gen-
erally with time in every cross-section, which is consistent with
Nanjo et al. (2012). The decrease rates of b values with time
are high in large-slip regions, with some exceptions. This obser-
vation suggests that the b value may change with slip amount,
as well as with various time-dependent factors. Thus, temporal
decay rates of b values do not appear to be correlated with the
size of forthcoming event. Furthermore, the timing of event
occurrence is difficult to estimate from the temporal decay rates
of b values.

Fig. 8 (a) presents the b value variations as a function of average
slip amount for specified time periods. The b values are low for
every time period before the megathrust in the regions with large
slip amounts, while they are high in the regions with small slip
amounts. Also, the slope of line fitted to the b values of each time
period increases with time until the megathrust occurrence. The
slope of b values as a function of average slip amount is found to
be �0.0056 m�1 in the period from 1992 to 1996. The slope
increases progressively with time, and reaches �0.0109 m�1 in
one year before the Tohoku-Oki earthquake. This observation sug-
gests that the temporal decay rates of b values in large slip regions
are larger than those in small slip regions.

After the megathrust (2011/03/11–2012/03/10, 2012/03/11–
2013/03/10), the b values generally increased in all regions, partic-
ularly in those with large slips (Fig. 8 (a)). Thus, the slope becomes
positive after the megathrust: 0.0072 m�1 in the first year after the
Tohoku-Oki earthquake and 0.0112 m�1 in the second year. The
abrupt increase in b value after the megathrust may be due to int-
erplate decoupling after coseismic rupture (e.g., Nishimura et al.,
2004).

It is noteworthy that the correlations between b values and slip
amounts observed in this study are much stronger than those in
Nanjo et al. (2012). The slip-dependent decrease in b values at
every time period appears to be observed at least 20 years before
the megathrust. This feature may be because time-dependent fac-
tors affecting b values, except slip amount, are activated consis-
tently over the source region.

The b values display a characteristic anti-correlation before and
after the megathrust. Thus, the average b values before and after
the megathrust are similar, around 0.6–0.8 on the cross-sections
(Fig. 8(b)). This feature suggests that the total amount of stress
released is comparable over the entire slab interface regardless of
the slip amount during the megathrust. In other words, the stress
unleased during the locking process is eventually released by
megathrust and aftershocks. Thus, the high seismicity in the rup-
ture area after the megathrust can be ascribed to the accumulated
preseismic stress in the region. The anti-correlation of the b values
before and after the megathrust and the similar average b values
also suggest that b values have a strong linear relationship with
slip amounts of the forthcoming megathrust.

The slopes for b-value variations as a function of average slip
amount are shown in Fig. 9, in which negative slopes clearly
increase with time before the megathrust. The slopes then display
an abrupt positive increase after the megathrust. The increase in
negative slopes with time before the megathrust suggests an inter-
plate locking process that is enhanced with time. Stress is accumu-
lated in the locked region on the slab boundary, causing the
decrease in b values. In particular, the b value variation suggests
that the variation in medium properties accelerates with time as
time approaches the megathrust.

The slopes for b-value variations before the megathrust display
a consistent variation with time, which can be fitted with an expo-
nential function (Fig. 9):

SðtÞ ¼ �0:011 expð0:0417 � tÞ; ð4Þ

where SðtÞ is the fitting function as a function of lag time in years, t,
with respect to the origin time of megathrust. Also, the average var-
iation of the slopes for b value variations can be determined using a
linear regression:

SðtÞ ¼ �0:0003t � 0:0106: ð5Þ

The observation of region-dependent b value changes with time
suggests temporal variation of the medium properties before and
after megathrusts. The temporal changes appear to accelerate with
time as time approaches the megathrust occurrence. A megathrust
occurs when a certain level of stress is accumulated. Thus, the tem-
poral variation in the slopes of b value variations may be a useful
precursor of a forthcoming megathrust. The fitted functions may
be used for determining the event occurrence time and size of the
forthcoming earthquake from SðtÞ by assuming the distribution of
slip amounts of the forthcoming event and a consistent stress
release mechanism.

10. Discussion and conclusions

The seismicity properties before and after the three mega-
thrusts with magnitudes greater than or equal to 8.8 since 2000
have been investigated. The seismicity increased significantly after
the megathrusts, accompanying changes in the composition of
faulting types. Normal-faulting events are concentrated in the
large-slip regions at shallow depths. The number of normal-
faulting events is proportional to slip amount and vertical surface
displacement. This proportionality is dependent on the spatial
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distribution of slow slip events, local geology, and lithospheric
response to dynamic stress changes. Thrustal earthquakes are
observed to be clustered at the down-dip margin of the rupture
plane, where unleased compressional stress is accumulated.

In the Tohoku-Oki earthquake region, the directions of tensional
axes for normal-faulting earthquakes display systematic deviations
from the opposite direction of the ambient compressional stress
field. The angle deviations increase with trench-parallel distance
from the peak-slip region. The tensional axes appear to focus at a
location in the forearc region between Tohoku and the peak-slip
regions. The observation suggests that the lithosphere rebounded
radially from the apparent focus of the tensional axes after the
megathrust.

The earthquake occurrence rates (b value) decrease with time as
a function of slip amount before the Tohoku-Oki earthquake. The
slip-dependent b-value decreases accelerate with time. The
decreasing b values suggests that interplate locking on the slab
surface is enhanced with time and accumulated stress. The mega-
thrust occurred when the accumulated stress reached the critical
level. Aftershocks were increased after the megathrust, yielding
an abrupt increase in the earthquake occurrence rates. The average
values of b values before and after the megathrust are similar
among various regions with different slip amounts, which suggests
that the cumulative amount of stress released is similar over the
entire source region, regardless of the slip amounts.

The temporal change in slip-dependent b values is fitted well
with an exponential function, which suggests that the temporal
change of slip-dependent b values may allow us to predict the
occurrence time of a forthcoming megathrust. Considering the
level of errors in the estimation of b values, the slip-dependent b
value change is identifiable at least several decades before a mega-
thrust. The temporal change rate of slip-dependent b value varia-
tion allows us to estimate the amount of stress accumulated in
the locked zone, enabling us to predict the size of the earthquake.
Moreover, the occurrence timing of a forthcoming event may be
predictable when the size of earthquake is assumed.
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