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S U M M A R Y
This study investigates the source properties of the 2007 Mw 8.0 Pisco, Peru, 2007 Mw 8.4
and 7.9 Mentawai Islands, Indonesia, 2009 Mw 8.1 Samoa Islands and 2010 Mw 8.8 Maule,
Chile, earthquakes using a backprojection technique that utilizes data from multiple seismic
arrays. Combining seismic arrays increases azimuth and distance coverage and improves lateral
resolution. The four subduction interface events show rupture propagation towards the bottom
of the seismogenic zone. In addition, all of the earthquakes show evidence of multiple rupture
segments with varying rupture speeds and directions. Relating these segments to the specific
features of the subduction zones (e.g. interseismic coupling) suggests that asperity sizes may
be controlled by subtle features of the subducted slab.

Key words: Earthquake dynamics; Earthquake source observations; Seismicity and tecton-
ics; Subduction zone processes.

1 I N T RO D U C T I O N

One of the most important roles of seismology is characterizing the
complexity of large earthquakes. Shortly after a large event, esti-
mates of rupture parameters such as regions of highest slip, rupture
speed and rupture direction all contribute to assessing potential haz-
ards, such as the generation of tsunamis and the intensity of ground
shaking. In addition, it has been argued that large earthquakes are
controlled by topographic features of the subducting plate and cou-
pling along the subduction interface (e.g. von Huene et al. 1997;
Moreno et al. 2010). For such comparisons to be made, an accurate
description of the source complexity is needed. We approach this
problem by applying a backprojection technique to determine the
spatio-temporal behaviour of energy release for the 2007 Mw 8.0
Pisco, 2007 Mw 8.4 & 7.9 Mentawai Islands, 2009 Mw 8.1 Samoa
Islands and 2010 Mw 8.8 Maule earthquakes. In contrast to a tra-
ditional slip inversion, which requires important parameters such
as fault orientation and rupture velocity to be specified a priori,
the backprojection method requires little a priori information. This
implies that complexities of rupture patterns are less likely to be
obscured by initial assumptions.

Though methods which utilize the time-reversal property of seis-
mic waves have been around for almost 25 years (e.g. McMechan
et al. 1985; Rietbrock & Scherbaum 1994; Ekström et al. 2003; Kao
& Shan 2004, 2007; Baker et al. 2005; Krüeger & Ohrnberger 2005;
MacAyeal et al. 2006), the backprojection method, using dense net-
work data with empirical corrections, was first applied to the 2004
Sumatra-Andaman earthquake by Ishii et al. (2005). The rupture
of this giant event, as imaged using backprojection, had a length
of nearly 1300 km and lasted almost 600 s. This study showed
the capability of the backprojection method, and has resulted in

subsequent source studies that utilize the technique (e.g. Ishii et al.
2007; Walker et al. 2005; Allmann & Shearer 2007; Nelson et al.
2008; Honda & Shin 2009; Walker & Shearer 2009; Xu et al. 2009;
Lay et al. 2010a,b,c; Kiser & Ishii 2011; Kiser et al. 2011; Meng
et al. 2011). Though these studies have provided important insights
into the rupture parameters of both large and small earthquakes,
problems with artefacts and poor lateral resolution still limit the
method’s applicability. In this study, we attempt to address these
issues by combining backprojection results from multiple arrays at
different distances and azimuths. In addition to revealing rupture
details of five subduction zone earthquakes, this study will present
synthetic tests that demonstrate the usefulness of different arrays
for monitoring a given subduction zone.

2 M E T H O D

The backprojection technique uses the curvature of wave fronts
recorded at large aperture, dense seismic arrays and the time-
reversal property of these waves to determine their source location.
This is achieved by time-shifting and stacking seismograms to a
grid of potential source locations around the hypocentre (e.g. Ishii
et al. 2007). The time-shifts are based upon the theoretical travel-
times from each seismic station to each potential gridpoint using a
1-D velocity model such as IASP91 (Kennett & Engdahl 1991). The
potential source gridpoints can be set up in three dimensions (i.e.
latitude, longitude and depth), but we focus on the laterally varying
behaviour of giant earthquakes in this study by fixing the depth at
the hypocentral depth. This constant depth assumption is reasonable
because the depth extent of energy release for large, shallow earth-
quakes is difficult to constrain using teleseismic data (Kiser et al.
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2011). Therefore, using a dipping plane of gridpoints to simulate
the orientation of a rupture plane (e.g. the plate interface) has little
effect on the backprojection results.

The stacks at each gridpoint, si (t), take the form

si (t) =
K∑

k=1

αk uk (t − tik + �tk) , (1)

where uk(t) is the seismogram recorded at the kth station, tik is the
predicted traveltime between gridpoint i and station k, �tk is the
station-specific time correction, αk is the station-specific weighting
factor and K is the total number of seismograms. The 1-D earth
model, with which tik is calculated, does not include lateral vari-
ations that can produce deviations in the arrival times of seismic
waves. To correct for these lateral variations, the initial few sec-
onds of the P waveforms are cross-correlated (Ishii et al. 2007).
The cross-correlation provides the time-shift �tk that is required to
align the waveforms coherently at the hypocentre. The alignment of
waveforms at the hypocentre means that the energy distribution is
imaged with respect to this point. Therefore, if a different hypocen-
tre is used, the backprojection results will be shifted by the changes
in the hypocentral location. This dependence on the hypocentre can
change the interpretation of backprojection results in terms of the
surrounding tectonic environment.

The cross-correlation also provides relative amplitude and polar-
ity information for each seismogram that can be used to normalize
the contribution from each station to the stack si (t). This normal-
ization factor takes the form

αk = pk

Ak
,

where pk corrects for polarity changes within the seismic array
and has a value of either 1 or −1. Ak is an amplitude factor for
seismogram k. Using this weighting scheme ensures that a small
group of high-amplitude seismograms do not dominate the final
stacks.

The modification made to the backprojection technique to incor-
porate multiple seismic arrays is similar to the modification made in
Kiser et al. (2011) to combine multiple seismic phases recorded at
the same array. At each gridpoint, stacked seismograms are gener-
ated for the j th array, s ji (t), using eq. (1). The stacks from different
arrays are then combined at each gridpoint giving the final stacks,
Si (t) in the form

Si (t) =
J∑

j=1

w j | s ji (t + �t j )|,

where J is the number of seismic arrays being considered, w j is
the array-specific weighting factor, and �t j is the array-specific
time correction. The weighting factor and time correction act to
normalize individual array contributions and enhance coherence,
respectively. The weighting factor takes the form

w j = Amax
ref

Amax
j

,

where Amax
ref is the maximum absolute amplitude of the reference

seismic array stack at the hypocentre, and Amax
j is the maximum

absolute amplitude of the hypocentral stack of the j th seismic array.
To ensure that stacks from different arrays combine coherently,
the absolute values of the hypocentral stacks from different arrays
are cross-correlated against the absolute values of the hypocentral
reference stack. The resulting time-shift, �t j , is applied to all of the
stacks from the j th seismic array.

3 DATA A N D DATA P RO C E S S I N G

In this study, we use two seismic arrays, the High Sensitivity Seis-
mograph Network (Hi-net) in Japan and the USArray Transportable
Array (TA) in the United States. Hi-net, which began reporting
data in 2000 October, currently has around 800 stations with a
targeted station spacing of 20 km. Borehole short-period instru-
ments (100 samples per second) with all three components are
placed typically at 100 m depth (e.g. Okada et al. 2004; Obara et al.
2005). In contrast, TA consists of 400 high-quality three-component
broad-band seismometers with a targeted station spacing of 70 km
(http://www.usarray.org/researchers/obs/transportable). This tem-
porary array stretches from the northern to the southern border
of the continental United States. It was first deployed in the west
coast states in 2007 August, and has been moving eastwards since
then. Only the vertical components in these arrays are used in this
study, and data from both arrays are bandpass filtered between 1
and 5 Hz, with 1 s period waves dominating the signal.

As described in Section 2, there are two time corrections applied
to these data, one to correct for lateral variations in the the velocity
structure of the Earth (�tk) and one to ensure that the hypocentral
stacks add coherently from different arrays (�t j ). Within each array,
we cross-correlate each seismogram with a reference seismogram
as outlined in Ishii et al. (2007) to obtain the time-shift �tk . �t j

is obtained by cross-correlating the hypocentral stacks from TA
and Hi-net. For all five earthquakes, the TA stacks are used as the
reference stacks.

In addition to these two time corrections, there are also two
weighting factors αk and w j . The station-specific weighting factor,
αk , normalizes the seismograms within each array, and is obtained
from the same cross-correlation procedure that determines �tk . The
array-specific weighting factor, w j , is the ratio of the maximum
amplitudes of the hypocentral stacks from each array. Fig. 1 shows
an example of the hypocentral stacks from the Samoa Islands event
after these time corrections and weighting factors have been applied.

This study investigates the 2007 Mw 8.0 Pisco, Peru, 2007 Mw

8.4 Mentawai Islands, 2007 Mw 7.9 Mentawai Islands, 2009 Mw 8.1
Samoa Islands and 2010 Mw 8.8 Maule, Chile, earthquakes. Four of
these events have epicentres relative to Hi-net or TA that require us
to use seismic phases other than the direct P phase, which is typically
used in backprojection studies (e.g. Ishii et al. 2005, 2007; Walker
et al. 2005; Walker & Shearer 2009). For the 2007 Peru event,
the range of distances from the hypocentre to Hi-net is 133◦–150◦,
hence there is a core phase triplication (e.g. PKPab, PKPbc and
PKIKP; Fig. 2). Based upon visual inspection of the seismograms,
we find that using the stations with distances at or greater than 146◦

isolates a coherent PKPbc arrival, and this is the phase used in the

Figure 1. Combining stacks. Backprojection stacks from TA (red) and Hi-
net (black) at the epicentre of the 2009 Samoa Islands earthquake after
the time correction �t j and weighting factor w j are applied. Time is with
respect to the epicentral time.
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Figure 2. Ray paths. (a) Ray paths for the P (black), PKPab (green), PKPbc
(blue) and PKIKP (red) seismic phases. (b) Traveltime plot for the P (black),
PKPab (green), PKPbc (blue) and PKIKP (red) seismic phases. The inset
shows the core phase triplication. The rectangles show the distance ranges
of TA and Hi-net from the four regions studied.

backprojection analysis. Limiting the distance of the stations for
this specific earthquake reduces the number of seismograms to 137.
The range of distances of Hi-net stations from the hypocentre of
the 2010 Chile event is 150◦–162◦. Limiting the stations used to
distances of 155◦ and greater results in a set of 367 seismograms
with coherent PKIKP phase arrivals. The hypocentres of the two
2007 Mentawai Islands earthquakes are at distances between 121◦

and 141◦ from TA such that the PKIKP phase is the first to arrive.
No distance constraint is applied to the TA data for either of the
Mentawai Islands events.

4 R E S U LT S A N D D I S C U S S I O N

For each of the five events studied, we estimate the rupture dura-
tion, rupture direction, rupture length, rupture speed and the spatial
distribution of energy release for the entire rupture. The rupture
duration is estimated from the relative source–time function of the
backprojection results. For the total duration, we choose the end

of the rupture to correspond to the time at which the amplitude
from the relative source–time function lowers to a value between
0.3 and 0.4 of the maximum value. This means that the estimates
of total duration are probably lower bounds, since it can be argued
that the end of the rupture occurs at the time when the amplitude
is the same as at the hypocentral time (typically around 0.1 of the
maximum amplitude). Rupture direction, rupture length and rupture
speed are calculated based upon the centres of the energy kernels at
different times during the rupture. Earthquake subevents are iden-
tified based upon dramatic changes in rupture direction and speed.
For the earthquakes with multiple subevents, rupture duration, rup-
ture direction, rupture length and rupture speed are given for each
subevent. To determine the spatial distribution of energy release
for the entire earthquake, we select a contour that encloses an area
that matches the moment magnitude given by the USGS earthquake
catalogue assuming a typical stress drop of 30 bars (Kanamori
1977; http://earthquake.usgs.gov/earthquakes/). The results of each
earthquake are followed by a comparison of the rupture parame-
ters with those from previous studies. In addition, we discuss the
results in the context of rupture segmentation and the seismogenic
zone.

4.1 The 2007 August 15 Mw 8.0 Pisco, Peru, earthquake

Fig. 3(a) shows the distribution of energy release for the entire
Pisco, Peru, earthquake. This result indicates that the rupture is
very compact. The relative source–time function shows that there
are two distinct subevents with durations of 20 s each (Fig. 3b). The
first subevent propagates southeast from the epicentre at a speed of
about 1.3 km s−1, with a total rupture length of 25 km (Fig. 3c).
The second subevent starts slightly updip of the terminus of the
first subevent, and has a larger amplitude of relative energy release
than the first event. This rupture propagates north at a speed of 2.5
km s−1, and has a rupture length of 50 km (Fig. 3c). The spatial gap
between the terminus of the first subevent and the beginning of the
second subevent is about 15 km to the west and the temporal gap is
about 25 s.

Numerous studies using seismic and geodetic data have investi-
gated the rupture of the 2007 Peru event (e.g. Motagh et al. 2008;
Pritchard & Fielding 2008; Biggs et al. 2009; Hébert et al. 2009;
Lay et al. 2010a; Perfettini et al. 2010; Sladen et al. 2010). Most
of these results have largest slip west or southwest of the Paracas
Peninsula, with only minor moment release near the epicentre. The
backprojection results showing low-amplitude energy release near
the epicentre (subevent 1) agree well with these previous studies.
In addition, the high amplitude of the second subevent imaged by
the backprojection analysis, and its updip location with respect to
the epicentre are consistent with previous work (Fritz et al. 2008;
Motagh et al. 2008; Pritchard & Fielding 2008; Biggs et al. 2009;
Hébert et al. 2009; Sladen et al. 2010). However, in contrast to
most studies which place this second rupture west or southwest
of the Paracas Peninsula, the rupture imaged by backprojection is
located north of the Paracas Peninsula. One possible explanation
for the discrepancy comes from the fact that we are using high-
frequency data (1–5 Hz). The slip south of the Paracas Peninsula
may have a longer rise time, and may not efficiently radiate high-
frequency energy (e.g. Madariaga 1977). A longer rise time is also
consistent with efficient excitation of tsunami waves from this re-
gion. In addition to differences in the general locations, the second
rupture, as imaged by backprojection, propagates north, back to-
wards the epicentre, at a velocity significantly higher than the initial
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Figure 3. The 2007 August 15 Pisco, Peru, earthquake. (a) Spatial distribution of the normalized energy released during this earthquake as imaged by the
backprojection method. This figure is obtained by integrating the squared amplitude of the stacks over a time window of 15 s. The light grey lines are the
contours of maximum energy release in 10 per cent intervals. The focal mechanism is taken from the Global CMT Catalogue (Dziewonski et al. 1981;
Dziewonski & Woodhouse 1983; http://www.globalcmt.org/). The epicentre (white star) and aftershock locations for the first 3 months following the main
shock (black circles) come from the National Earthquake Information Center (http://earthquake.usgs.gov/earthquakes/). The thick black contour is the 70 per
cent contour that represents the total rupture area for this event. The green lines are the upper and lower bounds of the seismogenic zone (Heuret et al. 2011).
The white box is the region of (c). (b) Relative source–time function of the 2007 Peru event. The amplitude has been normalized so that the maximum amplitude
is one. Time is with respect to the hypocentral time. (c) Locations (circles) of the imaged energy at different times during the rupture. The first subevent occurs
between 15 and 35 s after the hypocentral time. The second subevent occurs between 75 and 95 s after the hypocentral time. For both subevents, the locations
are plotted every 5 s. The white star is the epicentre. The times on the scale are with respect to the hypocentral time.

rupture. Both of the ruptures imaged using backprojection occur in a
region of high interseismic coupling as determined using GPS data
(Perfettini et al. 2010).

4.2 The 2007 September 12 Mw 8.4 and Mw 7.9 Mentawai
Islands, West Sumatra, earthquakes

This pair of earthquakes takes place on 2007 September 12 in the
Mentawai Islands region in Indonesia and is separated by 12 hr
from each other. The energy distribution for the first event (Mw 8.4)
is shown in Fig. 4(a). The backprojection result shows that most
of the energy is released northwest of the epicentre. The relative
source–time function shows a rupture duration of 90 s and energy
is released continuously throughout the event, though there are
two clear episodes of peak energy release (Fig. 4b). The rupture

propagates mostly unilaterally to the northwest for about 170 km
(Fig. 4c), which leads to an average rupture speed of 1.9 km s−1.
One interesting feature of the event is the downdip propagation at a
latitude of about 4◦ south (Fig. 4c). This downdip propagation takes
place 40 to 50 s after the epicentral time, and is followed by an
increase in the along-strike rupture velocity from 1.4 to 2.5 km s−1.
The location of the downdip propagation also corresponds to a
notable break in the aftershock distribution (Fig. 4c)

The second event (Mw 7.9) begins downdip of the terminus of the
first event (Fig. 5a). The majority of the energy is released north-
west and updip of the epicentre (Fig. 5a). The rupture is composed
of two distinct high-amplitude subevents with durations of 30 and
40 s. These subevents are separated by 25 s of low-amplitude en-
ergy release, which leads to a total duration of 95 s (Fig. 5b). The
along-strike length of the total rupture is about 150 km, leading to

Figure 4. The 2007 September 12 Mw 8.4 Mentawai Islands earthquake. (a) The same as in Fig. 3(a) except that the thick black contour is the 60 per cent
contour that represents the total rupture area for this event. The yellow line is the trench location. The CMT is offset from its location to show the changes in
energy release better, and the black line connected to the CMT plot shows its actual location. (b) The same as Fig. 3(b) except for the 2007 Mw 8.4 Mentawai
Islands event. (c) The same as Fig. 3(c). The red dashed line marks the break in the aftershocks for the first 3 months following the main shock. The coloured
circles are plotted between 5 and 90 s after the hypocentral time every 5 s.
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Figure 5. The 2007 September 12 Mw 7.9 Mentawai Islands earthquake. (a) The same as in Fig. 3(a) except that the thick black contour is the 83 per cent
contour that represents the total rupture area for this event. The yellow line is the trench location, and the red contour is the 60 per cent contour of the Mw 8.4
event (Fig. 4a). (b) The same as Fig. 3(b). (c) The same as Fig. 3(c). The coloured circles are plotted between 5 and 90 s after the epicentral time every 5 s.

an average rupture speed of 1.6 km s−1. The distribution of rup-
ture locations has a distinct dumbbell shape showing that the main
energy release had extensive propagation along the dip direction
(Fig. 5c). Note that this along-dip rupture makes the above average
rupture speed estimate of 1.6 km s−1 a lower bound. Between the
two episodes of along-dip propagation, lower amplitude energy is
seen to travel smoothly along strike. Dividing the rupture into three
subevents provides a much more complete rupture picture. The first
subevent propagates mainly downdip to the north/northeast for a
distance of 45 km and at a speed of 3.0 km s−1. The second, low-
amplitude subevent propagates along-strike to the northwest for
about 40 km at a velocity of 2.7 km s−1. Finally, the third subevent
propagates mostly downdip to the northeast at a velocity of 2.0
km s−1 for a distance of 80 km.

A previous study of the 2007 September 12 Mentawai Islands
earthquakes agrees well with the backprojection results of this study.
Using GPS, coral and InSAR data, Konca et al. (2008) determined
a northwest trending distribution of slip away from the epicentre
for both the 8.4 and 7.9 events. These results show a concentration
of slip into two asperities for both events, consistent with results
obtained in this study. In addition, Konca et al. (2008) also show
extensive downdip rupture of the asperities of the 7.9 event.

The rupture patterns imaged by the backprojection analysis for
both events correlate well with the pattern of interseismic coupling

along the Sunda subduction zone, where the regions of highest
coupling also experienced the highest energy release (Chlieh et al.
2008; Konca et al. 2008). The one exception to this conclusion is
the first part of the Mw 8.4 event which takes place in a region of
low coupling south of South Pagai Island, though the sparseness of
GPS and coral data may make it difficult to determine the coupling
in this region (Chlieh et al. 2008).

4.3 The 2009 September 29 Mw 8.1 Samoa Islands
earthquake

Unlike the other events in this study, the 2009 Samoa Islands event
is an intraplate event that occurred in the outer rise of the Tonga
subduction zone. The energy release of this event is focused around
the epicentre (Fig. 6a). However, the relative source–time function
reveals significant complexity with at least two subevents compos-
ing the earthquake (Fig. 6b). The first, weak subevent begins at the
epicentre and propagates north for around 15 s at an average speed
of 1.8 km s−1. The rupture length of this subevent is 25 km (Fig. 6c,
Movie S1). The second subevent, which releases most of the energy,
originates about 50 km northwest and 10 s after the terminus of the
first subevent, and lasts 20 s with a rupture length of 40 km and a
rupture velocity of 2.0 km s−1 to the southeast (Fig. 6c, Movie S1).
The propagation velocity between the end of the first subevent and

Figure 6. The 2009 September 29 Samoa Islands earthquake. (a) The same as in Fig. 3(a). This plot is made by integrating the squared amplitude of the stacks
over a time window of 10 s. The thick black contour is the 45 per cent contour that represents the total rupture area for this event. (b) The same as Fig. 3(b)
except for the 2007 Mw 8.1 Samoa Islands event. (c) The same as Fig. 3(c). The first subevent occurs between 0 and 14 s after the hypocentral time and the
coloured circles are plotted every 7 s. The second subevent occurs between 25 and 45 s after the hypocentral time and locations are plotted every 5 s.
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beginning of the second subevent is about 5.0 km s−1. This is much
higher than the S-wave speed at 10–20 km depth (3.4 km s−1 based
upon IASP91; Kennett & Engdahl 1991).

The 2009 September 29 Samoa Islands earthquake has been mod-
elled using seismic, GPS and tsunami data (Beavan et al. 2010; Lay
et al. 2010c; Okal et al. 2010). Two of these studies argue for a
‘hidden’ thrust event in addition to the normal event in the outer
rise (Beavan et al. 2010; Lay et al. 2010c). Using GPS and tsunami
data, Beavan et al. (2010) prefer a model in which a thrust event
with a long rise time (>200 s) occurs on the subduction inter-
face and precedes the outer rise normal event by about 2 min. In
this model, the moment magnitude of the thrust event is slightly
larger than the outer rise event that follows. A second model that
could not be ruled out by Beavan et al. (2010) is that the thrust
event occurs shortly after (<50 s) the normal event and has a much
shorter rise time than in the first model (<100 s). This model agrees
with Lay et al. (2010c) who model the earthquake using both body
and surface waves. Their preferred model has two smaller inter-
face thrust events (Mw 7.8) occurring 50–90 s and 90–130 s after
the initiation of the Mw 8.1 outer rise normal event. The activa-
tion of the subduction interface is corroborated by increased seis-
mic activity (Fig. 6b). Most of the aftershocks occur west of the
trench, and only a few aftershocks are located near the outer rise
region.

In contrast to these studies, the backprojection results presented
in this manuscript show no significant energy release west of the
trench (Fig. 6a). The earthquake is composed of two subevents with
very different rupture directions, but they are both located in the
outer rise region. There are, however, low-amplitude features in our
results that may correspond to the thrust events argued by Lay et al.
(2010c). The largest of these low-amplitude features occurs 120 s
after the epicentral time and almost 75 km west of the trench (Movie
S1). This feature has the timing and location of an aftershock imaged
in Lay et al. (2010c). The next largest feature in the backprojection
energy occurs at about the same time as the thrust events in Lay et al.
(2010c), that is, 80 s after event initiation. However, the location of
this energy is east of the trench in the outer rise instead of along the
subduction interface (Movie S1). This location offset of the thrust
event is also evident in some of the supplementary backprojection
results accompanying Lay et al. (2010c) in which seismic arrays
other than F-net are used.

The exact location of the thrust event has important implications
for future seismic hazards in the region. For example, if the thrust

event did occur on the plate interface, a similar event in the near
future may be unlikely. On the other hand, if the thrust event occurred
in the outer rise, the aftershocks along the plate interface may be
a sign of stress transfer from the outer rise to the plate interface
which could lead to an interplate thrust event. Such a stress transfer
has been documented south of the Samoa Islands region, along the
Kermadec subduction zone. A similar increase in seismicity along
the plate interface is observed after the magnitude 7.3 1974 July
2 outer rise event followed by a magnitude 8.0 thrust event on the
plate interface on 1976 January 14 (Habermann & Wyss 1984).

4.4 The 2010 February 27 Mw 8.8 Maule, Chile,
earthquake

As demonstrated through the resolution tests in the following sec-
tion, the Hi-net data do not provide substantial improvements to
lateral resolution in the Chile region. Furthermore, the Hi-net data
are noisy due to the large distance from the hypocentre. While the
rupture can be imaged using both arrays (see Movie S2), TA pro-
vides very good lateral resolution for this event, and therefore we
will only use data from this array.

The spatial extent of this event indicates that most of the rupture
takes place north of the epicentre (Fig. 7a). The relative source–time
function suggests that the rupture is composed of at least two
subevents (Fig. 7b). The first subevent propagates bilaterally, both
southwest and northeast away from the epicentre, though the north-
ern rupture has a much higher amplitude (Fig. 7c, Movie S3). The
extent of this northern component of the rupture is 100 km, and it
lasts about 45 s. This leads to an average rupture speed of 2.2 km s−1.
The second subevent, as defined by the source–time function, is
composed of two separate subevents, one north of the epicentre and
one south of the epicentre. The rupture north of the epicentre begins
updip (about 75 km north/northwest) of, and shortly after (10 s) the
northern terminus of the first subevent, and has the largest energy
release of all the subevents (Fig. 7b, Movie S3). The spatio-temporal
gap between these two subevents requires a propagation velocity of
7.5 km s−1, only slightly below the P-wave speed at the hypocentral
depth [8.0 km s−1 given by ASP91 (Kennett & Engdahl 1991)]. The
northern rupture propagates north at an average speed of 2.9 km s−1

with an along-strike length of 175 km and a duration of 60 s (Fig. 7c,
Movie S3). In contrast, the rupture south of the epicentre has a sub-
stantially lower amplitude than the northern subevent. This makes
it difficult to image the southern rupture until about 70 s after

Figure 7. The 2010 February 27 Maule, Chile, earthquake. (a) The same as in Fig. 3(a). This plot is made by integrating the squared amplitude of the stacks
over a time window of 20 s. The thick black contour is the 23 per cent contour that represents the total rupture area for this event. (b) The same as Fig. 3(b). (c)
The same as Fig. 4(c) with the red dashed line showing a break in the aftershocks. (d) The same as (a) except using the hypocentre reported by the National
Seismological Service in Chile. The white star is the epicentre reported by the National Seismological Service in Chile (36.47◦S, 73.24◦W) and the red star is
the epicentre reported by NEIC.
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rupture initiation at which time an episode of stronger energy re-
lease occurs. This rupture is either a continuation of the southward
propagation of the initial rupture or it is a rupture on a separate
fault segment. There is a significant reduction in the rupture veloc-
ity to 0.8 km s−1 and a change in the rupture direction to the east.
This subevent lasts about 20 s, and has a length of 15 km (Fig. 7c,
Movie S3).

Most of the previous studies of the Mw 8.8 2010 Maule, Chile,
earthquake using seismic, geodetic and tsunami data generally agree
with this study, with highest slip north of the epicentre (e.g. Delouis
et al. 2010; Lay et al. 2010b; Moreno et al. 2010; Lorito et al. 2011).
However, there have been conflicting reports regarding whether
the high slip patches correlate with regions of high interseismic
coupling (Moreno et al. 2010; Lorito et al. 2011). As with the
Pisco, Peru and Mentawai Islands earthquakes, the two northern
ruptures presented in this study correlate well with regions of high
interseismic coupling, with the rupture jump occurring in a region
of relatively low interseismic coupling (Moreno et al. 2010; Kiser
& Ishii 2011).

4.5 Triggered slip on adjacent segments

Backprojection results from all five earthquakes show that these
giant events are composed of multiple subevents. Evidence for this
segmentation varies between subtle changes in rupture speed to
abrupt changes in rupture direction. As reported in Sections 4.1–4.4,
sometimes there is a notable jump in the rupture location accom-
panying the transition from one subevent to the next. In two cases,
these jumps between the multiple ruptures occur where interseis-
mic coupling along the subduction interface abruptly changes. For
the 2010 Chile event, the jump occurs at about 35◦S latitude where
there is relative low coupling (Moreno et al. 2010). Similarly, the
updip jump between the ruptures of the 2007 Pisco, Peru, event
occurs at the edge of a high coupling zone, slightly north of where
the Nazca Ridge subducts (Perfettini et al. 2010). These compar-
isons suggest that seismogenic segmentation of the slab interface
is partially controlled by factors that dictate interseismic coupling.
Furthermore, updip jumps are observed to accompany rupture seg-
mentation. Given that rupture close to the trench has high poten-
tial for large tsunami excitation (e.g. Kanamori 1972), identifying
regions where these updip jumps are likely to occur provides im-
portant information for defining regions that are most susceptible
to tsunami hazard following large earthquakes.

In contrast to the interplate events, the 2009 Samoa Islands earth-
quake is an intraplate event that occurred in the outer rise of the
Tonga subduction zone. In addition to our results, recent studies
that relocated aftershocks of large outer rise events suggest that the
rupture of multiple faults during large, outer rise earthquakes are a
common occurrence (e.g. Fromm et al. 2006; Hino et al. 2009). One
explanation for this behaviour comes from the fact that the lengths
of outer rise faults are very similar, and normally fall between 5 and
30 km as observed from bathymetry data (e.g. Masson 1991). These
observations suggest that there is a mechanism that limits the length
of outer rise faults, which would also limit the size of earthquakes
that can occur on any one of these faults. Therefore, to generate a
large outer rise event, rupture on multiple faults may be necessary.

4.6 High-frequency energy and the seismogenic zone

There are interesting spatial relationships between the rupture dis-
tributions obtained using backprojection and the seismogenic zone.

Figs 3(a), 4(a), 5(a) and 7(a) show that the majority of the im-
aged energy occurs within the seismogenic zones as determined
from past seismicity in the different regions (Heuret et al. 2011).
In fact, within the along-strike range of the ruptures, almost the
entire seismogenic zone is covered during three of the four inter-
plate events (Figs 3a, 4a and 5a). The one exception is the 2010
Maule, Chile, earthquake which has substantial energy downdip of
the bottom of the seismogenic zone. This may be a real feature of
the rupture, however, it should also be noted that there are large
variations in the hypocentral locations reported for this earthquake.
Because backprojection results are relative to the assumed hypocen-
tral location, using a different hypocentre causes a translation of the
imaged energy. For example, the hypocentre reported by the Na-
tional Earthquake Information Center is used in Figs 7(a) and (c).
However, the hypocentre reported by the National Seismological
Service in Chile is significantly west of the NEIC location. Using
the shifted hypocentre, the backprojection results also move west,
and the energy release is almost entirely updip of the bottom of the
seismogenic zone, which is more consistent with the observations
from other large earthquakes (Fig. 7d).

For both of the 2007 Mentawai Islands earthquakes and the 2010
Chile earthquake, the transition from one rupture segment to the next
occurs directly after the rupture approaches the downdip limit of the
seismogenic zone. This downdip rupture propagation is somewhat
surprising given that it has been argued that updip rupture propa-
gation is common for both continental and subduction zone earth-
quakes (e.g. Sibson 1982; Kato & Seno 2003). However, since the
bottom of the seismogenic zone is probably a region of high shear
stress (e.g. Kato & Seno 2003), if a rupture initiates away from this
zone, it does not seem unreasonable that the rupture would propagate
into this region. The discrepancy between this result and previous
studies may be caused by the fact that we are using high-frequency
data, as opposed to aftershock distributions or lower frequency data
typically used in finite-fault modelling.

5 S Y N T H E T I C T E S T S

Backprojection results show a large degree of complexity during
large earthquakes. In this section we explore the robustness of the
complexity by providing and discussing results of synthetic tests
that investigate the dependence of lateral resolution on the sta-
tion distribution and location of the seismic array relative to the
earthquake epicentre. Synthetic seismograms are generated using
a simple Ricker wavelet (Ricker 1953) with central frequency of
1.0 Hz. The arrival times of the wavelets are determined using a 1-
D velocity model of the Earth (IASP91; Kennett & Engdahl 1991)
for a given source location and specified seismic phases.

5.1 Distance and azimuth coverage

The lateral resolution of the backprojection method primarily de-
pends on the distance and azimuthal coverage of the array of stations
being used. We illustrate the effect of each criterion by generating
synthetic seismograms for hypothetical arrays. To investigate the
effect of distance coverage, we generate a synthetic array with sta-
tions at distances between 60◦ and 90◦ and at a fixed azimuth of 0◦

(Fig. 8a). The spacing between the stations is 0.1◦, which leads to
an array of 300 stations. The backprojection result from this array
shows a circular arc of energy that passes through, and is max-
imum, at the input point source location (Fig. 8b). As expected,
the good distance coverage of the array provides good constraints
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Figure 8. Effects of distance and azimuth coverage. (a) Synthetic arrays with stations at a range of distances, but all at the same azimuth are generated to
determine the effect of poor azimuthal station coverage on backprojection results. This plot shows the range of distances used when generating the synthetic
arrays on the traveltime curve (black line). The blue lines show the range for the 40◦–70◦ array, and the red lines show the range for the 60◦–90◦ array. These
arrays each have 300 stations with a station spacing of 0.1◦. (b) The backprojection result for a point source (white star) using the array with a distance range
of 60◦–90◦. The colours represent the values of the integrated squared stacks from each gridpoint. White represents maximum energy and dark blue represents
minimum energy. The white arrow is the direction to the array. The latitude/longitude tick marks are with respect to the point source (white star). (c) The same
as (b) except using the array with a distance coverage of 40◦–70◦. (d) As with (b) and (c), this plot shows the backprojection result for a point source (white
star). In this case, the synthetic array used has stations at a constant distance (75◦) from the point source, but with an azimuthal coverage of 30◦. The black
arrow is the direction to the array.

on the distance of the point source from the array. Conversely, the
lack of azimuthal coverage makes it difficult to constrain the az-
imuth of the point source. Fig. 8(c) shows that the resolution not
only depends on the range of distances used, but also on the ab-
solute distances of the stations. Here, a synthetic array is set up
with the same distance range (30◦), but it is closer to the epicentre
(40◦–70◦; Fig. 8a). The backprojection result from this synthetic
array shows that the recovered energy has a larger curvature and
less lateral extent than in Fig. 8(b) (Fig. 8c). The improved lateral
resolution for smaller absolute distances can be understood if one
considers a P-wave traveltime curve (Fig. 8a). The P-wave slowness
of closer arrays changes more, hence these arrays are more sensi-
tive to changes in the source location. This dependence on slowness
becomes even more important when considering distances at which
core phases are the first to arrive. For example, the slowness of
the core phase PKIKP is weakly dependent on distance (Fig. 2b),
and is much less sensitive to changes in source location than the
P phase.

A similar synthetic test with an array of stations at azimuths
between 0◦ and 30◦, a station spacing of 0.1◦, and a constant distance
of 75◦ is performed to investigate the effects of azimuthal coverage
(Fig. 8d). The recovered energy using this array is now elongated
in the direction of the array. This result shows that good azimuthal
coverage of the array constrains the azimuth of the point source very
well, and poor distance coverage leads to poor distance resolution
in the direction of the array (Fig. 8d). For real seismic arrays, the
shape and size of a resolution kernel are primarily controlled by the
azimuthal and distance coverage, that is, the shape and size of the
array. The synthetic tests also show that absolute distance affects
the final result. These results illustrate limitations in using a single
array for backprojection studies of source properties. One approach
to improve resolution is to increase distance and azimuth coverage
by using a global network of stations such as the Global Seismic
Network (e.g. Walker et al. 2005; Walker & Shearer 2009; D’Amico
et al. 2010). However, this data set presents its own challenges due
to poor waveform coherence between the stations compared to that
within a dense seismic array. Even when care is taken to group

stations into subsets with similar waveforms, artefacts can still be
an issue (Walker & Shearer 2009). In this study, we have attempted to
take advantage of waveform coherence within a given array while
improving station coverage by combining two arrays at different
azimuths and distances.

5.2 Lateral resolution

As the earlier section demonstrates, lateral resolution using the
backprojection method depends upon distance and azimuthal station
coverage, and slowness of the phase used. By using only array
data from Hi-net and TA, waveform similarity within the array is
maintained, and both distance and azimuthal coverage are improved
compared to a single array. In this section we evaluate how this
approach improves resolution for the four regions considered in this
study. Each of these regions present unique resolution issues due
to their positions relative to Hi-net and TA. Therefore, synthetic
tests will be presented separately for each region in subsequent
subsections. For the sake of comparison, we arbitrarily choose the
70 per cent contour of maximum energy to interpret and compare
the synthetic results. We estimate the minimum magnitude of an
event above which rupture properties can be imaged using the area
within the 70 per cent contour (Kanamori 1977).

5.2.1 Pisco, Peru

319 stations of the Transportable Array are distributed over a dis-
tance and azimuth range of 54◦–75◦ and 321◦–335◦, respectively,
relative to the epicentre of the 2007 August 15 Mw 8.0 Pisco, Peru,
event (Fig. 9a). This distance range implies that the P phase is the
first to arrive at these stations. On the other hand, the stations of
the Hi-net array covers a distance and azimuth range of 133◦–150◦

and 307◦–323◦, respectively. As discussed in the Data and Data
Processing section (Section 3), a distance filter is applied to avoid
complications due to the core-phase triplication. After applying the
distance constraint, there are 138 stations with a clean PKPbc phase
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Figure 9. Peru synthetic tests. Backprojection results for a point source input at the hypocentre of the Mw 8.0 2007 Pisco, Peru, earthquake. (a) Distribution of
stations from TA (green triangles) and Hi-net (pink triangles) with respect to the focal mechanism of the 2007 Peru event (Global CMT Catalogue; Dziewonski
et al. 1981; Dziewonski & Woodhouse 1983). Note that there is a distance constraint of 146◦–150◦ applied to the Hi-net data. (b) Backprojection result from
a point source (white star) at the epicentre of the 2007 Peru event using synthetic TA data. White represents high energy release and dark blue represents low
energy release. The light grey lines are the contours of maximum energy release in 10 per cent intervals. The black contour is the 70 per cent contour. The
solid black line is the coastline. (c) The same as (b) except using synthetic Hi-net data. (d) The backprojection result when both synthetic TA and Hi-net data
are combined. (e) The same as (d) except the core phases PKIKP and PKPab are included in the synthetic seismograms for Hi-net.

within a distance and azimuth range of 146◦–150◦ and 309◦–315◦,
respectively (Fig. 9a).

The recovered energy distribution using synthetic seismograms
generated for TA and Hi-net from a point source are shown in
Figs 9(b)–(e). By itself, the TA data images the point source very
well (Fig. 9b). The area inside the 70 per cent contour is 2200 km2. In
contrast, the result using only Hi-net synthetic seismograms exhibits
very poor resolution with an area of 30 000 km2 inside the 70 per
cent contour (Fig. 9c). The poor resolution using Hi-net is primarily
a result of the poor azimuth and distance coverage of the array subset
used in the analysis, as well as nearly constant slowness. Combining
stacks from TA and Hi-net results in some improvement to the TA
result (Fig. 9d). The 70 per cent contour area reduces to 1400 km2,
which corresponds to a moment magnitude of 7.1 using an empirical
relationship between slip area and moment magnitude (Kanamori
1977). This threshold magnitude for imaging rupture properties is
much lower than the magnitude of the Pisco, Peru, event (Mw 8.0),
and therefore details of the rupture should be recoverable using the
TA and Hi-net arrays. Finally, a synthetic test is performed including
the core phases PKPab and PKIKP with the PKPbc phase in the
synthetic seismograms for Hi-net stations to investigate the effects
of other core phases not considered during stacking. As Fig. 9(e)
shows, these additional phases cause only small changes on the final
backprojection result due to the slowness differences between the
core phases.

5.2.2 Mentawai Islands

The 2007 September 12 Mw 8.4 Mentawai Islands earthquake oc-
curred at a distance and azimuth range of 45◦–63◦ and 31◦–40◦,
respectively, from Hi-net and 122◦–141◦ and 28◦–46◦, respectively,
from TA (Fig. S1a). For the 752 stations in Hi-net, the first phase
to arrive is P, and for TA, there are 346 stations with PKIKP as the
first arrival. The resolution kernel of a point source using Hi-net
data has an area of 3900 km2 inside the 70 per cent contour (Fig.
S1b). In contrast, the area inside the 70 per cent contour using TA
data is 87 000 km2 (Fig. S1c). This poor resolution from the TA
data is caused by the nearly constant slowness of the PKIKP phase
(Fig. 2b). Combining the two arrays leads to an energy kernel with
an area of 1700 km2, with much better resolution in the dip direc-
tion than parallel to the trench (Fig. S1d). Therefore, the minimum
earthquake magnitude that can be imaged is 7.2 (Kanamori 1977).
In addition to imaging the Mw 8.4 event, this means that the data
are also capable of imaging the rupture properties of the Mw 7.9
earthquake that occurred 12 hr after the Mw 8.4 event in the same
region.

5.2.3 Samoa Islands

The epicentre of the 2009 September 29 Mw 8.1 Samoa Islands
event is at a distance and azimuth range of 67◦–75◦ and 310◦–329◦,
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respectively, from Hi-net, and 71◦–100◦ and 36◦–60◦, respectively,
from TA (Fig. S2a). Therefore, the first phase to arrive for both
Hi-net and TA is P. The number of stations in Hi-net and TA is 802
and 405, respectively. By itself, the TA data images the point source
very well (Fig. S2b). The area inside the 70 per cent contour is
2300 km2. The result using only Hi-net synthetic seismograms also
exhibits good resolution with an area of 4700 km2 inside the 70 per
cent contour (Fig. S2c). In addition to being at P phase distances, the
arrays also have good distance and azimuthal coverage, which leads
to their small-resolution kernels. Better resolution using TA is due
to the larger distance and azimuth range covered by TA compared
to Hi-net. Combining stacks from TA and Hi-net results in a very
small energy kernel with an area of 550 km2 (Fig. S2d). Once again,
using the empirical relationship of Kanamori (1977), the threshold
moment magnitude associated with this region is 6.7, much less
than the event magnitude on 2009 September 29.

5.2.4 Maule, Chile

The distance and azimuth range of the 390 TA stations from the epi-
centre of the 2010 February 27 Mw 8.8 Maule, Chile, earthquake is
67◦–94◦ and 323◦–353◦, respectively. Therefore, the P phase is the
first to arrive. The distance of stations used from Hi-net is limited to
155◦◦ or greater to isolate the PKIKP phase. This results in a subset
of 384 stations with a distance and azimuth range of 155◦–162◦

and 263◦–283◦, respectively. The areas of the point source energy
kernels for TA and Hi-net are 1700 km2 and 50 000 km2, respec-
tively (Figs S3b and c). As with the Peru event, the limited distance
coverage of Hi-net, as well as the slowness of the seismic phase be-
ing used, leads to its large resolution kernel. Combining stacks from
both arrays leads to a slightly improved area of 1000 km2 (Fig. S3d).
The associated magnitude of this area is 7.0 (Kanamori 1977), there-
fore details of the Mw 8.8 earthquake can be imaged. Additional
core phases are included in a final synthetic test to demonstrate
that they do not affect the final backprojection results significantly
(Fig. S3e).

6 C O N C LU S I O N S

The distribution of stations from TA and Hi-net provides good cov-
erage to image the rupture details of five recent large earthquakes
using the backprojection method. The spatio-temporal distribution
of energy release from all five events shows that these ruptures
are segmented into subevents with varying rupture directions and
speeds. In some cases, gaps in the ruptures suggest that large earth-
quakes involve multiple fault segments that are triggered by slip
on an adjacent segment. These rupture details are important for
developing a better understanding of the tectonic parameters and
conditions that control the size and dynamics of ruptures, and the
seismic hazards associated with large earthquakes.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Mentawai Islands synthetic tests. Backprojection results
for a point source at the epicentre of the Mw 8.4 2007 Mentawai
Islands earthquake using synthetic data from both TA and Hi-net.
(a) Distribution of stations from TA (green triangles) and Hi-net
(pink triangles) with respect to the the focal mechanism of the
2007 Mentawai Islands event (Global CMT Catalogue; Dziewonski
et al. 1981; Dziewonski & Woodhouse 1983). (b) Backprojection
result from a point source (white star) at the epicentre of the 2007
Mentawai Islands event using Hi-net synthetic data. The symbols
are the same as in Fig. 9. (c) The same as (b) except using TA
synthetic data. (d) The backprojection result when both Hi-net and
TA synthetic data are used.
Figure S2. Samoa Islands synthetic tests. Backprojection results
for a point source at the epicentre of the Mw 8.1 2009 Samoa
Islands earthquake using synthetic data from both TA and Hi-net.
(a) Distribution of stations from TA (green triangles) and Hi-net
(pink triangles) with respect to the the focal mechanism of the 2009
Samoa Islands event (Global CMT Catalogue; Dziewonski et al.
1981; Dziewonski & Woodhouse 1983). (b) Backprojection result
from a point source (white star) at the epicentre of the 2009 Samoa
Islands event using TA synthetic data. The symbols are the same as
in Fig. 9. (c) The same as (b) except using Hi-net synthetic data. (d)
The backprojection result when both TA and Hi-net synthetic data
are used.
Figure S3. Maule, Chile, synthetic tests. Backprojection results
for a point source at the epicentre of the Mw 8.8 2010 Maule,
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Chile, earthquake using synthetic data from both TA and Hi-net.
(a) Distribution of stations from TA (green triangles) and Hi-net
(pink triangles) with respect to the the focal mechanism of the
2010 Chile event (Global CMT Catalogue; Dziewonski et al. 1981;
Dziewonski & Woodhouse 1983). (b) Backprojection result from a
point source (white star) at the epicentre of the 2010 Chile event
using TA synthetic data. The symbols are the same as in Fig. 9.
(c) The same as (b) except using Hi-net synthetic data. (d) The
backprojection result when both TA and Hi-net synthetic data are
used. (e) The same as (d) except the core phases PKPab and PKPbc
are included in the synthetic seismograms from Hi-net.
Movie S1. The 2009 September 29 Samoa Islands earthquake.
Backprojection results for the 2009 Samoa Islands earthquake. The
white line is the coastline. The black star is the epicentre. Dark red

colours show regions of high energy release and dark blue colours
show regions of low energy release.
Movie S2. The 2010 February 27 Maule, Chile, earthquake. Back-
projection results for the 2010 Chile earthquake using both Hi-net
and TA data. The symbols are the same as in Movie S1.
Movie S3. 2010 Maule, Chile, earthquake: TA data only. Backpro-
jection results for the 2010 Chile earthquake using only TA data.
The symbols are the same as in Movie S1.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
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corresponding author for the article.
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