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The 2021 Mw 7.3 East Cape earthquake: Triggered Rupture in Complex Faulting
Revealed by Multi-Array Back-projections
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Key Points:

e We apply a multi-array 3D back-projection to image the rupture process of the 2021 Mw
7.3 East Cape earthquake

e Our results reveal a bilateral rupture predominantly propagating upward from 70 km and
a triggered rupture at ~ 10 km.

e The deep rupture is in the mantle of the subducting Pacific plate, which is possibly
related to a delaminating lower crust.
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Abstract

On March 04, 2021 the Mw 7.3 East Cape, New Zealand earthquake occurred at the southern end
of the Kermadec Trench. The USGS W-phase solution shows an unexpected focal mechanism
compared to historical earthquakes. We combine earthquake back-projections of 4 arrays to image
the kinematic process of the Mw 7.3 earthquake. Our results reveal a bilateral rupture
predominantly propagating upward at a slow speed of 1 km/s and a triggered rupture at ~ 10 km,
corresponding to the deep reverse faulting event at 70 km and a triggered shallow normal faulting
event (~20 km) resolved by previous subevent and finite fault inversions. The epicenter and a
group of aftershocks are deeper than the bottom of the slab according to a regional tomography
model. Such deep failure is possibly enabled by a delaminating lower crust of the Hikurangi
plateau.

Plain Language Summary

On March 04, 2021 the Mw 7.3 East Cape, New Zealand earthquake occurred at the southern
end of the Kermadec Trench. Previous studies indicate that this earthquake ruptured multiple
faults of different orientations. We apply a method using the recordings of 4 arrays of closely
spaced sensors receiving earthquake signals to calculate the details of the earthquake source.
Our results reveal that the rupture first propagates upward from 70 km at a slow speed of 1 km/s
then then a shallow rupture at ~ 10 km is imaged. This result is consistent with the two subevents
imaged by previous studies (Okuwaki et al., 2021). The earthquake source and a group of
aftershocks are in the mantle of the subducting Pacific plate, which is unusual because
earthquake is prohibited due to high temperature and pressure. Such deep failure is possibly
enabled by the sinking of part of the crust into the mantle.

1 Introduction

On March 04, 2021, a Mw 7.3 earthquake occurred approximately 182 km to the northeast of the
city of Gisborne, at the southern end of the Kermadec Trench, where the Hikurangi Plateau
underthrusts beneath the Australian plate. The Mw 7.3 event is followed by two larger Mw 7.4 and
Mw 8.1 quakes ~ 4 hours later ~ 800 km to the north (Okuwaki et al., 2021). The thickness of
Hikurangi Plateau is approximately 12 - 15 km (the average thickness of Pacific oceanic crust is 8
km), close to the critical thickness (17 km) where buoyancy switches from driving to resisting
subduction (Collot and Davy, 1998). Due to the thickening of the oceanic plate and the increasing
obliquity from north to south, the convergence rate decreases from 6.3 cm/yr near 30°S to 4.9
cm/yr at 37°S (de Mets et al., 1990). The subduction stops around 44° S, where the Chatham Rise
indicates the transition from oceanic to continental crust of the Pacific plate. The obliquity in the
Hikurangi trench causes a slip-partitioning motion with the trench-parallel motion accommodated
by strike-slip faulting and the rotation of the eastern North Island arc (Wallace and Beavan, 2004;
Wallace and Beavan, 2010).
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Figure 1 Tectonic background of the Kermadec subduction zone and the seismicity near the Mw
7.3 earthquake. (a) The small circles are the EHB catalog (Engdahl et al., 1998) of M 4.5+
earthquakes from 1/15/1964 to 12/13/2017, color coded by depth. The beachballs are the CMT
solution of M 6.5+ events (GCMT, Dziewonski et al., 1981; Ekstrom et al., 2012) from 1/1/1979
to 2/1/2021, color-coded by depth. The large red beachballs in (a) and (b) shows the CMT
solutions (GCMT) of the 2017 earthquake sequence. The white arrow shows the slip rate of the
Pacific plate relative to the Australian plate. The white arrows show the directions of Pacific-
Australia plate convergence (de Mets et al., 1990). (b) The aftershock of M 2.5+ from 3/4/2021
to 5/13/2021 from the Geonet catalogue. The range of the map is shown by the black box in
Figure 1(a). The star shows the epicenter of the Mw 7.3 earthquake.

There have been several Mw 6.5+ historical normal-faulting earthquakes but few large
megathrust earthquakes around the source region of the 2021 Mw 7.3 earthquake. The only two
recorded large interplate thrust earthquakes along the Hikurangi subduction zone are the 1947 Mw
7.1 Poverty Bay earthquake and the 1947 Mw 6.9-7.1 Tokomaru Bay earthquakes. Both of them
are tsunamigenic with long source duration (~ 40 s) and slow rupture speeds (~1 km/s). They
produced disproportionately large tsunamis for their magnitudes (Doser & Webb, 2003). The lack
of large megathrust events in this region can be explained by the small interseismic plate coupling
coefficient of ~ 0.6 at seismogenic depth from 0 to 10 km inferred from GPS studies (Wallace and
Beavan, 2004; Wallace and Beavan, 2010). The plate convergence seems to be accommodated by
repeating aseismic slow slip events, often found at the depth of 6 to 15 km, which marks the
transition from the interseismic coupling and the deeper stable slipping portion of the plate
interface (Wallace and Beavan, 2010). The most recently reported slow slip episodes, detected
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both before and after the 2016 Mw 7.0 earthquake, partially overlapped with the source area of the
2021 Mw 7.3 earthquake.

The Mw 7.3 earthquake is unusual in several aspects. The rupture lasted ~ 50 s according
to the USGS earthquake W-phase inversion (Duputel et al., 2012), significantly longer than ~ 25 s
for typical earthquakes of similar magnitudes (Ye et al, 2016). The focal mechanism is
predominantly oblique-reverse, striking in the east-west direction where the historical M 6+
earthquakes are mostly normal-faulting events. The W-phase solution also suggests a 33% non-
double couple component, which indicates that the earthquake ruptured multiple faults of different
orientations. Okuwaki et al. (2021) conducted a finite fault inversion and a multiple point source
inversion and concluded that this earthquake is composed of an initial subevent on an unexpected,
deep trench-parallel compressional fault (50 to 100 km) and a second subevent on a shallow trench-
normal extensional fault (0 to 30 km). The aftershocks span a large depth range from 0 km to 100
km (Fig. 2c). We find the aftershocks extend to ~ 30 km below the bottom of the slab according
to the tomography and the background seismicity relocation result of Eberhart-Phillips &
Bannister (2015) (Fig. 3e). Intraplate earthquakes at these depths are rare because brittle frictional
failure is prohibited by high pressure and temperature. The mechanisms for such intermediate-
depth earthquakes (70-250 km deep) are under debate. The leading hypotheses are (1) Fluid-aided
embrittlement or weakening (Halpaap et al., 2019). (2) Rapid strain in fine-grained shear zones
results in thermal runaway and highly localized zones of viscous failure (Kelemen & Hirth, 2007).
The ruptures on distinctive fault planes are possibly related to the thick subducting buoyant oceanic
plateau with widespread seamounts at East Cape. These seamounts are thought to produce complex
fracture networks and favor small earthquakes or aseismic slip due to the presence of fluid-rich
sediments and granular bands. The large earthquakes such as the Mw 7.3 event occur only when
multiple small fractures coalesce, linked by static or dynamic triggering (Wang and Bilek (2011)).

Our aim is to resolve the details of the co-seismic rupture process of the Mw 7.3 earthquake
and to understand the cause of its source complexity. The rest of the article is organized as follows.
In section 2 we describe the method and results of multi-array 3D back projection imagery of the
mainshock, which shows rupture on multiple distinctive faults. In section 3, we investigate the
static and dynamic stress transfer between the two subevents. In section 4, we discuss the physical
mechanisms of the deep ruptures and the triggering effects connecting the earthquake sequence.

2 Multi-Array 3D Back-Projection

Taking advantage of the development of dense regional seismic arrays, back-projection
(BP) has become one of the most essential techniques to resolve rupture processes of large
earthquakes (e.g. rupture lengths, directions, speeds and segmentation). Here we apply the Multi-
taper 3D MUSIC Back-projection to resolve the spatial-temporal rupture process of the Mw 7.3
earthquake (Meng et al., 2011; Meng et al., 2015; Chen et al., 2018). We performed the 3D MUSIC
BP separately on the P-wave seismograms of four broadband seismic arrays, composed of 211
stations along the western coast of continental US (US) (24 to 94°), 87 stations in South America
(SA) (60 to 90°), 133 stations in Australia (AU) (30 to 60°) and 254 stations in China (CN) (82 to
89°) (Fig. S1), respectively. We check the BPs of a Mw 6.3 aftershock and the Mw 7.3 earthquake
using the initial 10 s waveforms of individual arrays. The Mw 6.3 earthquake and the initial rupture
of the Mw 7.3 earthquake can be regarded as a point source. Inspecting their BP images helps to
understand the degree of smearing and aliasing effects. Fig. S2 and Fig. S3 show that individual
arrays have limited spatial resolution, especially for depth. Fig. S2 and Fig. S3 show that the SA
array alone has a good depth resolution longitudinally with a strong trade-off between along depth
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and latitude. The AU array alone has a good resolution latitudinally with a strong trade-off between
depth and longitude. The combination of the SA and AU arrays should therefore achieve good
vertical resolution. Similarly, the US array shows low resolution along the ray path (in the NE-SW
direction). The CN array alone also smears in the NS-SE direction which is roughly perpendicular
to the smearing of the US array. The combination of the CN and US arrays should therefore achieve
good lateral resolution. Here, we combine BPs from individual arrays, which improves both depth
and horizontal resolution (Fig. S2 and Fig. S3). Compared with single-array BPs, multi-array BPs
enable higher spatiotemporal resolution and reduce false alarms in earthquake detection and
location problems (Fan et al., 2018). The multi-array approach was also applied to improve
stability and resolution of the BPs at local distances, where BPs of individual arrays may suffer
large uncertainties due to crustal heterogeneities and simultaneous arrivals of multiple phases (Xie
& Meng, 2020; Xie et al., 2021).

We first backproject the waveforms of individual arrays to a 3D source region surrounding
the hypocenter. The imagery domain is 1 degree by 1 degree large, with the depth ranging from 0
to 140 km. The domain is divided into 100*100*140 grids with intervals of 0.01 degree in the
horizontal directions and 1 km in the vertical direction. We choose the highest frequency band (0.5
to 2 Hz) with adequate waveform coherence at all arrays. (We require the average interstation
correlation coefficients larger than 0.85 in the first 10 s of the P wave). We use the 1-D velocity
model (e.g., IASP91) to estimate travel times and determine the relative location of the subsequent
rupture with respect to the hypocenter. For each array, we aligned waveforms individually with a
6-second window centered on the P arrival using multi-channel cross-correlation to correct the
travel time. This correction accounts for the travel-time anomalies due to heterogeneous earth
structure, first introduced by Ishii et al. [2007]. The waveforms are back-projected to the source
region in 10-seconds-long sliding windows with an increment of 1 second. We adopt the
hypocenter relocated by Ryo Okuwaki et al. (2021) (-37.466N, 179.774E, 72 km). After we obtain
the 3D back-projection images of the 4 arrays, we combine them by multiplying their MUSIC
pseudo-spectrum at each grid in the source region. We choose to take the product of the BP images
of each array to enhance the resolution. Note that to obtain the power of the combined BP (the
black curve in Figure 2(b)), we take the sum of the normalized beamforming power of each array
because it is more representative of the energy of the seismic radiation. We normalize the BP
results of each array by their maximum amplitude during the main shock so that the four arrays
are equally weighted. We choose equal weighting because the spatial resolutions of these arrays
are complementary to each other, which provides independent constraint on the source location.

Figure 2 shows the result of the combined teleseismic 3D BP using 4 arrays. Fig. 2a and
2¢ show the 3D locations of the high-frequency (HF) radiators, which are defined as the peak
locations of BP images and could be viewed as the centroid locations of the rupture front at each
time frame. In the cases when there are two simultaneous strong peaks, we pick the secondary
radiators from the BP image automatically using two requirements: (1) It is a local maximum (The
BP amplitude is greater than all its neighboring grid points in X, y, and z direction (26 points in
total)). (2) The secondary radiators need to be at least 20 km away from the primary one to avoid
aliasing near the primary peak. The 3D locations of the radiators are in the supplemental material
file ‘S1.xIsx’. Fig. 2c shows that the rupture mainly propagates upward, from a depth of 72 km to
the surface but propagates horizontally by only ~ 20 km to the northeast. Fig. 2d shows that in the
first 20 s, the rupture propagates from depth D = 72 km to 50 km with a velocity of ~ 1 km/s. At
T= 22 s, the main rupture abruptly split into two separated groups of radiators at D ~ 20 km and D
~ 80 km, possibly corresponding to simultaneous upward and downward propagating fronts,



173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

191
192

193

Confidential manuscript submitted to GRL

respectively. To understand the reliability of the combined BP, we inspect the results using just
three of the four available arrays. Fig. S4 shows the BPs using different combinations of three
arrays are consistent with the result using all four arrays, with the two groups of HF radiators in
similar locations. The BP-imaged bilateral propagation is grossly consistent in location with the
rupture episode E1 to E4 in Okuwaki et al. (2021). The abrupt splitting of the main rupture fronts
might be caused by the resolution limit of BP (Xie et al., 2021). It is likely that the bilateral fronts
exist before T =22 s, but only their averaged/predominant location is imaged because their spatial
separation did not yet meet the minimum resolvable length of the BP. In such a case, the rupture
speed of 1 km/s of the apparent unilateral front should be slower than the actual rupture speed on
the upward-propagating front. If we assume continuous bilateral propagation from the rupture
initiation, the average rupture speed from 0 to 24 s to reach the segment at D ~ 20 km is ~ 2 km/s
(Fig. 2d). Another possibility to explain the abrupt separations is that the rupture at D ~ 20 km is
triggered on a separated fault. Given the upward propagation (~ 2 km/s) is slower than the P wave
(~ 7 km/s) and S wave speeds (~ 4.3 km/s) at a depth of 40 km in this region (Eberhart-Philips et
al., 2015), it is possible that either the P or S wave radiated from certain energetic episode of the
early rupture triggered the fault segment at D = 20 km.
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Figure 2 Back-projection results of the Mw 7.3 earthquake after combining the images of 4
teleseismic arrays. (a) and (c) are the mapview and vertical cross-sections of the back-projection
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results, respectively. The filled circles are the seismic radiators color-coded by time. The filled
circles with red edges in (a), (c) and (d) are the second strongest peaks of BP images. The second
strongest peaks are plotted only when their amplitude exceeds 50% of the strongest peak at a time
step. The red star and small grey circles are the relocated mainshock and aftershocks by Okuwaki
et al. (2021). The beach balls are multiple point source inversion results by Okuwaki et al. (2021)
color coded by time. (b) The BP power at each time step. The moment rate of the slip model and
the centroid time of the two subevents (dashed lines) are from Okuwaki et al. (2021). The
combined power is the normalized sum of the normalized power of each array. (d) The relation
between time and the depth of radiators. The red and the green dashed lines are the average rupture
speed of the deep and shallow rupture fronts.

3 Static and dynamic stress transfer

To understand the triggering effect between the two subevents, we calculate the static
Coulomb stress change on the assumed fault for Subevent 2 due to Subevent 1 using the software
coulomb 3.3 (Lin and Stein, 2004) assuming a frictional coefficient of 0.4. We build simplified
slip models based on the subevent inversion results. We get the depths, moments and fault
orientations from subevent inversion results. Then we use the moment-dimension scaling relation
(Wells and Coppersmith, 1994) to determine the fault length, width and slip assuming that the
rigidity of the rock is 30 GPa (Table S1). The details of Coulomb stress calculation are in the
supplemental material file ‘S2.xIsx to S9.xIsx’. The results (Fig. 3 and Fig. S3) show that the
maximum coulomb stress change is larger than 1 bar. There are no direct constraints to distinguish
the two candidate fault planes of the two subevents. But we found that if Nodal Plane 1 is used for
subevent 1, subevent 2 is in a positive coulomb stress region (Fig. 3 (a) (b) and Fig. S5 (a) (d))
with a magnitude of 0.06 bar on Nodal Plane 1 of Subevent 2 and 0.21 bar on Nodal Plane 2 of
Subevent 2, respectively. If we use Nodal Plane 2 for Subevent 1, Subevent 2 is in a negative
coulomb stress region (Fig. S5 (b) (e) (¢) (f)). This indicates that for Subevent 1, Nodal Plane 1 is
more likely to be the actual fault plane.

We also consider the dynamic stress triggering by examining the synthetic seismograms
received at the centroid location of Subevent 2 generated from Subevent 1. The seismogram is
computed with Qseis, a waveform simulator based on an orthonormal propagator algorithm
assuming a layered viscoelastic half-space model (Wang, 1999). The results (Fig. 3(c)) show that
the amplitude of the transverse component is the largest, with two pronounced arrivals at 13 s and
20 s, corresponding to S wave (4 km/s) and a reflected phase (2.4 km/s). We estimate the peak
dynamic stress using the following equations (Jaeger & Cook, 1979):

o = Gu/vs,
where u is the peak velocity, which is estimated to be 0.2 m/s according to Fig. 3(c). v; is the phase
velocity, which is ~ 3.34 km/s for S waves at a depth of 10 km according to a 1D velocity model
(Kaneko et al., 2019). Given that the density p is 2854 kg/m”3, the rigidity G is about 31.8 GPa
(G = v,2 - p). The estimated peak stress o is approximately 19.1 bar, significantly larger than 0.1
bar, which is commonly considered the threshold of dynamic triggering (Brodsky & Prejean, 2005).
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Figure 3 Static and dynamic stress triggering and the schematic diagrams for the deep and
shallow ruptures. (a) The horizontal cross-section (at depth of 12 km) of Coulomb stress change
projected to the fault orientation corresponding to Subevent 2 (Nodal Plane 1, dip = 42°, rake=-
120°, strike=29°) caused by Subevent 1 (Nodal Plane 1, dip=80°, rake=59°, strike=43°) based on
the subevent inversion results of Okuwaki et al. (2021); The focal mechanisms and the locations
of the two subevents are shown as the green beach balls in (a) and (b). The black beach balls
show the focal mechanisms of the background seismicity from 1976/1/1 to 2021/1/1 (GCMT).
The small black circles in (a) and (b) are the relocated aftershocks by Okuwaki et al. (2021) (b)
The vertical cross-section of the coulomb stress changes along AA’ (shown in Fig. 3a). The
results for the other 3 combinations of candidate fault planes are shown in Fig. S3; The
aftershocks and focal mechanism of background seismicity within 50 km from AA’ (the shaded
region in (a)) are projected onto the cross section. (¢) Synthetic velocity seismograms at the
centroid location of Subevent 2 simulated using the source parameters of Subevent 1; (d) The
schematic diagrams showing the faults of the two subevents; (e) The vertical cross-section of the
P wave velocity tomography along BB’ (shown in Fig. 3a) and the background seismicity
(modified from Fig. 5a in Eberhart-Phillips & Bannister, 2015)). The red star is the projected
hypocenter of the Mw 7.3 earthquake along the direction parallel to the strike of the trench.

4 Summary and discussion

We combine the BPs of 4 teleseismic arrays to resolve the details of the rupture on multiple
faults during the Mw 7.3 earthquake, which reveals that the earthquake is mainly composed of two
episodes of rupture, with a deep rupture from D ~70 km to 50 km from 0 to 20 s, and a triggered



257
258
259
260

261

262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295

296

297
298
299
300

Confidential manuscript submitted to GRL

rupture at D ~ 20 km from 20 to 40 s. The rupture regions and the bilateral pattern in the vertical
direction are consistent with the finite fault slip model and the subevent inversion results of
Okuwaki et al. (2021). We then evaluate the possibility that the shallow normal faulting event is
triggered by the deep subevent with the effect of static and dynamic stress transfer separately.

4.1 Physical mechanisms of the deep rupture

The hypocenter relocated by Okuwaki et al. (2021) is at 72 km, which is below the lower
plane of the double seismic zone and is in the slab mantle in this region (Fig. 3¢). There is also a
swarm of aftershocks from 50 to 80 km, most of which are in the regions with positive coulomb
stress change (Fig. 3(b)). Earthquakes at these depths are rare because the subducting mantle is
ductile (Duba, 1990). One possible mechanism of the initial deep rupture is that the failure is
viscous due to heat produced by rapid strain in fine-grained shear zones, which was proposed by
Kelemen & Hirth, (2007) and is used to explain the 2012 off-Sumatra earthquake that rupture the
whole oceanic lithosphere (McGuire and Beroza, 2012).

Tomography of velocity structure in this region provides another possible explanation: the
deep rupture may be caused by brittle failure due to delamination of the lower crust. Delamination
is the sinking of part of the continental crust in the mantle due to increased density. The subducting
Hikurangi plateau has a thick crust (12 to 15 km) thus possibly behaves like a continental plate
and allows delamination. The tomography cross-section along A-A’ (Fig. 3d, modified from Fig.
5a in Eberhart-Phillips & Bannister, 2015) shows a high Vp anomaly (3%-10%) region above the
hypocenter. This Vp anomaly region is in the lower crust and uppermost mantle (150 to 200 km
in horizontal direction, and 25 to 70 km in depth in Fig. 3(e)), which correlates with the location
of the first sub-event. This low Vp anomaly indicates a delaminating lower crust, which enables
the brittle failure and can explain the deep faulting in the slab mantle (Fillerup et al., 2010).

Another possibility for faulting in the slab mantle is related to fluid-aided embrittlement or
weakening (Halpaap et al., 2019). The increasing pore pressure reduces effective normal stress and
allows for earthquake rupture in high pressure and temperature conditions. Fluids may penetrate
through the normal faulting, which is enhanced by the downward pumping effect by slab bending
(Ranero et al., 2003; Faccenda et al., 2009). In Mariana, significant velocity reduction below the
southernmost Mariana trench is observed, which provides evidence for such penetration (Wan et
al., 2018). The velocity reduction is resolved with an array of ocean bottom seismometers above
the Mariana trench and an active source seismic experiment. In the future, a similar experiment in
the East Cape region can be performed to investigate this hypothesis. The fluid may also be fed
from the lower region (Halpaap et al., 2019). Halpaap et al. (2019) observe seismicity at the depth
of 60 to 80 km (~ 40 km below the bottom of the slab) in the subduction zone in Sanriku, Japan
and Northeastern New Zealand, which is proposed to be related to fluid flow.

The second subevent is in the vicinity of historical normal faulting events (Fig. 3(a) and
(b)), which are related to the normal faults activated or caused by slab bending (Masson, 1991;
Ranero et al., 2003). The near parallel directions of the tectonic fabric and the axis of the bending
(Fig. 1) further enhances the frequent normal faulting earthquakes (Ranero et al., 2003).

4.2 The role of the triggering effects in the earthquake sequence

The rupture of the shallow faulting is probably triggered by the rupture of the deep faulting.
The Coulomb stress change on the assumed fault due to the rupture of the first fault is positive and
over 0.2 bar. The peak dynamic stress is about 19.1 bar when assuming an elastic model. With the
existence of the overlying sedimentary layers which amplifies the dynamic stress (Wallace et al.,



301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

335

336
337
338
339
340
341
342
343
344
345

Confidential manuscript submitted to GRL

2017), the amplitude of dynamic stress could be two orders of magnitude larger than the static
stress change. The dynamic stress calculation is based on a point source. If considering the upward
propagation of the initial rupture, the rupture directivity will result in elevated dynamic stress in
the shallow region. The back-projection results show that the rupture of the shallow event starts
around 20 s, which is coincidentally consistent with the timing of the reflected wave at ~ 20 s
shown in fig. 3(c). It is also possible that the S wave radiated by the first subevent at a later time
(e.g. ~ 7 s) triggers the shallow rupture.

The triggering of the rupture on the shallow faults has important implications for the
potential earthquake and tsunami hazard in analog tectonic environments. Kiser et al. (2011)
observed several doublets of intermediate-depth earthquakes in which subsequent subevents are
dynamically triggered by the initial rupture at a distinct depth. They found the magnitude of the
doublet earthquakes are among the largest of all intermediate-depth earthquakes. Thus, in seismic
hazard analysis, it is important to consider the triggering of shallower faults by a deeper event
which would otherwise generate weaker ground shaking. Similarly, shallow outer rise faults could
also be triggered by deeper subduction earthquakes and produce large tsunamis, as is the case of
the 2009 M8.1 Samoa earthquake (Lay et al., 2010).

The rupture of the subsequent Mw 7.4 and Mw 8.1 earthquakes occurred ~ 4 and ~6 hours
later after the Mw 7.3 event, which are probably due to a delayed dynamic triggering of the Mw
7.3 earthquake considering the fast decay of the static stress with distance. Possible triggering
mechanisms with delay include frictional properties changes (Parsons et al., 2005), pore fluid
redistribution (Brodsky, 2005), triggering by slow slip or earthquakes that are instantaneously
triggered (Brodsky, 2006; Shelly et al., 2011). Due to a lack of observation, we can not find more
evidence for these mechanisms.

The Mw 7.4 and Mw 8.1 earthquakes are 900 km to the north of the Mw 7.3 earthquake.
The two earthquakes are close to the Kermadec Islands, a region with dense historical M 7+
megathrust earthquakes. In contrast, the Mw 7.3 earthquake fails to trigger a few aftershocks along
the subduction zone between the Mw 7.3 and the other two earthquakes, a 900-km-long section
along the subduction zone. The low seismicity rate and the lack of large megathrust earthquakes
from 38 °S to 34 °S indicates that this region may be a weakly coupled zone which accommodates
shear deformation through ductile or aseismic slip. Its coupling condition may be similar to that
of the eastern North Island based on GPS studies (Wallace and Beavan, 2010; Wang and Bilek,
2011). However, we take a cautionary note that the ~ 100 yrs recording history of larger
earthquakes is not long enough to exclude the possibility that this region is well locked in an
interseismic period.
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