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waveforms to obtain regional moment tensors, yielding precise centroid depth and source parameters of outer
rise events (M,, > 4.5), including a large M,, 7.4 event that occurred just 1.5 h after the Maule mainshock.
Outer rise seismicity occurred mainly in two clusters: (1) a large number of outer rise events in the subducting
plate located just seaward of the northern asperity of the Maule earthquake, and (2) a second cluster with
fewer events seaward of the southern edge of the Maule rupture area. Thus, the outer rise seismicity is correlated
with the coseismic rupture of the Maule earthquake, reflecting the stress state of the interplate coupled zone. The
moment tensor results indicate similar extensional focal mechanisms for all outer rise events in the northern
zone. In the southern region, most of the outer rise events are also extensional, except for one strike slip event
located near the oceanic Mocha Fracture Zone. The centroid depths vary from 5 to 20 km depth, and present sim-
ilar magnitudes. Many of the outer rise events nucleated near the Mocha Fracture Zone, including the M,, 7.4
event and one strike-slip event. The calculated yield strength envelope for the oceanic Nazca lithosphere
suggests that the centroid depths of intraplate tensional events span almost the entire upper-brittle part of the
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1. Introduction

The outer rise, or outer trench slope, is a broad, gentle upwarping of
the seafloor where an incoming/subducting oceanic plate begins to flex
and descends into the trench. Large extensional earthquakes within
the outer rise of the subducting plate are rare compared to large
interplate thrust events on the subduction interface. Although
some large extensional faulting events, such as the 1977 Sumbawa,
Indonesia, M,, 8.4 (Spence, 1986) and 2009 Samoa-Tonga M,, 8.1 (Lay
et al,, 2010) earthquakes, do not follow soon after plate boundary thrust
events, may do [for example, the 1933 Sanriku-Oki, M,, 8.6 (Kanamori,
1971) and the 2007 Kuril M,, 8.1 (Ammon et al., 2008) earthquakes].
Studies conducted on outer rise seismicity suggest that it is strongly cor-
related with spatial and temporal variations of the seismic coupling along
megathrust, reflecting the stress state of the interplate coupled zone (e.g.
Christensen and Ruff, 1988). These events are not only mechanically, but
also spatially and temporally, related to the distribution of large thrust
earthquakes, and are thus an integral part of the earthquake cycle.
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Outer rise seismicity along subduction zones occurs mainly at
shallow depths (<30 km) within the oceanic plate with normal faulting
mechanisms; deeper events are less common (e.g. Christensen and Ruff,
1988). The focal depth variation and faulting type are usually explained
by elastic stresses within the subducting slab that undergoes bending.
Some basic models (e.g. Chapple and Forsyth, 1979) consider a bending
elastic plate, which results in tensional stress in the upper part of the
plate and compressional stress in the lower part of the plate. These
stress regimes are separated at some depth by a neutral plane. Statistical
studies of outer-rise intraplate events suggest that the transition depth
from tensional to compressional stress regimes within the subducting
oceanic lithosphere is located approximately at the depth of the
400 °C-450 °Cisotherm (e.g. Seno and Yamanaka, 1996).

The spatial and temporal occurrence of outer rise events can also be
explained by stress fluctuations related to megathrust earthquakes cy-
cles, based on simulation of great earthquakes with mechanical models
(e.g. Dmowska et al., 1988; Taylor et al., 1996; Dmowska et al., 1996). In
particular, model simulations show extensional outer rise earthquakes
and compressional ones in the early and late phase of the megathrust
earthquake cycle, respectively, which agrees rather well with seismicity
observations from coupled subduction zones (e.g. Dmowska et al.,
1988). For instance, Christensen and Ruff (1988) argued that tensional
outer rise events follow large underthrusting earthquakes in strongly
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coupled zones, whereas compressional outer rise earthquakes are
triggered seaward of locked sections of the interplate zone. On the
other hand, the same authors have proposed that in weakly-coupled
subduction zones, only tensional outer rise earthquakes occur, which
indicates that the outer rise is dominated by tensional stresses associat-
ed with plate bending stresses and/or slab pull forces.

On February 27,2010, an My, 8.8 mega-thrust earthquake nucleated
at 06:34:08 UTC, with a hypocenter located at 73.239°S, 36.290°W and
30 km depth, according to the Servicio Sismolégico Nacional (SSN) of
the Universidad de Chile. This earthquake broke an approximately
450-km long segment of the south-central Chile subduction zone (e.g.
Delouis et al., 2010; Moreno et al., 2012; Vigny et al., 2011). A devastat-
ing tsunami followed this event (e.g. Fritz et al., 2011; Vargas et al.,
2011). Preceding the Maule 2010 earthquake, the south-central
Chilean subduction zone had been identified as a likely mature seismic
gap (Madariaga et al., 2010; Ruegg et al., 2009) because no large
subduction earthquake had occurred in this zone since 1835. The
coseismic slip imaged by several groups (e.g. Delouis et al., 2010;
Lorito et al.,, 2011; Moreno et al., 2012; Vigny et al., 2011; Hayes et al.,
2013) shows similar large-scale spatial slip patterns in the rupture
area. Most of the published co-seismic slip models show two patches
of large slip with the largest slip located north of the epicenter. The
rupture propagated predominantly bilaterally, but most of the
seismic moment occurred in the northern rupture area, with peak
slip on the order of 15-20 m. The total seismic moment was about
1.8-2.6 x 10*? N-m (e.g. Delouis et al., 2010; Hayes et al., 2013).

Intense aftershock activity followed the 2010 Maule earthquake, and
the spatial distribution of the seismicity has been located and analyzed
by few groups. Characteristic features include a shallow concentration
of events between 10 and 35 km depth and a group of deeper events
lying at 40-50 km depth (e.g. Hayes et al., 2013; Lange et al., 2012;
Rietbrock et al., 2012). Despite the diverse focal mechanisms and mag-
nitudes, most of the aftershock seismicity was located in the northern
part of the rupture area. Also shallow intraplate coastal events were
triggered at the northern edge of the rupture zone (e.g. Farias et al.,
2011; Lange et al.,, 2012) and two large normal faulting earthquakes
occurred near Pichilemu (~34°S) on March 11, 2010, with magnitudes
M,, 7.0 and My, 6.9 (Ruiz et al., 2014; Ryder et al., 2012).

In the oceanic plate, outer rise seismic activity following the 2010
Maule earthquake was distributed spatially in two main areas. To the
north (~34.5°S), outer rise events were distributed at the outer trench
slope zone adjacent to the northern largest coseismic slip patch. A sec-
ond cluster of outer rise seismicity was concentrated at ~38°S, seaward
of the southern edge of the Maule rupture area (Moscoso and Contreras-
Reyes, 2012). A large M,, 7.4 outer rise normal faulting event occurred
just 1.5 h after the great M,, 8.8 Maule earthquake and was reported
by some seismological agencies, such as, GCMT (Global Centroid-
Moment-Tensor, http://www.globalcmt.org/) and NEIC (National
Earthquake Information Center). For instance, NEIC estimated the origin
time of the event at 08:01:23 UTC and located it beneath the outer
trench slope zone with an epicenter at 37.773°S, 75.048°W and a
depth of 35 km. Similar large outer rise aftershocks followed the 2011,
M,y 9.1, Tohoku megathrust earthquake, along the subduction zone in
Japan, where about 40 min after the mainshock, an M,, 7.6 earthquake
occurred beneath the outer trench slope (e.g. Asano et al.,, 2011; Lay
etal., 2011; Obana et al,, 2012). These earthquakes reflect the tensional
stresses that take place in the outer rise zone after a megathrust
earthquake, and the fluctuation of the stress—strain transferred from
coseismic thrust earthquake ruptures may play an important role in
the occurrence of large normal faulting earthquakes.

Another remarkable seismic event triggered by a megathrust
earthquake is the intraplate event of April 2012 off Sumatra, M,, 8.6.
This is the largest strike-slip and intraplate earthquake ever recorded,
and it had a complex rupture and was followed approximately 2 h
later by a strike-slip M,y 8.2 aftershock (e.g. Yue et al., 2012). These
events occurred ~7 years after the 2004 Sumatra-Andaman megathrust

earthquake M,, 9.2. The 2012 intraplate seismicity occurred along the
fossil fabric of the extinct Wharton basin off Sumatra, and according to
coseismic slip and Coloumb stress change calculations and seismologi-
cal studies, before the April 2012 and after the Sumatra events there
was virtually no seismicity along the Wharton basin (Delescluse et al.,
2012; Meng et al., 2012). The Nazca plate of central Chile hosted a prom-
inent oceanic fracture zone: the Mocha Fracture Zone (FZ) that trends
N55°E, and is currently subducting at ~38°S (Contreras-Reyes et al.,
2008). In this paper, we also explore and discuss possible reactivation
of this fossil transform fault in terms of the stress transfer triggered by
the Maule megathrust earthquake.

The main aim of this study is to characterize earthquake source
parameters of the outer rise seismicity following the 2010 M,, 8.8
Maule earthquake by modeling regional seismic moment tensors to
better determine precise centroid source depths, and to relate them to
the megathrust zone and surrounding areas. We invert the waveforms
to obtain regional moment tensors and we compute the best source
depth for a large dataset (M > 4.5) of outer rise events compared to
those reported by seismological agencies using teleseismic data. Be-
cause the largest M,, 7.4 outer trench slope earthquake was triggered
about 1.5 h after the mainshock, waveforms are affected by seismic
waves from the mainshock. Consequently an accurate seismic-to-
noise ratio analysis was done prior to running the inversion. Finally,
we discuss the interplay between the outer rise seismicity and the
coseismic slip distribution of the 2010 megathrust earthquake in
terms of the geodynamic setting of the incoming oceanic Nazca plate.

2. Seismotectonic setting

The study area spans from 32°S to 39°S along the south-central
Chilean subduction zone, where the oceanic Nazca plate subducts
beneath South America in a N78°E direction with a converge rate of
about 6.7 cm/year (Khazaradze and Klotz, 2003). In the study area, the
seafloor spreading fabric of the oceanic Nazca plate trends oblique to
the trench axis. However, the seafloor spreading fabric is perturbed/
modified in the outer rise region due to existence of cross-cutting
normal faults caused by plate bending (e.g. Contreras-Reyes et al.,
2008; Moscoso and Contreras-Reyes, 2012). The study area is bounded
by the presence of two prominent bathymetric features: the Juan
Fernandez Ridge (JFR) and the oceanic Mocha FZ in the north and
south, respectively (Fig. 1). North of the Mocha FZ, the plate age at the
trench axis is ~30 Ma, whereas south of it the seafloor is about 24 Ma
(Tebbens et al., 1997).

The 2010, M,, 8.8, Maule earthquake broke a previously identified
seismic gap in the zone (Ruegg et al., 2009) that had not ruptured
since 1835. The 1835 event, summarized by Charles Darwin, had an es-
timated magnitude of about M 8.5 (Lomnitz, 2004). Hayes et al. (2013)
analyzed the aftershock sequence of the Maule earthquake and found
that most of the aftershocks are interplate thrust events located away
from regions of largest coseismic slip; they also identified clusters of
seismic events located in the oceanic plate at the ends of the main
rupture area, impling internal deformation of the subducting slab in
response to a large amount of slip on the plate interface.

Outer rise seismicity in the study area since 1976 and prior to the
Maule earthquake is summarized in Fig. 1A. Events (M > 4.0) were
downloaded from NEIC (http://earthquake.usgs.gov/neic). We selected
those with epicenters located westward of the trench axis. Using the
same location criteria, centroid moment tensors (M > 5.0) from GCMT
were selected in the same region. Noting that both datasets may present
uncertainties in hypocenter and centroid locations, some events may
not correspond to outer rise events. Nonetheless, one can observe
three clusters of events located at the northern (~33°S) and southern
parts of the study area (~39°S). The region seaward of Valparaiso expe-
rienced two large outer rise events, in 1981 and 2001. The 1981, M 7.2,
was a compressional event with a source depth of 30 km (Korrat and
Madariaga, 1986) which occurred south of Juan Fernandez Ridge


http://www.globalcmt.org/
http://earthquake.usgs.gov/neic

JA. Ruiz, E. Contreras-Reyes / Tectonophysics 653 (2015) 127-139 129

770 767 75" 74° 78 -72° 717 -70° 770 767 75 747 <73 -72° 717 -70°
_32° 0 - _32° 3 — . — — _32°
-33° Bathymetry -33° -33°

(m)
6000
4000
-34° 2000 -34° -34°
-2000
a0 )l
-35° -8000 -35° . e Sl -35°
-10000 NS z® ool
-36° Depth -36° -36°
(km)
-37° 10 .37° 37°
20
30
. 40 ) .
-38 s0 38 -38
60
-39° -39° -39°
-40° R s ~ fivi SR 40" R 3 i -40°
77 - °-70° =777 -76° -75° -74° -73° -72° -71° -70°

Fig. 1. Bathymetric/topographic map and seismicity of the study area. (A) Outer rise seismicity (M > 4.0, from NEIC catalog) located since 1976 and prior to the 2010, M,, 8.8, Maule earth-
quake. Beach balls are the centroid moment tensors from GCMT catalog for events M > 5.0. (B) Seismicity reported by NEIC after the Maule earthquake in the period 27-02-2010 to 31-12-
2013. Colored circles are aftershocks with sizes scaled to the event magnitude and the colorbar represents hypocenter depths. Beach balls correspond to global centroid moment tensors for
the largest aftershocks (M,, > 6.5) recorded after the 2010 Maule earthquake. Dashed black lines are the contour depth (every 10 km) of the subducting oceanic slab (from Slab1.0, Hayes

etal, 2013).

(JFR). In contrast, an extensional event triggered at 12 km depth north-
ward from the 1981 event, with a magnitude M,, 7.0 that occurred on
April 9, 2001 (Clouard et al., 2007). Both events were followed by sever-
al aftershocks, and from centroid moment tensor solutions reported by
GCMT, the 1990, M,, 5.6, event had similar focal mechanism as the 1981
outer rise event. In 2005, an event M,, 5.4 with similar mechanism to
the 2001, M,y 7.0, event was reported by the GCMT.

All the southern outer rise events show similar extensional faulting
mechanisms according to the GCMT (Fig. 1A). Outer rise seismicity is
distributed along a narrow north-south strip from ~38.5°S to 40°S,
and among these events eight present extensional focal mechanisms
with strike predominantly parallel to the trench axis according to the
moment tensor solutions of the GCMT. The largest event occurred in
December 20th, 2000, with a centroid depth at 15 km and magnitude
M,y 6.4 according to GCMT.

Fig. 1B summarizes the spatial distribution of aftershocks (M > 4.0)
that occurred after the 2010 Maule earthquake, located by the NEIC.
The centroid moment tensors of the largest aftershocks (M, > 6.5)
reported by the GCMT reveal the diversity of earthquake faulting in
the aftershock sequence. In particular, a large My, 7.4 outer trench
slope earthquake occurred seaward at the southern edge of the main
rupture area (~38°S). Most of the outer rise events occurred at the
northern and southernmost regions of the Maule 2010 rupture area.
Little outer rise activity occurred in the middle just seawards of the
epicentral region. The northern zone runs approximately from 33.5°S to
35.5°S, and it presents a larger density of seismicity compared to the
southern cluster located from 37.5°S to 38.5°S. Most of the later events
are presumably aftershocks of the M,, 7.4 outer rise earthquake (Fig. 1).

Nevertheless, the southern outer rise seismic sequence is highly
remarkable in terms of the largest magnitude M,, 7.4 event triggered
and its proximity to the Mocha FZ. This event occurred as a direct
response to the mainshock, and is the largest outer rise event instru-
mentally reported along the Chilean subduction zone; the M,, 7.0 that

occurred westward off Valparaiso in 2001 is the second largest
(Clouard et al., 2007). Fig. 2 shows the centroid moment tensor of the
M,y 7.4 event and the aftershocks following this event reported by the
NEIC (M > 4). We also show the centroid moment tensor solutions
computed by the GCMT (M > 5.0). Five events, including the M,, 7.4,
correspond to normal faulting with nodal planes striking nearly parallel
to the trench axis, except for one event striking obliquely to the trench
axis. Also a strike slip event was triggered in the outer trench slope
zone near the Mocha FZ. Outer rise seismicity located by NEIC shows a
spatial distribution that is elongated north-south. Focal depths vary
between 5 and 35 km, however, several events are located at 35 km
depth, meaning that the hypocenter depth is poorly constrained. Likely,
these events have large depth uncertainties, as is typical when locating
earthquakes at teleseismic distances.

For events with magnitudes usually larger than 4.5 — depending on
signal-to-noise ratio of records - it is possible to compute regional
seismic moment tensors and to more precisely determine the centroid
depth by iterating the inversion process over several source depths to
search for the best fitting model (e.g. Dreger, 2003; Kubo et al., 2002;
Pasyanos et al., 1996; Ritsema and Lay, 1995). In the next section, we
present the inversion of regional moment tensors from seismological
recordings for the sequence of outer rise events.

3. Data, analysis, modeling and testing
3.1. Data set

We selected from the NEIC worldwide catalog events with M > 4.5,
located in the outer rise region along south-central Chile, including
3 years from February 27, 2010. For each event in this dataset, we
downloaded 3-component broadband waveforms for all stations locat-
ed at regional distances (A < 12°) from the NEIC online web facilities.
Digital broadband recordings were available through the Global
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Fig. 2. (A) High resolution bathymetric map (Contreras-Reyes et al., 2008). Seismicity and source mechanism for the outer rise events occurred at 38°S of the study area. Colored circles are
events located by the NEIC in the period 27-02-2010 to 31-12-2013, with their sizes scaled to magnitude. Colorbar represents hypocenter depths. Beach balls are centroid moment tensor
solutions by the GCMT for events with magnitude M,, > 5.0. (B) Cross-section A-B shows the centroid depth by GCMT solutions (beach ball) and colored circles are hypocenter depths by
NEIC. Brown line is the top of the oceanic subducting slab, purple dashed line is the Moho discontinuity and the blue solid line is the bathymetry taken from the 2D seismic tomography

model by Contreras-Reyes et al. (2008).

Seismographic Network (GSS), and the Incorporated Research Institu-
tions for Seismology (IRIS) Data Management Center.

3.2. Inverse method for regional moment tensors

We used the Time-Domain Moment Tensor (TDMT) inverse code to
retrieve the seismic moment tensor from broadband regional waveform
records (e.g. Dreger, 2003; Fukuyama and Dreger, 2000; Pasyanos et al.,
1996). This software package has been used routinely at the University
of California, Berkeley Seismological Laboratory, and successfully imple-
mented at the Japan National Research Institute for Earth Sciences
and Disaster Prevention (NIED). This method solves a linear inverse
problem to retrieve deviatoric seismic moment tensors from full region-
al broadband records in the time domain via a linear least square
algorithm. For a given source depth, the inversion scheme computes
the best fitting RMS (root mean square) or largest variance reduction
(VR), of deconvolved data and synthetic waveforms filtered in a com-
mon frequency band.

The misfit error between synthetics and observed waveforms is
simply evaluated with the variance reduction (VR) defined by,

(0i—si)?

i 0?

VR=[1— x 100 (1)

s; and o; are the synthetic and observed waveforms, respectively and
where sum is over stations and components. The best centroid depth
is computed iteratively every 2 km depth by finding the solution that

yields the largest variance reduction over a broad depth range, or equiv-
alent to the minimum Chi-square statistic. The best final seismic
moment tensor is expressed as a percentage of pure double-couple
(DC) and percentage of compensated linear vector dipole (CLVD)
moment tensors, and nodal planes are computed from DC. In this
approach we assume purely deviatoric seismic moment tensors, so we
do not invert for the isotropic (ISO) part of the moment tensor.
Green's functions are computed for a 1D velocity crustal model using
a frequency-wavenumber integration method (Saikia, 1994). The 1D
velocity model used in this study corresponds to the one proposed by
Campos et al. (2002) which is a crustal model representative for
south-central Chile. This velocity model provides reasonable solutions
for regional moment tensors, even if the earthquake source is located
in the outer rise, because the regional broadband waveforms inverted
in this study and recorded at stations installed on land correspond
mainly to surface waves propagating predominantly through the conti-
nental crust. The epicenter location reported by the NEIC was fixed and
a point-source was assumed for the regional events investigated in this
study, which is good assumption for the moderate to large events
(M, < 7.5) and the frequency band in which these events are analyzed.

3.3. Data selection and processing

Before running the moment tensor inversion, we performed signal-
to-noise ratio analyses for the dataset in order to check if the frequency
band used in the inversion covers a band with good signal-to-noise
ratios. It is important to check the noise level at far stations and for
events with small magnitudes (of about M,, < 5.0), but also particularly
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needed for the records of the 2010, M,, 7.4, outer-rise event. In the latter
case, broadband recordings may present saturation at close stations,
and/or be noisier than expected because seismic waves radiated from
the 2010, M,, 8.8, Maule earthquake overlap with those from the source
of the outer rise event.

Fig. 3 shows the 3-component broadband recordings at station TRQA
for the My, 7.4 event; instrument response was deconvolved and the
waveform was integrated once to yield the displacement signal. The
unfiltered records present a very long period wave (Fig. 3A) that
appears more evident at the coda. Waveforms were bandpass filtered
in the frequency band 0.008-0.035 Hz prior to inversion. Fig. 3B
shows the bandpass filtered waveforms used in the inversion. The
3-component of the bandpass filtered displacement show a good qual-
ity in terms of surface waves amplitudes radiated by the earthquake.
The O marker corresponds to the origin time of the event estimated
by the NEIC. Fig. 3C shows a comparison of the Fourier spectrum ampli-
tudes of the waveform portion of the signal used in the inversion and
the seismic noise extracted before the P-wave arrival time. The spectral
amplitudes in the frequency range 0.008-0035 Hz indicate that the
signal is stronger than the noise in this band for the M,, 7.4 event.

3.4. Robustness

The My, 7.4 outer rise event was well recorded at regional distances,
but some stations did saturate. At teleseismic distances, records are
much noisier because seismic waves from the M,, 7.4 and M,, 8.8 earth-
quakes overlap each other. The regional stations present reasonable
azimuthal coverage onshore (Fig. 4A). We removed the instrument
response, rotated to the great-circle path, integrated velocities to ob-
tain displacements, and applied a bandpass filter to synthetic and
observed seismograms prior to running the inversion. A causal 4th
pole Butterworth bandpass filter was applied in the frequency band
that depends on the magnitude (Kubo et al., 2002). For the largest

A TRQA - A=1160 km
0006 gz | |

Unfiltered

Disp [m]
o
o
8

w

Band-passed

Disp [m]
O
(=]
S

200 400 600 800 1000 1200
Time [s]

=S
101 ] XA A

10-2 11}

Amp [m.s]

-3 L
10 — Signal
10 NoisE [

103 102 1077

Freq [Hz]

Fig. 3. Signal-to-noise ratio analysis performed on broadband records of the 2010, M, 7.4,
outer trench slope earthquake, three components, recorded at TRQA station. (A) Unfiltered
displacements with instrument response removed. (B) Displacement filtered in the
bandpass 0.008-0.035 Hz. (C) Comparison of the Fourier spectrum amplitudes of noise
and signal extracted from the unfiltered waveforms. The O marker is the origin time re-
ported by NEIC. The upper bracketed line at the top of each panel delimits the time window
and the frequency band used in the inversion.

event, M,, 7.4, we slightly modified the frequency band proposed by
Kubo et al. (2002) to the one used in this study, 0.008-0.035 Hz, because
of the overlapping issue discussed previously. However, for the remain-
der of the events we applied the frequency band magnitude-dependent
filter suggested by Kubo et al. (2002). The last frequency bands corre-
spond to the ones routinely and broadly used in real time seismic moni-
toring to invert regional moment tensors in Japan, for instance.

Fig. 4B shows the inversion result for one event, where the variance
reduction and moment tensor solution is shown as a function of source
depth, the best solution is retrieved at 16 km depth that gives the largest
variance reduction, which is representative of the centroid depth of the
event at the epicenter location. The 3-component waveform that fits for
all stations used in the inversion are shown in Fig. 4C for the best-fitting
depth. The synthetic waveforms fit rather well the observed ones, with a
VR = 80%. The scalar seismic moment, My is 1.23 x 10?' N-m, with
M,, = 7.4. The percentages of DC and CLVD are 62% and 38%, respective-
ly. The nodal planes are, 5°/55°/— 104° and 208°/38°/— 72° (strike/dip/
rake), showing a normal sense of faulting for this outer rise event. This
solution agrees rather well with the centroid moment tensor solution
published by the GCMT [Mg = 1.36 x 10! N-m, M,, = 7.4, 20 km
centroid depth and nodal planes given by, 3°/46°/—102°, and 200°/
46°/—78° (strike/dip/rake)].

Next, we selected outer rise GCMT events and inverted for their
regional moment tensors following the methodology described in this
study. Fig. 5A shows the comparison of the solutions obtained in this
study and those computed by the GCTM. The faulting mechanism agrees
rather well among events, and some minor differences appear, but are
in the order of the expected error range for these kind of inverse
methods, which are approximately 4 20° (e.g. Hayes et al., 2013).
However, inverting for regional moment tensors from broadband data
allows one to better constrain centroid depths, compared to methodol-
ogies using teleseismic data. The centroid depths from GCMT tend to be
predominantly deeper that best source depths estimated in this study
(Fig. 5B). Also, the spatial location of outer rise events shown in
Fig. 5A can differ because we used the epicenter location determined
by the NEIC, instead of centroid locations provided by the GCMT.

4. Results

Similar methodology was applied to the whole set of events selected
in the outer rise region of the Maule rupture area. The seismic-to-noise
ratio analyses conducted on broadband records allowed us to derive
moment tensors for a total of 28 events, listed in Table 1, for the south-
ern events, and Table 2, for northern events. Both tables summarize
event location, origin time, nodal planes, scalar seismic moment, magni-
tude, and the percentage of DC and CLVD. We also include the variance
reduction and the number of stations used in the inversion.

For the study area and time period selected for this work, the GGMT
reported a total of 14 centroid moment tensors for events in the outer
rise. We analyzed a total of 29 events, including the M,, 7.4 earthquake.

The source mechanism of southern outer rise events present normal
faulting, and some of them can be associated as aftershocks of the
M,y 7.4 outer trench slope earthquake (Fig. 6A). Most of the events
have a strike similar to the strike of the M,, 7.4 and are closely parallel
to the trench, and the rest of events are obliquely oriented with respect
to the trench axis. From the best double-couple solutions, the majority
of events strike nearly parallel to the trench axis, except four events
that in average strike N20°W. The diversity of faulting mechanisms
retrieved can be associated with the proximity to the Mocha FZ in the
outer rise region. A strike slip event was triggered, and we suspect
may be associated with, a pre-existing complex fault system near
the Mocha FZ. Also note that the possible reactivation of the Mocha FZ
landwards of the trench has been already pointed out by Lange et al.
(2012).

In terms of centroid depths, all events are shallower than the M,, 7.4
event, and located above the neutral plane (~20 km depth) that delimits
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Fig. 4. Moment tensor solution for the February 27, 2010, M,, 7.4, outer trench slope earthquake. (A) Station map showing the epicenter location (gray star), regional broadband stations
(triangles) and the concentric circles delimit the distance from the epicenter (plotted every 200 km). (B) Variance reduction as a function of source depth and beach balls are the moment
tensors retrieved during the inversion at each source depth. (C) Waveforms fitting between synthetic (dashed line) and observed (solid line) waveforms at the best source depth, equal to

16 km, that yields the largest variance reduction over several depths explored.

the transition from tensional to compressional stress regime within the
oceanic lithosphere (Seno and Yamanaka, 1996). Thus, the normal
faulting shallow intraplate outer rise events correlate well with the
extensional stress regime expected in the outer rise in the early post-
seismic phase of a megathrust earthquake (e.g. Christensen and Ruff,
1988). This suggests that the M,, 7.4 event broke a shallower portion
of the oceanic plate, whereas outer rise events were also triggered as
response to the M,, 7.4 earthquake. The centroid depth variation of
events covers from 5 to 20 km depth and the events are concentrated
shallower than the hypocenter of the main shock (M,, = 7.4), which
is mechanically consistent with the extensional stress regime occurring
in the outer trench slope zone.

From standard scaling laws (e.g. Strasser et al., 2010), we estimated
the rupture fault plane dimensions (L x W = 120 x 30 km?) for the
M,, 7.4, with an average uniform slip of 1.4 m assuming a standard
oceanic lithosphere with a rigidity of, p ~ 30 GPa. We assumed nodal
planes from our best double-couple solution (Fig. 4C) and traced both

fault planes projected onto the free surface in Fig. 6A. It gives a rather
good idea of the rupture fault length of the M,, 7.4 outer rise event,
which correlates well with the spatial distribution of the outer rise
seismicity.

The northern outer rise events cover a larger region along the outer
trench slope zone than the southern cluster, extending approximately
north-south for about 150-200 km length (Fig. 7A). All events present
normal faulting mechanisms and strikes oriented approximately paral-
lel to the trench axis. We observe similar magnitudes and focal mecha-
nisms for all these events (most of them striking in average 38°, or 220°,
for either one or the other nodal plane), with the largest with M,, 5.9.
The best centroid depth for this set of outer rise events is ~10 km. The
northern outer rise seismicity is spatially correlated with the largest
slip patch of the 2010, M,, 8.8, Maule earthquake, as shown in Fig. 8,
in contrast to the southern outer rise events, which occurred offshore
at the south end of the rupture area and may have been triggered
mainly by the large M,, 7.4 outer trench slope earthquake.
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Fig. 5. Comparison of seismic moment tensors reported by the GCMT (dark gray) and the ones computed in this study (light gray). (A) Map view of the centroid (GCMT, colored circles)
and epicenter (NEIC, colored squares) locations. Dashed line is the trench axis, and color bar represents centroid and hypocenter depths. (B) Cross-section A-B shows the centroid and best
source depth estimated by CGMT and this study, respectively. Brown line presents the top of the oceanic subduction slab, purple dashed line is the Moho discontinuity and the blue solid
line is the bathymetry (after Contreras-Reyes et al., 2008).

5. Discussion moment tensors provide better estimate of centroid depths as shown
in this study for moderate magnitude events. The centroid depths ob-
5.1. Methodology and seismological results tained for both outer rise clusters are consistent with the mechanical

behavior of the oceanic subduction slab subjects to bending in the

The comparison of our regional moment tensor solutions against outer rise zone. However, at regional distances and for off-shore events
the GCMT solutions supports the reliability of our analysis and the rea- the azimuth coverage is a permanent limitation when having oceanic-
sonable solutions for the source mechanism. However, the regional continental subduction zone margin, thus it is needed to use at least

Table 1
Earthquake source parameters and focal mechanisms for the outer rise events triggered in the southern zone of the Maule rupture area. NP1 and NP2 are nodal planes (strike/dip/rake), VR,
variance reduction, DC, percentage of double-couple, CLVD, percentage of compensated linear vector dipole, and NST number of stations used in the inversion.

Date Time [UTC] Lon [°] Lat [°] Depth [km] My [Dyne.cm] My NP1 NP2 VR DC CLVD NST
Main  27-02-2010  8:01:21 —75.048 —37.773 16 1,23E + 30 740  5/55/—104 208/38/—72 79 62 38 6
1 28-02-2010 10:43:07 —75.273 —38.501 16 3,13E + 26 500  43/58/—88 219/32/—93 49 20 80 3
2 01-03-2010  6:16:06 —74.928 —37.958 14 8,85E + 25 460  39/65/—93 227/25/—83 70 72 28 2
3 01-03-2010  8:58:32 —74.740 —37850 12 3,09E + 26 500 31/63/—83 196/27/—103 75 64 36 3
4 04-03-2010  9:03:37 —74.582 —37.647 8 2,99E + 26 500 350/66/—125  229/41/—38 81 72 28 3
5 10-03-2010 16:00:51 —74.906 —38.093 14 2,75E + 26 490  250/82/—15 342/75/—172 70 86 14 3
6 20-03-2010  5:39:26 —74.863 —38.192 10 1,08E + 26 4.70  348/68/—100  193/24/—67 78 89 11 3
7 28-06-2010  0:59:46 —75.038 —37910 10 2,11E + 27 550  183/52/—124  51/49/—54 77 79 21 4
8 25-11-2011 17:35:44 —75.032 —38.003 6 1,26E + 26 470  338/62/—95 168/29/—81 78 71 29 4
9 28-12-2011 19:54:24 —75.060 —37.941 8 1,08E + 26 470  15/63/—82 179/28/—105 81 68 32 3
10 06-01-2012  8:08:37 —75.091 —38.024 8 6,37E + 25 450  358/61/—89 175/29/—93 76 80 20 3
11 07-02-2012 12:02:11 —74.974 —37.902 8 7,41E + 25 450  1/61/—89 179/29/—92 80 74 26 4
12 06-04-2012 13:25:03 —75.019 —38226 10 2,07E + 26 480  4/61/—91 186/29/—88 81 74 26 3
13 15-06-2012  5:43:11 —74.702 —38.188 6 8,48E + 25 460  347/61/—96 179/30/—79 80 80 20 4
14 24-08-2013 7:00:17 —75.272 —37.991 6 6,78E + 25 450  330/64/—96 164/26/—77 85 86 14 3
15 21-10-2013 18:17:21 —75.100 —37.809 8 2,78E + 26 490  15/59/—87 190/31/—94 80 69 31 5
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Table 2
Same as Table 1, for outer rise events triggered in the northern zone of the study area.
Date Time [UTC] Lon [°] Lat [°] Depth [km] M [Dyne.cm] My, NP1 NP2 VR DC CLVD NST

1 28-02-2010 1:45:29 —73.689 —34.450 12 745E + 26 520  45/60/—89 222/30/—92 67 65 35 4
2 28-02-2010 14:50:32 —73.287 —33.894 8 2,15E + 26 4.90 45/58/—85 216/32/—-97 64 97 3 4
3 01-03-2010 5:30:35 —73.596 —34.674 8 1,79E + 26 4.80 40/55/—102 241/37/—73 56 77 23 5
4 01-03-2010 12:20:18 —73.736 —34.537 8 4,69E + 26 510  40/56/—96 231/35/—81 67 68 32 4
5 01-03-2010 14:36:30 —73.504 —34.390 8 6,35E + 26 5.20 44/55/—97 236/36/—80 60 65 35 4
6 01-03-2010 22:40:18 —73.814 —34.831 10 2,31E + 26 4.90 32/61/—98 228/30/—76 65 65 35 4
7 02-03-2010 9:44:56 —73.347 —34.162 10 1,39E + 26 4.70 40/63/—87 214/28/—95 70 91 9 4
8 08-03-2010 13:03:43 —73.820 —34.533 8 521E + 26 5.10 44/57/—93 229/34/—86 70 70 30 5
9 09-03-2010 21:59:23 —73.949 —34.765 12 1,51E + 26 4.80 24/54/—96 213/36/—82 68 90 10 4
10 10-03-2010 8:45:22 —73.831 —34.992 8 2,47E + 26 4.90 37/54/—91 218/36/—89 76 90 10 4
11 23-03-2010 3:44:58 —73.820 —34.808 10 1,39E + 26 4.70 32/58/—88 208/32/—94 67 85 15 5
12 21-10-2010 2:49:55 —73.726 —34.737 10 7A42E + 27 5.90 12/54/—112 227/42/—62 80 42 58 3
13 13-12-2010 18:51:04 —73.080 —33.989 6 4,98E + 26 5.10 63/59/—64 200/40/—125 78 78 22 3

more than three stations to obtain robust solutions, as done in the sub-
duction zone in Japan (e.g. Fukuyama and Dreger, 2000; Kubo et al.,
2002). In our analysis, except for one event with a low VR, the regional
moment tensors were obtained using at least more than three stations.

For the large outer trench slope event, M,, 7.4, the overlapping seis-
mic waves issue was counterbalanced by using regional stations and a

A 77

specific bandpass filter. Unfortunately, it was not possible to invert the
coseismic slip distribution or the source time function for this event.
The rupture fault plane shown in Fig. 6 was estimated based on standard
scaling laws for intraplate earthquakes, however with the seismological
dataset available the along-dip slipped zone during the earthquake is
not well resolved.
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Fig. 6. Regional seismic moment tensors modeled in this study for the outer rise events located in the southern region of the study area. (A) High resolution bathymetric map and spatial
distribution of all regional moment tensor solutions, where colored circles correspond to its epicenter location. For the largest outer trench slope event, M,, 7.4, we estimate the two pos-
sible rupture fault planes (solid black line) assuming a rectangular fault. The dashed and solid dark lines are the fault trace and fault edges projected to the free surface, respectively. Color
bar represents the best source depth estimated during the inversion. (B) Cross-section A-B shows the best source depth (centroid) estimated in this study and dark oblique lines are the
two nodal fault planes estimated along dip. Brown line is the top of the oceanic subducting slab, purple dashed line is the Moho discontinuity, and blue solid line is the bathymetry. The
black dashed, red solid and black dotted lines are the 350 °C, 450 °C and 600 °C isotherms, respectively, computed for the subducting oceanic slab based on the cooling of a semi-infinite
half-space model (e.g. Turcotte and Schubert, 1982). The estimated depths for the isotherms are also consistent with the thermal model developed by Voelker et al. (2011) off south central

Chile.
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Schubert, 1982).

5.2. Influence of the coseismic slip of the Maule megathrust earthquake on
outer rise seismicity and adjacent areas

Fig. 8 shows the coseismic slip model of Moreno et al. (2012) and
the outer rise seismicity triggered by the Maule event. Most of the
outer rise events (~70%) lie just west of the northern Maule asperity,
which has the maximum peak-slip of ~15 m (Lorito et al., 2011; Vigny
et al., 2011; Moreno et al., 2012). The observed outer rise seismicity
can be seen as a direct consequence of the stress transferred from the
large coseismic slip of the northern asperity of the Maule event. Inter-
estingly, the massive northern cluster of outer rise events is located
within 50 km from the trench axis, which is the zone of maximum
bending moment according to 3D flexure modeling of the oceanic
Nazca plate (Manriquez et al., 2014).

On the other hand, westward of the region of low coseismic slip (in
the epicentral region) between 36°S and 37°S, the outer rise of the
oceanic Nazca plate presents little intraplate seismicity supporting
the idea that regions of low coseismic slip transfer little stress to the
downgoing plate (Christensen and Ruff, 1988; Dmowska and Lovison,
1992). However, almost no outer rise seismic activity with events of
M,, > 4.0 is observed in the outer rise west of the southern Maule as-
perity (Fig. 8), even though ~10 m of slip is thought to have occurred
on the megathrust here (Lorito et al., 2011; Moreno et al., 2012).

Instead, most of the outer rise seismicity is concentrated southwest
of the southern Maule asperity, and some of the events are aligned
with the Mocha FZ.

A possible mechanism explaining the asymmetry of the outer rise
seismic activity triggered by the southern asperity of the Maule
earthquake is the migration of the intraplate seismicity to regions of
pre-existing large intraplate faults and weakness. A natural candidate
is the Mocha FZ, which hosts an uppermost oceanic mantle hydro-
fractured up to depths of ~20 km according to seismic constraints
(Contreras-Reyes et al., 2008). Fig. 6A shows that the largest extensional
event (M, 7.4) occurred just 40 km north of the Mocha FZ, and the
associate aftershocks sequence apparently migrated towards the
trenchward part of the Mocha FZ. Almost all events were extensional
and at depths shallower than 20 km (isotherm of 400-450 °C, Fig. 6B),
and hence consistent with the proposed estimate for the depth of the
neutral plane (~20 km) by Seno and Yamanaka (1996). One strike-
slip event located near the Mocha FZ suggests the reactivation of the
fossil transform fault. This interpretation is also supported not only by
the large spatial concentration of outer rise events, but also by the diver-
sity in strike direction of the outer rise extensional events. Nevertheless,
these events are concentrated at the trenchward part of the outer rise,
where bending tensional plates are larger, rather than elsewhere
along the fracture zone.
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Fig. 8. Outer rise events located by the NEIC (yellow circles) that followed the 2010, M, 8.8, Maule earthquake, in the period 27-02-2010 to 31-12-2013, including the large outer trench
slope M,, 7.4 earthquake. Circles are scaled to event magnitude. Blue line contours represent the amplitude of the coseismic slip of the 2010, M,, 8.8, Maule megathrust earthquake

(Moreno et al., 2012).

Reactivation of fossil transform faults as a consequence of megathrust
earthquakes has also been reported off Sumatra with a sequence of large
strike-slip earthquakes of M,, > 8.4 (Meng et al., 2012). Coulomb stress
change calculations show that the coseismic slips of the M, 9.2, 2004,
Sumatra-Andaman megathrust earthquake can promote oceanic left-
lateral strike-slip earthquakes on pre-existing meridian-aligned fault
planes (Delescluse et al.,, 2012). However, there is not much outer rise
seismicity reported off Sumatra, where apparently most of the intra-
plate seismicity is concentrated on the pre-existing meridian-aligned
fault planes (some located several hundred of kilometers from the
Sumatra trench). In contrast, intraplate seismicity boosted by the
Maule megathrust earthquake includes both outer rise seismicity and
the reactivation of a paleo-transform fault as shown in Fig. 1. Intraplate
stresses inherited from the Maule main shock were not strong enough
to re-activate the Mocha FZ further seaward, and most of the seismicity
was concentrated in the outer rise region. Nonetheless, intraplate
events with a significant strike-slip component support the idea of
reactivation of the paleo-transform fault.

5.3. Lithospheric strength and tectonic implications
The age of the oceanic Nazca plate is estimated to be ~34 and ~30 Ma

in the region of the northern and southern intraplate clusters, respec-
tively (Tebbens et al., 1997). In Fig. 9, we show the yield strength

envelope of the oceanic lithosphere along with the depth distribution
for an oceanic plate representative of the studied region with a plate
age of 32 Ma. Here the lithospheric strength is calculated by combining
Byerlee's frictional sliding rule at shallow depth, and the rheology for
wet olivine for the ductile portion (Kohlstedt et al., 1995). A geotherm
for a 32 million year old lithosphere and a strain rate of 107> s~ ! is
assumed. The brittle-ductile transition for this 32 Myr old oceanic
lithosphere occurs at ~21 km in the tensional regime, which is roughly
the depth limit for the largest M,, 7.4 outer rise event or overall outer
rise events in the region (Fig. 9). The consistency between the strength
envelope and the maximum depths of intraplate tensional events
suggests that the earthquake sequence ruptured through the entire
brittle part of the oceanic lithosphere. The brittle-ductile transition is
strongly controlled by the thermal state of the oceanic plate, and it is a
natural rheological boundary preventing deeper rupture for intraplate
events. Interestingly, and particularly for this case of a 32 Ma oceanic
plate, the brittle-ductile transition depth is roughly coincident with
the 450 °C isotherm, which is suggested as the depth for the tension/
compression transition (Seno and Yamanaka, 1996). Consistently, the
tension/compression transition or neutral surface is also another deep
limit for tensional faulting.

Failure of the whole brittle upper part of the oceanic lithosphere
is also consistent with previous studies that show that the oceanic
Nazca plate in the region is highly fractured as a consequence of
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bending related faulting (Contreras-Reyes et al., 2008; Moscoso and
Contreras-Reyes, 2012). Active seismic investigations have found
evidence for active deformation on north-south trending faults, probably
resulting from the reactivation of the tectonic fabric of the seafloor
(Contreras-Reyes et al., 2008; Moscoso and Contreras-Reyes, 2012). In
particular, at ~36.5°S and ~38.5°S, Diaz-Naveas (1999) and Grevemeyer
et al. (2005) imaged bending faults with seismic reflection data that cut
at least ~6 km into the uppermost mantle. This mechanism has been
proposed to drive hydration of the upper part of the oceanic lithosphere
and consequently mantle serpentinization (see for instance Faccenda,
2014 for a review). Owing to the large number and great magnitude of
outer rise events boosted by the Maule megathrust earthquake, water
percolation into the upper mantle is expected to be more efficient during
the co-seismic phase of large megathrust earthquakes (Moscoso and
Contreras-Reyes, 2012).

6. Conclusions

We analyzed the outer rise events triggered after the 2010 Maule
M,y 8.8 megathrust earthquake that occurred in south-central Chile
and discuss its relationship to the subduction process and mechanisms
responsible for triggering such events. Our analysis focused on comput-
ing regional seismic moment tensors for a large set of outer rise events
(29 events with M,, > 4.5) by inverting 3-component broadband re-
gional waveforms.

We analyzed the largest outer rise event triggered by the Maule
mainshock. This outer trench slope event, My, 7.4, nucleated just 1.5 h
after the mainshock, had a normal fault mechanism and centroid
depth of about 16 km; all these characteristics strongly suggest that it
was triggered as a direct response to the stress transfer from the slipped

megathrust fault to the outer trench slope zone in the very early post-
seismic phase. This event was located off shore the southern edge of
the mainshock rupture area, near the oceanic Mocha FZ.

Intense outer rise seismicity following the 2010 Maule earthquake
was spatially distributed in two main zones. The northern zone, offshore
the largest slip patch during the Maule earthquake, concentrated most
of the outer rise seismicity. Offshore the southern edge of the Maule
rupture area, a second cluster of outer rise seismicity was triggered
with fewer events compared to the north.

According to our moment tensor solutions, most of the intraplate
events were tensional, with centroid depths located in the upper
20 km of the subducting oceanic plate; however, the northern and
southern outer rise events present distinctive characteristics. Similar
focal mechanisms were obtained for all outer rise events in the northern
zone, which are characterized by an extensional sense of faulting, same
strike angle (in average 38°, or 220°, for either one or the other nodal
plane) and present little fluctuation in terms of magnitudes and
centroid depths.

In contrast, even if most of the southern outer rise events were asso-
ciated with extensional faulting, a few events present a different focal
mechanism. The centroid depth of events varies from 5 to 20 km
depth, and present comparable magnitudes. The majority of events
strike nearly parallel to the trench axis, except four events with
average strike of N20°W. Several large events nucleated near the
trenchward part of the oceanic Mocha FZ, and some of these events
have a significant strike-slip component aligned with this oceanic
feature.

The predicted yield strength envelope for 32 Ma oceanic lithophere
suggests that intraplate tensional events rupture through the entire
brittle part of the oceanic lithosphere up to depths of 20 km.
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