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S U M M A R Y
After the 2010 Mw 8.8 Maule earthquake, an international collaboration involving teams and
instruments from Chile, the US, the UK, France and Germany established the International
Maule Aftershock Deployment temporary network over the source region of the event to
facilitate detailed, open-access studies of the aftershock sequence. Using data from the first
9-months of this deployment, we have analyzed the detailed spatial distribution of over 2500
well-recorded aftershocks. All earthquakes have been relocated using a hypocentral decom-
position algorithm to study the details of and uncertainties in both their relative and absolute
locations. We have computed regional moment tensor solutions for the largest of these events to
produce a catalogue of 465 mechanisms, and have used all of these data to study the spatial dis-
tribution of the aftershock sequence with respect to the Chilean megathrust. We refine models
of co-seismic slip distribution of the Maule earthquake, and show how small changes in fault
geometries assumed in teleseismic finite fault modelling significantly improve fits to regional
GPS data, implying that the accuracy of rapid teleseismic fault models can be substantially
improved by consideration of existing fault geometry model databases. We interpret all of
these data in an integrated seismotectonic framework for the Maule earthquake rupture and its
aftershock sequence, and discuss the relationships between co-seismic rupture and aftershock
distributions. While the majority of aftershocks are interplate thrust events located away from
regions of maximum co-seismic slip, interesting clusters of aftershocks are identified in the
lower plate at both ends of the main shock rupture, implying internal deformation of the slab
in response to large slip on the plate boundary interface. We also perform Coulomb stress
transfer calculations to compare aftershock locations and mechanisms to static stress changes
following the Maule rupture. Without the incorporation of uncertainties in earthquake loca-
tions, just 55 per cent of aftershock nodal planes align with faults promoted towards failure by
co-seismic slip. When epicentral uncertainties are considered (on the order of just ±2–3 km),
90 per cent of aftershocks are consistent with occurring along faults demonstrating positive
stress transfer. These results imply large sensitivities of Coulomb stress transfer calculations
to uncertainties in both earthquake locations and models of slip distributions, particularly
when applied to aftershocks close to a heterogeneous fault rupture; such uncertainties should
therefore be considered in similar studies used to argue for or against models of static stress
triggering.

Key words: Earthquake source observations; Seismicity and tectonics; Subduction zone
processes; South America.

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

On 2010 February 27, at 06:34:14 UTC (03:34 at the epicentre),
the Mw 8.8 Maule earthquake ruptured a ∼400+ km long sec-
tion of the South American subduction zone in south-central Chile

[epicentral location 36.12◦S, 72.90◦W, depth 22 km; US Geological
Survey (USGS), National Earthquake Information Center (NEIC),
http://on.doi.gov/yKhpUb]. The earthquake occurred along the sub-
duction interface separating the Nazca and South American plates,
where oceanic lithosphere of the Nazca Plate obliquely subducts
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beneath South America at a rate of approximately 7.4 cm yr−1

(DeMets et al. 2010). This event caused extensive damage in nearby
coastal cities and excited a large near- and far-field tsunami, the
former of which caused localized run-up as high as 29 m near Con-
stitución (Fritz et al. 2011). Aftershocks of the earthquake (through
2010 December) covered an area approximately 700 × 300 km2 in
size, overlapping the northern extent of the great 1960 Mw 9.5 Chile
earthquake to the south, and the southern extent of the 1985 M 8.2
Central Chile earthquake to the north (Fig. 1).

Before the Maule earthquake, the plate interface extend-
ing ∼150 km south of the main shock hypocentre, which had been
referred to as the South Central Chile seismic gap (McCann et al.
1979; Campos et al. 2002; Ruegg et al. 2009), had not slipped co-
seismically in a large earthquake since a M 8.5 megathrust earth-
quake in 1835 (Figs 1 and 2). The region north of the hypocentre,
on the other hand, had partially failed during large earthquakes in
1906 (M 8.4), 1928 (M 8.0) and in 1985 (M 8.2) (e.g. Beck et al.
1998). Recent geodetic studies reveal that the plate interface be-
tween 38.0◦S to 35.5◦S was nearly fully locked during the 6 yr
period from 1996 to 2002 (Ruegg et al. 2009; Moreno et al. 2010).

The USGS W-phase (Kanamori & Rivera 2008; Hayes et al.
2009; Duputel et al. 2011; Deputel et al. 2012) centroid moment
tensor (CMT) solution (http://on.doi.gov/z5LHcG) indicates the
earthquake ruptured a shallow thrust fault that aligns well with
the geometry of the slab up-dip of the hypocentre (Fig. 1), with
a best double-couple fault plane of strike ϕ = 016◦, dip δ = 14◦,
and rake λ = 104◦. The solution of the global centroid moment
tensor project (GCMT; http://www.globalcmt.org, Ekström et al.
2012) has a seismic moment of mo = 1.86 × 1029 dyne-cm, in
close agreement with the W-phase moment, though with a slightly
steeper dip (δ = 18◦). These solutions indicate that this earthquake,
at the time, represented the fifth largest event recorded during the
modern era of instrumental seismology (eclipsed since by the 2011
March 11, Mw 9.0 Tohoku earthquake; Hayes 2011; Hayes et al.
2011, http://on.doi.gov/X4d1J1).

In the weeks following this earthquake, an unprecedented interna-
tional collaboration involving teams and instruments from Chilean
Universities; the Incorporated Research Institutions for Seismology
(IRIS) in the US; the Institut National des Sciences de l’Univers of
the Centre National de la Recherche Scientifique (INSU, CNRS) in
France; Geo Forschungs Zentrum Posdam (GFZ) in Germany; and
the University of Liverpool in the UK, was established to deploy
the International Maule Aftershock Deployment (IMAD) tempo-
rary network. Over 160 mostly broadband sensors were deployed
over the on-land extent of the earthquake source region (Fig. 1).
Data from almost all of these stations were made available imme-
diately following their collection through IRIS and GFZ, spanning
2010 March–December.

These data have been scanned through a regional, offline imple-
mentation of the NEIC processing system (Hydra; Buland et al.
2009) in simulated real time, identifying over 30 000 events in
the ∼9 month time period. Of these, 2375 well-recorded events have
been analyzed in greater detail, handpicking waveforms to improve
location and depth constraint. Regional moment tensors (RMTs)
have been computed for 465 events of Mw 3.6 and above, where
data quality and azimuthal coverage were good enough to produce
well-constrained mechanisms. Finally, regional phases from these
events were added to teleseismic observations and relocated using
a hypocentral decomposition (HDC) algorithm to produce a higher
quality catalogue of 1080 earthquakes, a subset of the 2088 events
discussed above. This stepwise approach allows us to interpret all of
these data sets within a consistent, regionally anchored framework.

The main contribution of this study is the compilation of a high-
resolution, relocated aftershock catalogue for the 2010 February 27,
Mw 8.8 Maule earthquake, complete with absolute horizontal and
vertical uncertainties, and with associated and co-located RMTs
for a large subset of the database. We also go on to use the cat-
alogue to characterize the tectonic framework of the earthquake
sequence. Using the relocated main shock hypocentre, we update
the USGS finite fault model (http://on.doi.gov/yVUcUQ), based on
further detailed analysis of input data and arrival times, revised fault
plane geometry (using Slab1.0, Hayes et al. 2012), and a thorough
exploration of the inversion model space. We analyze the surface
deformation predicted by this model, and compare this to available
geodetic and coastal geologic post-earthquake observations, to help
constrain improvements in our inversion models. We examine the
Coulomb stress transfer predicted by the event resolved both onto
the slab interface and also onto the nodal planes of the aftershock
RMTs. By subdividing our RMT catalogue based on the tectonic
setting of each event in the upper, lower or interplate environment,
we discuss the spatial distribution of aftershocks with respect to
main shock slip and resulting regions of increased stress, and use
this information to analyze how aftershocks responded to the main
shock rupture.

2 . P R E V I O U S S T U D I E S O F T H E
A F T E R S H O C K S E Q U E N C E

Since the collection of the IMAD data, several published studies
have analyzed the spatial distribution and basic tectonic framework
of the aftershock sequence. We discuss several major studies here—
two that have produced catalogues of the aftershock sequence from
automatic picking of the data set (e.g. Lange et al. 2012; Rietbrock
et al. 2012), and a third which analyzes aftershock source pro-
cesses using a selection of regional and teleseismic moment tensors
(Agurto et al. 2012).

Through the automatic picking and processing of the first
6 months of IMAD data, Lange et al. (2012) located over 20 000
aftershocks in the source region of the Maule earthquake. They
identify several distinct tectonic settings active during this period:
(1) earthquakes in a region they call the outer rise, outboard of the
subduction zone and adjacent to the main shock rupture; (2) plate in-
terface seismicity in or adjacent to the regions of highest co-seismic
slip; (3) seismicity in a cluster at the deeper limit of interface seis-
mogenesis below the main shock rupture zone, and thus likely asso-
ciated with after-slip; (4) earthquakes at intermediate (80–120 km)
depths, within the subducting slab; and (5) earthquakes in the upper
plate at the northern end of the rupture along crustal faults oblique
to the subduction zone, associated with two major normal faulting
aftershocks on 2010 March 11. These authors note that compar-
isons between aftershock locations and slip are dependent on the
slip model used in the comparison—in other words, reliability of
the source inversion procedure and thus of the resulting model is
an important factor in studying such correlations. Comparisons of
their aftershock catalogue to the Vigny et al. (2011) model show af-
tershock activity predominantly down-dip of the regions of highest
co-seismic slip.

The Rietbrock et al. (2012) study also uses automated picking
and processing algorithms, and builds a catalogue of over 30 000
earthquakes occurring over just the first 2 months of the IMAD
deployment. This study also attempts to improve upon the accuracy
of automated detection algorithms by incorporating S-wave arrivals,
and by using a 2-D velocity model. Resulting locations from the
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Figure 1. Tectonic setting of the 2010 February 27 Mw 8.8 Maule earthquake. (a) The seismologic history of the South America subduction zone; major 20th
century ruptures are shown with red polygons representing their approximate rupture extent, following Beck et al. (1998). Approximate rupture lengths of
major pre-20th century earthquakes since the 18th century are shown with black dashed lines outboard of the subduction zone for clarity (Beck et al. 1998,
and references therein). The extent of the 2010 rupture is illustrated with a yellow polygon; the star represents the earthquake epicentre. CMT mechanisms for
the main shock are given in the inset. The black arrow represents Nazca: South America Plate motion of approximately 70 mm yr−1. The dashed black box
shows the extent of all subsequent figures, and of (b), which shows stations from the IMAD aftershock deployment. Different symbols represent the operating
institution; black triangles are IRIS (US) stations, inverted white triangles UK, red squares French, and blue hexagons German. Slab1.0 model contours are
shown with dashed grey lines (Hayes et al. 2012). Background bathymetric data, here and in subsequent figures, is taken from the GEBCO_08 grid, version
20100927, http://www.gebco.net).
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Rietbrock catalogue agree well with those from Lange et al. (2012),
identifying aftershock activity outboard of the subduction zone with
the oceanic plate, in two distinct clusters along the subduction zone
thrust, and within the upper plate surrounding the Pichilemu region,
where the 2010 March 11 normal faulting aftershocks occurred.
This study goes on to use aftershock distributions to discriminate
between slip models of varying quality, based on the assumption
that aftershocks should generally occur in areas of rapid transition
between high and low slip, surrounding (but not co-located with)
areas of high slip. Under such a premise, the slip model of Vigny
et al. (2011) is preferred over those of (for example) Lorito et al.
(2011) and Delouis et al. (2010), because aftershocks locate at the
down-dip extent of shallow high-slip regions, rather than somewhat
coincident with highest slip. Their findings support a model where
aftershocks occur predominantly in the transitional regions between
high and low slip, rather than preferentially in areas of lowest slip.

Agurto et al. (2012) build on the catalogue produced by Rietbrock
et al. (2012), analyzing the largest events to produce a catalogue of
approximately 125 RMT solutions. They also relocate CMT solu-
tions from the global CMT catalogue (http://www.globalcmt.org),
adding almost 150 further moment tensors to their data set. Using
this catalogue, they infer that most large aftershocks (70 per cent) oc-
cur on the subduction thrust interface. Like Rietbrock et al. (2012),
Agurto et al. (2012) conclude that such events occur predominantly
away from the areas of highest co-seismic slip, based on compar-
isons to the slip model of Moreno et al. (2012). Interestingly, they
also note that, in contrast to their findings for large events, small
(M < 4) aftershocks predominantly occur where co-seismic slip is
highest, possibly as a result of processes occurring in the damage
zone around the megathrust interface.

These studies highlight the importance of precise aftershock lo-
cations and source inversions for subsequent analyses—whether
these are direct comparisons of the two data, interpretations of tec-
tonic settings of aftershocks, Coulomb stress transfer modelling,
or other studies. Single-event locations are particularly sensitive to
traveltime calculations for offshore ray-paths in these studies (since
this is where the majority of events occur), leading to large uncer-
tainties in earthquake locations when azimuthal coverage is limited,
as is the case when locating offshore events. This problem can be
mitigated by using multiple-event location techniques. We perform
multiple-event relocations and address in detail issues of accuracy
in this study, and discuss the implications of our results for the types
of comparisons discussed above.

3 . AU T O M AT I C A L LY P I C K I N G T H E
I M A D DATA S E T

All of the portable seismic waveform data processed as part of this
study were run through the same processing system used by NEIC
in its real-time operations. These data were played back through
the NEIC high-frequency waveform picker and associator in order
to efficiently form initial locations and magnitudes for the suite
of earthquakes they recorded. Once this process was completed, a
list of earthquakes were reviewed with the highest priority being
the analysis of the largest earthquakes, approximately M < 4 or
larger. We restricted the processing to regional distances because
we could easily combine the regional parametric data with the previ-
ously reviewed results from NEIC operations, eliminating the need
to duplicate the NEIC review process. Once completed, the list of
aftershocks from the processing of the temporary stations was com-
pared against the NEIC preliminary determination of epicentres

(PDE) bulletin to make sure that no larger aftershocks were missing
that were located teleseismically by NEIC. Out of the more than
3000 events reviewed, we found that the automatic system missed
only about 15 or fewer larger events.

The NEIC automatic processing system computes a wide range
of network-averaged high-frequency magnitudes and long-period
magnitudes that follow the International Association of Seismol-
ogy and Physics of the Earth’s Interior (IASPEI) magnitude con-
ventions. Since our automatic processing of the temporary seismic
data was restricted to regional distances, we only computed Md, Ml

and Mw based on waveform modelling of regional phases following
procedures described in Herrmann et al. (2011a). Most of the larger
events (M5.5 or larger) had well-determined teleseismic moment
tensor solutions; consequently, the Mw processing of the tempo-
rary seismic data concentrated on determining RMT solutions for
events primarily in the magnitude range of M 3.5 to 5.5 (see Section
5 below).

The regional earthquake locations were determined using AK135
spherical earthquake reference velocity model (Kennett et al. 1995).
This model was chosen in order to maintain consistency with NEIC
real-time and bulletin operations, which use the same velocity
model. The final earthquake locations using the hypocentrodial de-
composition from the combined teleseismic and regional phase data,
discussed in the next section, also used the AK135 velocity model.

4 . E A RT H Q UA K E R E L O C AT I O N S

The method of location calibration we employ is based on multi-
ple event location using HDC (Jordan & Sverdrup 1981). Although
there are several algorithms in use for obtaining improved rela-
tive locations through multiple event relocation (e.g. joint hypocen-
tral determination, Dewey 1972; double difference, Waldhauser &
Ellsworth 2000), HDC is uniquely suitable for calibrated location
studies because it naturally separates the location problem into two
parts, the relative locations of clustered events and the absolute lo-
cation (hypocentroid) of the cluster as a whole. This allows us to
select the data and apply weighting specifically for these two es-
timation problems in such a way as to optimize the resolution of
relative locations and produce a minimally biased estimate of the
location of the cluster as a whole. This is not true of the majority
of other earthquake relocation algorithms, which in general only
provide improved relative locations, often without any measure of
location uncertainty. Our method has been extensively tested against
standard single-event location codes such as the Engdahl-Van der
Hilst-Buland algorithm (EHB; Engdahl et al. 1998), other multiple
event relocation techniques (e.g. Rodi et al. 2002), and has been
applied in a number of seismo-tectonic studies (e.g. Walker et al.
2005; Tatar et al. 2007; Bondar et al. 2008; Walker et al. 2011;
Ghods et al. 2012).

For the relocation analysis, the Maule data set is split into 15
subclusters based on latitudinal extent, each containing 150–200
events, to maintain manageable matrix sizes in the singular value
decompositions that are performed in each inversion. Each subclus-
ter is relocated independently, except that in a few cases we carried
over some events from neighboring subclusters that were especially
well recorded locally and also well-recorded teleseismically—such
events help provide essential ‘connectivity’ between the local, re-
gional and teleseismic data sets.

The hypocentroid of each subcluster is located using only local-
distance P and S readings. For the Maule subclusters, we were
able to obtain stable estimates of the hypocentroid using arrivals
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at no more than 0.6–0.8◦ epicentral distance. Most of those ray-
paths are onshore. We use a custom 1-D layered crustal model for
traveltime calculations at local and regional distances (based on
the fit to observed phase arrivals from the calibrated locations).
The short path lengths of the readings used to determine the
hypocentroids of the subclusters ensure minimal location bias of the
hypocentroid from unmodelled velocity variations. Cluster vectors,
which establish the relative location of each event with respect to the
cluster hypocentroid, are estimated using nearly all-available arrival
time data, regardless of phase type or epicentral distance. This is
possible because relative locations are determined from arrival time
differences that are insensitive to baseline errors in the theoretical
traveltime model. Theoretical arrival times and derivatives for tele-
seismic phases are calculated from the global 1-D model AK135
(Kennett et al. 1995).

Our relocation and calibration methodology departs from stan-
dard practice in dealing with outlier arrival time readings by em-
phasizing consistency between repeated readings (of a given phase
from different events in a cluster to the same station) rather than
assessing the size of residuals against some reference traveltime
model. A considerable amount of work goes into estimation of what
we refer to as ‘empirical reading errors’ from the specific arrival
time data set. This estimate is based on a robust estimator of spread
(Croux & Rousseeuw 1992) applied to the traveltime residuals for
a specific station and phase. The estimate of spread makes no as-
sumption about the underlying distribution and requires no estimate
of central location. A minimum value of 0.15 s is normally enforced
to avoid numerical instability.

In addition to their use in weighting the arrival time data for
inversion, we also use empirical reading errors to detect outliers
in the data, which are flagged. Because outlier readings can cause
good readings to have large residuals, the process needs to be done
incrementally, starting with the largest residuals, to avoid rejection
of good data. We gradually remove the largest outliers, followed
by relocation, until the normalized, de-meaned distribution of each
station-phase approaches a Gaussian distribution. This ‘cleaning’
process is repeated until the traveltime residuals satisfy a 3σ cri-
terion, using the current empirical reading error as the estimate of
σ , and is crucial in providing a self-consistent statistical framework
for estimating location uncertainties.

The effect of systematic and comprehensive estimation of empir-
ical reading errors and associated outlier rejection is that the arrival
time data set is reduced to one that more closely approaches the
assumption of zero-mean, normally distributed data which under-
lies the estimation of improved locations and their uncertainties.
This process is essential in providing uncertainties in both relative
and absolute earthquake locations, a product that is absent in most
other earthquake relocation techniques. Gross errors are still possi-
ble from, for example, misidentified phases, incorrectly associated
readings, incorrect station locations, and temporary equipment or
operational problems at stations. Tests against ground truth seismic
sources in other studies using the same methodology, such as clus-
ters composed of nuclear tests, show that our procedures provide
estimates of epicentral location accuracy that are perhaps underes-
timated by about 1 km.

To relocate each earthquake, we combined phase readings from
our manual picking of regional data, discussed above, with teleseis-
mic phase readings from the NEIC’s earthquake data record (EDR).
The data set is thus quite heterogeneous. For the main shock and
early aftershocks, before the temporary stations were deployed, the
data set consists of larger earthquakes recorded only at the small
number of permanent regional stations, and teleseismically. Most

such events occurred offshore. During the time when the tempo-
rary stations were in place, many of the events in our data set were
recorded only by local and regional stations. The most important of
these are the events that occurred onshore, such that good azimuthal
coverage at local distances is obtained. Some onshore events did
occur during the period in which many temporary stations were op-
erational that were also large enough to be observed at teleseismic
distances. These are the most important events in our data set, since
they provide the linkage between onshore events whose locations
can be determined accurately with local data, and the large offshore
events that account for the vast majority of seismic moment release.
Through this linkage the locations of the offshore events can be es-
timated with the same accuracy as those events recorded with local
observations on land.

Each subcluster is relocated independently; the formal uncer-
tainty in the location of the hypocentroid for each subcluster is
on the order of 1–2 km at a 90 per cent confidence level. The uncer-
tainty of the relative location of each event in the subcluster is added
to this base level of location uncertainty to obtain the final estimate
of location accuracy. In the entire catalogue of close to 2500 events,
horizontal uncertainties average ± 2.8 km. For events where depth
could be constrained (i.e. by near-source readings, teleseismic depth
phases or through waveform modelling), uncertainty in focal depth
averaged ± 3–4 km. Relocation vectors are shown in Supporting
Information Figs S1–S2.

Results of the relocation procedure are presented in Fig. 3 (see
also Supporting Information Figs S10–S14 for cross-sections). As
evident in previously published catalogues (Rietbrock et al. 2012;
Lange et al. 2012), our locations indicate several major regions
of aftershock activity—outboard of the subduction zone within the
oceanic plate, in two distinct clusters along the subduction zone
thrust, and within the upper plate surrounding the Pichilemu region,
where the 2010 March 11 normal faulting aftershocks occurred.
Also evident in map view (e.g. Fig. 3) is the clear change in strike
of the aftershock sequence from south to north; from approximately
north–south at the southern end of the sequence, to NE-SW in the
central portion of the rupture, to north–south again further north;
mirroring the changes in strike of the subducting plate over the
rupture area of the earthquake. These locations are discussed in
more detail in the following section, in conjunction with results
from our RMT analysis.

5 . R M T A NA LY S E S

All 2451 well-constrained events, outlined above, were analyzed
using a RMT inversion, following the approach of Herrmann et al.
(2011a). This approach solves for the source depth, moment mag-
nitude, and strike, dip and rake angles of a shear-dislocation source
via a time-domain inversion scheme. It assumes a step function in
moment release, which is acceptable for smaller earthquakes such
as those studied here, where the source corner frequency is greater
than the frequencies used for the inversion. Green’s functions for
IMAD stations (Fig. 1) are computed in a Western United States
(WUS) velocity model used in NEIC operations (Herrmann et al.
2011a), to remain consistent with NEIC response procedures. The
Green’s functions were computed using wavenumber integration
and represent a complete solution of the elastic wave problem.
The inversion process determines the best-fitting RMT solution at
1 km depth intervals over a broad depth range that includes the
expected earthquake depth, and permits time shifts to account for
slight differences in location and origin time. The use of the WUS
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1040 G. P. Hayes et al.

Figure 3. Aftershock relocations, sized by magnitude, and plotted with error ellipses (horizontal uncertainties). Blue star marks the location of Pichilemu,
discussed in the text as the location of two large normal faulting aftershocks on 2010 November 03. Inset shows a zoomed region of the southern part of the
sequence (black dashed box in main figure), to illustrate details of location uncertainty for the sequence. Dark grey dashed contours represent the depth of the
subducting Pacific slab in 20 km intervals, from Slab1.0 (Hayes et al. 2012a). The thick transparent white line represents the inferred location of the Nazca:
South America Plate boundary.

velocity model was justified by the fact that the predicted wave-
forms matched the observed waveforms well in the 0.02–0.06 Hz
passband, and by the small time shifts this approach required. Other
studies (Herrmann et al. 2011b) also found that differences in RMT
velocity model primarily influence estimates of the moment mag-
nitude (by approximately 0.1 magnitude units) and RMT depth, but
has little influence on the determination of the RMT nodal planes.
This is supported by a comparison of a selection of RMT solutions
derived using an alternate Eastern United States velocity model
(Supporting Information Fig. S3a–c), and by a similar comparison
of common RMT solutions between our data set and that of Agurto
et al. (2012) (Supporting Information Fig. S3d–f). Differences in

strike and dip are typically less than the uncertainties we estimate
in our own solutions (below).

For most events, we use a 0.02–0.06 Hz passband, though the
high-frequency corner was allowed to vary slightly based on the
magnitude of the event. The inversion approach estimates the source
depth, moment magnitude, and the strike (φ), dip (δ), and rake (λ)
angles of a shear-dislocation source. The source time function is
assumed to be a step function in moment release, and each event
is considered a point source, both acceptable assumptions for the
small sized events analyzed here.

We derived 465 RMTS from the data set of 3000+ events
analyzed—for this subset of events, IMAD data offered significant
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Seismotectonics of the Maule earthquake sequence 1041

Figure 4. Aftershock relocations and RMTs, subdivided by their inferred tectonic environment (upper, lower, interplate; green, blue, red, respectively). Dark
grey dashed contours represent the depth of the subducting Pacific slab in 20 km intervals, from Slab1.0 (Hayes et al. 2012a). The thick transparent white line
represents the inferred location of the Nazca: South America Plate boundary.

enough azimuthal coverage and waveform quality to give us con-
fidence that our inversion and grid search scheme had produced
a source mechanism and hypocentral location that was reason-
ably well constrained. Quantifying the quality of this constraint
is difficult, but very important when using resulting mechanisms
to discriminate aftershocks based on tectonic setting. This issue is
discussed further in the supplement to this manuscript (Supporting
Information Text). Most events had at least one observation within
1◦ of the source (over 60 per cent within 0.5◦), and distance ranges
varied between 0◦ and 10◦. Uncertainties in strike and dip have been
estimated as ±20◦ and ±25◦, respectively, though they show some
dependence on location and azimuthal gap (Supporting Information
Text). The resulting mechanisms are shown in Fig. 4.

As shown in detail by Asano et al. (2011), moment tensors for
earthquakes in subduction zone settings can be divided into inter-
face, upper and lower plate events through an evaluation of the
minimum rotation angle of the moment tensor (also known as ‘Ka-
gan’s angle’; Kagan 1991) with respect to a reference solution.

The Asano et al. (2011) study assumes that small angles of rota-
tion (Kagan’s angle ≤ 35◦) for earthquakes close to the assumed
slab depth (within 20 km) imply interplate thrusting mechanisms.
Non-interplate events are further divided into hanging wall (upper
plate) and foot wall (lower plate) events based on whether they are
aove or below the slab. We use essentially the same approach here,
with one significant modification. The Asano et al. (2011) study
used a constant reference solution based on the nodal planes of a
‘typical’ interplate earthquake in their region of interest. Here, we
instead use a reference based on the slab geometry at the epicen-
tre of each earthquake (using Slab1.0), thus better accounting for
the variations in slab geometry over the region of interest. Such
changes can be significant even in the seismogenic zone—for ex-
ample, in the region of the Maule rupture, slab dip increases from
approximately 10◦ in the shallow subduction zone environment,
to over 23◦ near the base of the seismogenic zone, at approxi-
mately 55 km depth; slab strike varies by as much as 15◦ over the
same region. We also explore different approaches to setting the
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minimum rotation angle used to distinguish interplate events from
lower and upper plate earthquakes. In a first step, we use a value of
35◦, as suggested by Asano et al. (2011). We compare the results of
this approach with a second data set, for which we allow the mini-
mum rotation angle to vary depending on the azimuthal gap of the
RMT solution, thus accounting for the location-dependence of the
uncertainties in derived mechanisms (Supporting Information Text
Section S2). While the first filtering approach likely misclassifies
some events in the offshore region, where higher azimuthal gaps in
data distributions lead to greater uncertainties in the nodal planes
of their RMT solutions and thus interplate earthquake focal mech-
anisms may appear over-steepened, the second approach leads to a
broader range of ‘allowable’ mechanisms the same classification,
thus likely misclassifying some intraplate events as interplate thrust
solutions. Comparing both methods allows us to isolate the some-
what ambiguous solutions. This approach leads to a more accurate
classification of moment tensors based on their tectonic setting, an
analysis we conduct for pre- and post-main shock gCMTs, and the
best-constrained aftershock RMTs (Supporting Information Text
Section S2).

Prior to the Maule earthquake, the majority of earthquakes with
associated moment tensors near the co-seismic rupture zone were
thrust faulting, interface-type events (Fig. 2). While the northern
part of the rupture area was relatively devoid of moderate-sized
earthquakes over the preceding 34 yr, the southern region—between
36◦S and 39◦S—had hosted ∼15 M5–6.6 events at seismogenic
depths over the same time period, including a group of 4–5 events
clustered within 9–42 km of the main shock hypocentre. Just two
upper plate earthquakes occurred in this region over the same time
period, near the southern end of the subsequent main shock rupture
area, while there were no lower plate earthquakes inboard of the
trench large enough to have associated moment tensors.

In contrast, RMTs for the aftershock sequence indicate a broad
mixture of faulting styles. Of the highest quality RMT solutions,
53 per cent could be classified as interplate. Of the remaining
47 per cent, 75 per cent (97 events) demonstrate lower plate mech-
anisms. 12 per cent of the entire RMT data set were upper plate
events. Five cross-sections of the aftershock sequence and their
RMTs, plotted from the southern end of the source region moving
northward, are shown in Supporting Information Figs S10–S14.

RMTs indicate a dominance of thrust faulting close to the sub-
duction zone interface. Cross-sections identify a set of events near
the base of the seismogenic zone (e.g. A–A′, B–B′, D–D′) that is
spatially distinct from other thrust aftershocks, and helps to define
the depth extent of faulting on the plate interface in this region (at
the deep limit of these events), as well as the likely depth-extent
of co-seismic slip (at the shallow limit of these events). Cross-
section D–D′ highlights a sequence of upper plate earthquakes near
the northern end of the main shock rupture zone, dominated by
normal faulting. These earthquakes are associated with two large
M7.0 and M6.9 aftershocks on 2010 March 11 , near Pichilemu.
The sequence branches upward from and oblique to the subduction
zone interface (strikes of the largest two events are approximately
145◦ and 155◦; www.globalcmt.org), and RMT’s align well with
the ∼145◦ strike of the inferred main shock fault plane (e.g. Ryder
et al. 2012), though not all upper plate RMT’s demonstrate normal
faulting mechanisms; for example, several strike-slip faulting events
exist. This upper plate sequence also seems to promote subsequent
aftershock activity on the up-dip portion of the megathrust plate
boundary (since all RMTs are associated with earthquakes subse-
quent to the Pichilemu events), while possibly inhibiting activity
on the portion of the megathrust directly beneath the upper plate

normal faults where a lack of aftershocks is apparent (Supporting
Information Fig. S7). With the exception of much of this Pichilemu
cluster, upper and lower intraplate events are dominantly located
offshore, particularly in the central and southern regions of the
main shock rupture. In the central portion of the rupture, offshore
upper and lower plate events cluster between regions of major slip
from finite fault modelling (see next section, and Rietbrock et al.
2012). Also visible in both cross-section and in map view (Fig. 3)
is aftershock activity within the oceanic Nazca Plate outboard of
the subduction zone, in two clusters at the northern and southern
ends of the main shock rupture. While the more dominant of these
clusters, in the north, lies directly up-dip of the main co-seismic as-
perity, the southern cluster aligns more closely with fracture zones
at this end of the rupture, further south than the asperity between
36◦S and 37◦S.

At the extreme southern end of the rupture, intraplate earth-
quakes within the slab indicate both normal and oblique thrust
faulting. Between 36.5◦S and 37.5◦S and near 74◦W, an extremely
interesting cluster of earthquakes imply potential intraplate faulting
within the offshore portion of the subducting slab along steep re-
verse faults. While the mechanisms of these events appear similar
to what would be expected for interplate thrusting, the dip angles
of the eastward-verging nodal planes are much steeper than the slab
dip at the same location—on average rotated over 40◦ with respect
to the interface—greater than the uncertainty in the moment ten-
sor analysis. However, when considering a location-dependent filter
for tectonic environment (Supporting Information Text), the larger
uncertainties in strike and dip for these events makes it difficult to
definitively identify them as lower plate earthquakes. This is to be
expected for thrust solutions; thrust faults are inherently low-angle,
and so lower plate thrusting events, if they exist, should occur along
faults with relatively small rotation angles with respect to the slab
interface (less than ∼30◦). If rotational angles cannot be constrained
to within ±40◦ because of RMT uncertainty (Supporting Informa-
tion Text), then distinguishing such events from interplate thrusting
earthquakes is difficult.

However, these earthquakes may be distinguishable from those
located in a similar area, which have been identified as clear in-
terplate events. Since at the same location, RMT uncertainties are
approximately equal (if data coverage is similar), differences in
RMT’s should be the result of real signals. Supporting Informa-
tionFig. S15 shows rose diagrams of differences between RMT
dips and slab dips for the southern, central and northern sections of
the rupture zone. This analysis shows that the steeply rotated events
in the south (28◦–45◦ rotation w.r.t. slab surface) are a unique signal
in the aftershock sequence, distinct in quantity from similarly steep
mechanisms in other parts of the aftershock sequence, and distinct
locally from another peak of events classified as interplate because
of their lower rotation angles with respect to the slab. With this in
mind, we can interpret that some or all of the events in this cluster
are representative of a real signal of steep lower plate faulting near
the southern end of the main shock rupture. These earthquakes, and
other intraplate events further south beneath the shoreline which
demonstrate significant rotations in strike with respect to the slab as
well as in dip, imply internal deformation of the subducting plate at
seismogenic depths. This deformation may occur as a result of in-
traplate shortening to the south of major interplate moment release,
in response to that co-seismic slip. A similar, through less active
cluster of lower plate events can be seen in the north near 34◦S
and between 72◦W and 73◦W (e.g. Fig. 4, Supporting Information
Fig. S7), implying a similar tectonic signal at the northern end of
co-seismic rupture.

 at B
iblio Planets on D

ecem
ber 7, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


Seismotectonics of the Maule earthquake sequence 1043

6 . M A I N S H O C K F I N I T E FAU LT
A NA LY S E S

In the hours and days following the Maule earthquake, several dif-
ferent groups published finite fault models describing the slip dis-
tribution of this event based on seismic data (e.g. Hayes 2010; Shao
et al. 2010; Sladen 2010). Since then, many more models have been
published with various combinations of seismic, GPS, geologic,
tsunami and InSAR data (e.g. Delouis et al. 2010; Lay et al. 2010;
Tong et al., 2010; Lorito et al. 2011; Pollitz et al. 2011; Vigny et al.
2011). Vigny et al. (2011) compare how most of these models fit a
dense suite of GPS displacement vectors from the epicentral region
of the earthquake, collected as both continuous and campaign data.
While their model (constructed via an inversion of this same GPS
vectors) fits these data best, they show that the USGS model (Hayes
2010) fit the data reasonably well, and better than the other seismic-
only models. The majority of the misfit between the Hayes (2010)
model and the GPS data comes from a lack of slip in the southern
part of the rupture area, also a problem in the other seismic-only
solutions.

Vigny et al. (2011) also note a discrepancy between their
favoured low-frequency earthquake onset and the USGS-NEIC
hypocentre, of approximately 50 km towards the southwest. Rup-
ture velocities for the earthquake were variably reported as 1.75–
2.75 km s−1 (Hayes 2010); 2.0–2.5 km s−1 (Lay et al. 2010); aver-
aging 2.6 km s−1 but as high as 3.2 km s−1 (Delouis et al. 2010); and
3.1 km s−1 (Vigny et al. 2011). Finally, most models used a single-
plane geometry for their inversion (with the exception of Lorito
et al. 2011, and Moreno et al. 2012), though some did explore the
affect of changing the assumed dip angle for both single (Lay et al.
2010; Pollitz et al. 2011) and multiple (Lay et al. 2010) planes. Each
models’ geometry was based on approximate fits to the local sub-
duction zone and/or the global CMT solution (www.globalcmt.org;
Ekström et al. 2012), and varied from 15◦ to 18◦ (for single-planes).

In light of these variations and discrepancies, and our own re-
locations of the hypocentre and aftershocks, we aim to produce an
updated slip inversion for the Maule earthquake that fully explores
the different assumptions in these previous models. As for the USGS
preliminary model (Hayes 2010), we invert only seismic data, uti-
lizing both body and surface waves. In contrast to that model, how-
ever, and to the majority of previous inversions discussed above,
we explore the effects of better accounting for the variation in slab
geometry over the rupture by dividing the model space into sev-
eral individual planes. We use either three or five planes to match
the slab interface. In the three-plane model, we account only for
changes in dip, which increases from the trench (10.0◦) to the lower
limit of the seismogenic zone (23.5◦). The hypocentre is located on
the middle plane, just offshore, with a dip of 17.5◦. For all planes
strike is held fixed at 18.7◦—the strike of the slab at the hypocentre
of the main shock in the USGS Slab1.0 model (Hayes et al. 2012).
In the five-plane model, we also vary strike, which rotates by ap-
proximately 10◦ in the southern half of the model with respect to
the north. Keeping dips the same as in the three-plane model, we
shorten fault length along strike and introduce two additional planes
south of the hypocentre with strikes of 8.7◦, and dips of 10.0◦ and
17.5◦, respectively, matching the upper two planes further north. A
sixth plane was not considered necessary, since both single- and
three-plane inversions had minimal slip in the southeast corner of
the model.

In the three-plane model, each fault is divided into 26 subfaults
along strike, and 3 or 4 along dip, for a total of 260 subfaults,
25.00 × 17.75 km in size. In the five-plane model, these planes

are shortened to 14 subfaults along strike, and the southerly planes
account for an additional 12 subfaults. Fault widths are the same in
each model. We follow the approach of Ji et al. (2002) to invert for
the slip amplitude, direction, rise-time and rupture initiation time of
each subfault, where subfault source time functions are modelled
with an asymmetric cosine function (Ji et al. 2002, 2003), and the
velocity model used for Green’s function computation is based on
a combination of PREM (Dziewonski & Anderson 1981) and Crust
2.0 (Bassin et al. 2000).

All models, whether single-plane (Fig. 5), three-plane (Fig. 6), or
five-plane (Fig. 7), fit the teleseismic waveform data very well (Sup-
porting Information Figs S16, S18, S20), explaining approximately
88–89 per cent of the waveform data (measured via least-square er-
ror between data and synthetics). To compare the model results, we
use the geodetic data set presented in Vigny et al. (2011), assess-
ing how well each model reproduces the measured static offsets at a
large collection of GPS stations (modelled displacements computed
using Okada 1992). We quantify the misfit of the predicted offsets
to the observations by computing the rms difference between the
two vectors (i.e. the root of the sum of the squared lengths of the
residual vectors). Results are summarized in Table 1, below, and
Supporting Information Figs S17, S19, and S21.

Interestingly, these results show significant improvements in fits
of regional GPS data with just stepwise improvements to the as-
sumed fault geometry; data sets and inversion parameters (e.g. rup-
ture velocity, held fixed in the range of 1.5–2.75 km s−1) do not
otherwise change for models (i)–(iii) in Table 1. Model (i) improves
over model (iv), the original USGS single plane solution (Hayes
2010), by using a refined hypocentral location (relocated 58 km to
the SE, at 73.2◦W, 36.2◦S), via a closer match to the strike and
in particular dip of the slab over the earthquake rupture area, and
also through the inversion and refined picks of a larger body- and
surface-wave data set. The Hayes (2010) model was the best per-
forming of the seismic-only models discussed in Vigny et al. (2011),
with respect to GPS data. After the Vigny model itself, the best-
performing alternate model discussed in Vigny et al. (2011) was
the Tong et al. (2010) inversion, which used InSAR and a selec-
tion of GPS data (model (v) above). Our results here suggest that
careful consideration of slab geometry can improve seismic data
inversions to levels comparable to the lower uncertainties of many
inversions based on the local and regional geodetic data, without
the specific inclusion of those data in the inversion process. This
is a very important observation for the current suite of rapid fault
inversion approaches that generally use seismic data alone, before
models based on the higher-latency geodetic data become available.

7 . C O U L O M B S T R E S S T R A N S F E R
M O D E L L I N G — S PAT I A L D I S T R I B U T I O N
O F A F T E R S H O C K S A N D R M T S

The occurrence of an earthquake—especially one as big as the 2010
Maule event—alters the stress state of surrounding faults and of
adjacent areas of the same source fault. Depending on the orientation
of these structures with respect to the source, and thus on the sign of
the stress change (called the Coulomb failure stress change, �CFS;
e.g. Stein et al. 1997), this can either cause future events on such
structures to be advanced or delayed. Thus, if aftershocks are a
direct response to co-seismic rupture, and if they are triggered by
the static stress changes imparted on their source faults by that main
shock rupture, then their locations should be expected to agree with
regions of positive �CFS (e.g. Lin & Stein 2004).
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Figure 5. Co-seismic slip model from the inversion of teleseismic data using a single plane (black rectangle encompassing slip distribution) to approximate the
subduction zone interface (grey dashed contours, from Slab1.0, Hayes et al. 2012). Slip is contoured in 4 m intervals. Overlain on this slip model is the relocated
aftershock catalogue, sized by magnitude. The thick transparent white line represents the inferred location of the Nazca: South America Plate boundary.

As shown by Toda et al. (2011b), a more rigorous test of the
Coulomb hypothesis is to analyze not just the locations of after-
shocks with respect to the �CFS distribution imparted by the main
shock, but to also assess whether the nodal planes of those after-
shocks are promoted towards failure. This exercise involves resolv-
ing the main shock �CFS distribution onto the nodal planes of the
aftershock mechanisms, made possible by our extensive RMT cata-
logue. Furthermore, Toda et al. (2011b) showed (as had Hardebeck
et al. (1998) previously) that in order to demonstrate a causal effect
between the main shock �CFS distribution and the number of af-
tershocks brought closer to failure, one must also demonstrate that
a similar correlation does not exist with earthquakes in the same
region that could not have been triggered by the main shock—i.e.
those occurring before the Maule earthquake. In other words, the
percentage of positively stressed aftershocks must be normalized
by the percentage of positively stressed background earthquakes,
providing a percentage gain in positively stressed aftershocks with
respect to the control (background) data set.

The Coulomb software package (Toda et al. 2005; Toda et al.
2011a) has been used to assess these correlations; results are
summarized in Table 2. We have analyzed several data sets and
slip models. Our control data set of pre-Maule earthquake comes
from the gCMT catalogue, and comprises 134 earthquakes that
occurred over the same geographical region and depth interval
as the aftershocks of the Maule earthquake, over the preceding
34 yr. For post-main shock results, we analyze earthquake data sets
from the gCMT catalogue (210 events through 2012 June), and
our own relocated RMT catalogue, using both the entire data set
(465 events) and those occurring on the subduction zone inter-
face (i.e. for which we can discriminate the likely nodal plane;
235 events).

Results indicate that approximately 57–66 per cent of aftershocks
occurred along faults positively stressed by the co-seismic slip of
the main shock, depending on the aftershock data set and slip model
analyzed (Fig. 8). Furthermore, as much as 55–60 per cent of the
control data set occurred along faults brought closer to failure by
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Seismotectonics of the Maule earthquake sequence 1045

Figure 6. Co-seismic slip model from the inversion of teleseismic data over three planes (black rectangles encompassing slip distribution) approximating the
subduction zone interface (grey dashed contours, from Slab1.0, Hayes et al. 2012). Slip is contoured in 4 m intervals. Overlain on this slip model is the relocated
aftershock catalogue, sized by magnitude. The thick transparent white line represents the inferred location of the Nazca: South America Plate boundary.

the main shock, leading to a gain in the percentage of positively-
stressed aftershocks of just 0–14 per cent (as many as 14 per cent
more aftershocks are brought closer to failure than the background
data set). These numbers compare to mean gains of 47 per cent
for the 2011 M 9.0 Tohoku earthquake (Toda et al. 2011b), 37–
46 per cent for the 1992 M 7.3 Landers earthquake (Hardebeck
et al. 1998), and 61 per cent for the 1999 M 7.6 Chi-Chi event (Ma
et al. 2005).

How can we interpret these results? At face value, the number of
aftershocks occurring along faults positively stressed by the main
shock is not a great deal more than would be expected from a random
process. Certainly, the gain of aftershocks brought closer to failure
versus background events is very small when compared to previous
studies. One potential weakness of our analysis is the relatively
small size of the control data set, comprising of just 134 events.
Toda et al. (2011b) used over 800 mechanisms in their analysis of
the Tohoku earthquake. Also, because we have analyzed only the
best-recorded events in our relocation procedure, our magnitude of
completeness is higher than in other studies (e.g. Ma et al. 2005),

meaning we are missing the relatively larger fraction of smaller
aftershocks that can provide more detailed information on the spatial
pattern of aftershocks (though such locations inherently have higher
uncertainties).

Two more insightful tests highlight sensitivities in our results.
First, if we consider just those aftershocks occurring outside of the
area of the main shock rupture (i.e. those earthquakes surround-
ing the rupture, rather than contained within it), our percentage
gains rise to as high as 67 per cent (Table 2). This implies results are
very sensitive to the details of the distribution of slip in the favoured
model, and critically the smoothing used in the inversion procedure.
Small changes in slip distribution can alter resulting stress distribu-
tions at a given aftershock location, such that an event negatively
stressed by one model, is positively stressed by another. The effect
of such small changes is less apparent further away from the co-
seismic slip distribution, hence the relative increase in percentage
gain in those regions. This issue thus becomes important for earth-
quakes with multiple asperities and regions of comparatively low
slip between slip highs, as is the case for the Maule earthquake, since
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Figure 7. Favoured co-seismic slip model from the inversion of teleseismic data over five planes (black rectangles encompassing slip distribution) approximating
the subduction zone interface (grey dashed contours, from Slab1.0, Hayes et al. 2012). Slip is contoured in 4 m intervals. Overlain on this slip model is the
relocated aftershock catalogue, sized by magnitude. The thick transparent white line represents the inferred location of the Nazca: South America Plate
boundary.

aftershocks are likely to occur in the transitional regions between
asperities, and thus whether or not their fault planes are modelled
to have positive stress changes depends on the relative locations of
slip in the co-seismic slip model, and the aftershock hypocentres.

Location uncertainty is therefore a very important issue when as-
sessing Coulomb stress transfer results. Most earthquake catalogue
locations have uncertainties as high as several tens of kilometers
(Hayes & Wald 2009). The relocated hypocentres considered here
have uncertainties on the kilometer scale, averaging less than ±
3 km horizontally. However, even considering just these small hor-
izontal uncertainties and assessing �CFS at the bounds of each
earthquake’s error ellipse, almost 90 per cent of Maule aftershocks
are consistent with occurring in regions of positive stress transfer
(when compared to the favoured 5-plane slip distribution), imply-
ing a percentage gain of as much as 50 per cent over the control
data set (Table 2, Fig. 8), almost a factor of ten increase from our
analysis considering preferred locations only. This implies we need
to have high confidence in the accuracy of both our aftershock data,

Table 1. The rms residuals computed between observed GPS vectors from
Vigny et al. (2011), and those predicted from finite fault models: (i–iii) in
this study, and (iv–vi) a selection of those analyzed in Vigny et al. (2011).
Bracketed grey values show equivalent rms residuals reported in Vigny
et al. (2011).

Model Horizontal rms (cm) Vertical rms (cm)

(i) Single-plane (Fig. 5) 50.05 46.45
(ii) Three-plane (Fig. 6) 39.63 42.50
(iii) Five-plane (Fig. 7) 39.72 32.89
(iv) Hayes (2010) 77.5 (79.54) 33.8 (36.71)
(v) Tong et al. (2010) 32.9 29.3
(vi) Vigny et al. (2011) 16.3 10.7

and our co-seismic slip model, to interpret both as being indica-
tive of support for, or against, the static stress transfer hypothesis.
This issue is especially significant for similar studies using prelimi-
nary, teleseismic slip models and aftershock locations, which likely

 at B
iblio Planets on D

ecem
ber 7, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


Seismotectonics of the Maule earthquake sequence 1047

Table 2. Coulomb stress transfer calculations for gCMT and RMT mechanisms, pre- and post-mainshock. Bold numbers indicate calculations excluding
all events within the polygon of modeled slip (i.e., those earthquakes surrounding the rupture zone, rather than contained within it; Figs 5–7). Stress effect
of mainshock = [100∗(% aftershocks with + �CFS/% background with + �CFS) − 100]. The last two columns incorporate location uncertainties in the
calculations of �CFS; if a given earthquake nodal plane is positively stressed at any point within the uncertainty of its’ location, it is counted.

Model % gCMT % RMT % RMT-interface % Stress effect % aftershocks with % interface aftershocks
aftershocks aftershocks aftershocks with background of mainshock + �CFS, including with + �CFS, including

with + �CFS with + �CFS + �CFS with + �CFS (% gain) location error location error

SP 58 83 57 75 60 70 59 55 −3–2 27–51
3P 58 79 66 84 63 83 58 61 0–14 30–38
5P 62 92 66 81 63 83 59 55 5–12 47–67 87 86

Figure 8. Stress changes resulting from our preferred source model (Fig. 7), resolved on nodal planes of all RMT solutions within the uncertainties of their
relocated positions. For non-interplate events, stress change on the most positive nodal plane is shown; for interplate events, stress change is shown resolved
onto the shallow, east-verging plane. Each RMT is represented by a circle, whose two colours indicate the maximum stress change at their preferred location
(upper hemisphere), and within their location limits (lower hemisphere).

involve much greater uncertainty than the relocated aftershocks and
refined slip model used here.

8 . S U M M A RY

Using data from a regional deployment of seismometers over the
rupture area of the 2010 February 27 Mw 8.8 Maule earthquake, in
addition to teleseismic data from the largest of these events recorded

globally, we have relocated a subset of nearly 2500 aftershocks oc-
curring over the 18 months following the main shock. This catalogue
provides calibrated locations accurate to within several kilometers
horizontally and vertically for the best-recorded events in the after-
shock sequence of this megathrust earthquake.

In addition, we have analyzed the RMTs of close to 500 of these
aftershocks, providing more detailed tectonic context for the af-
tershock sequence than given by hypocentral distributions alone.
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These RMTs have been inverted at our calibrated locations, and
thus can be interpreted within the same framework as our relo-
cated aftershock catalogue. Together, these data sets provide the
first integrated analysis of the aftershock distribution and tectonic
framework of the Maule earthquake that can be interpreted in light
of their formal location and fault orientation uncertainties.

Using the relocated hypocentre of the main shock, and a system-
atic analysis of the effects of fault orientation on the slip distribution
of the earthquake, we have reanalyzed the teleseismically derived
finite fault model for the Maule earthquake. By paying careful at-
tention to data selection, alignments, model parameters, and the
orientation of fault planes in the inversion (and specifically how
close they match true interface geometry), we are able to show that
slip inversions that use only teleseismic data can accurately repro-
duce co-seismic offsets at regional GPS stations; in other words,
careful consideration of slab geometry can improve seismic data
inversions to levels comparable to many inversions based on the
local and regional geodetic data, without the specific inclusion of
those data in the inversion process. Our preferred solution inverts
for the co-seismic slip distribution of the Maule earthquake over
five adjoining planes that take into account the variation of sub-
duction zone structure both along-dip and along-strike. The model,
like many of the other recently published co-seismic slip models
(e.g. Moreno et al. 2012; Vigny et al. 2011), indicates dominantly
offshore slip in two-to-three major asperities: north of the hypocen-
tre near 35◦S, and in the south near 36◦S–37◦S. Co-seismic slips
reached 15–20 m, and the northern and southern asperities were
separated by a prominent minima in slip near the hypocentre, close
to the location of the M8.0 1928 megathrust earthquake. Interest-
ingly, while these and other teleseismic and geodetically derived
slip models favour slip on the shallower, offshore portions of the
subduction thrust, those models including tsunami data (e.g. Lorito
et al. 2011; Fujii & Satake 2012) derive slip beneath the coastline,
somewhat at odds with measurements of coastal subsidence and up-
lift (Vargas et al. 2011). This discrepancy has yet to be satisfactorily
resolved.

By comparing our relocated aftershock catalogue to the distri-
bution of slip in this refined finite fault model, we can analyze the
relationships between co- and post-seismic slip. Like the Agurto
et al. (2012) study, our results show that the majority of the inter-
plate after-slip represented by aftershocks occurs away from peaks
in co-seismic slip, where slip is either low or relatively moderate
with respect to co-seismic maxima. However, comparisons with
co-seismic slip gradients (Supporting Information Fig. S22) show
that aftershocks do not necessarily occur where changes in co-
seismic slip were most rapid; in fact, most aftershocks locate where
slip gradients are also moderate-to-low. We also find that overall
a smaller fraction of the aftershock sequence is represented by in-
terplate thrusting (55 per cent versus 70 per cent in Agurto et al.
2012).

Comparisons of our favoured slip distribution to aftershock fo-
cal mechanisms also show that care must be taken when using
Coulomb stress transfer calculations to interpret aftershock dis-
tributions. Without incorporating uncertainties in aftershock loca-
tions, just 55 per cent of aftershock nodal planes align with faults
promoted towards failure by co-seismic slip during the main shock.
When uncertainties in those locations are considered, 90 per cent
of Maule aftershocks are consistent with occurring along faults
demonstrating positive stress transfer. With respect to background
earthquake rates in the same regions, this amounts to percentage
gains of around 10 per cent or 50 per cent, respectively—vastly dif-
ferent results, derived without assessing uncertainties in the spatial

pattern of slip from our teleseismic slip model, which are likely
larger than those from our relocated aftershocks. As we note, this
effect is likely compounded by the complex nature of the slip distri-
bution of the Maule earthquake—because the rupture involved slip
over multiple asperities, and aftershocks occurred in regions of low
slip between those asperities, Coulomb stress transfer calculations
are particularly sensitive to the relative locations of both. The is-
sue would be less apparent in an earthquake with relatively simpler
slip, such as the 2011 Mw 9.0 Tohoku earthquake (e.g. Toda et al.
2011b). Nevertheless, our results suggest that location uncertainty
is an issue that needs to be considered during tests of the Coulomb
stress-triggering hypothesis in the future.
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S U P P O RT I N G I N F O R M AT I O N

Additioal Supporting Information may be ound in the online
version of this article:

Figure S1: Relocation vectors of the Maule aftershock sequence.
Relocation shifts to final locations (red circles) are shown with
black lines. Light grey dashed contours represent the depth of the
subducting Pacific slab in 20 km intervals, from Slab1.0 (Hayes
et al. 2012). The thick transparent white line represents the inferred
location of the Nazca: South America Plate boundary.
Figure S2: Rose diagram views of the Maule aftershock relocation
vectors. In (a), we show the length and azimuth of each relocation
vector; (b) shows a polar histogram of all vectors, in 5◦ bins.
Figure S3: Variation in RMT solutions caused by changes in ve-
locity model (a–c), and methodology (d–f). In (a–c), we compare
RMT solutions for a random subset of events using our preferred
Western United States velocity model, with solutions for the same
events derived with an Eastern United States velocity model. In
(d–f), we compare solutions for common events in this study with
those of Agurto et al. (2012). In all cases, differences are less than
the uncertainties estimated for our own RMT analysis.
Figure S4: Variation of RMT goodness of fit with strike, relative
to the RMS and strike of the best-fit solution. To compute each fit
value, strike is varied in 1◦ increments while holding other fault
plane parameters fixed. 4 plots are shown; in (a), events with rms
> 0.8 (13 events); (b), 0.8 > rms > 0.7 (58 events); (c), 0.7 >

rms > 0.6 (141 events); (d), 0.5 > rms > 0.5 (73 events). Each
grey line represents the fit function for an individual event; red lines
are averages over all events in each bin. Green lines represent the
associated range in acceptable solutions, corresponding to those
solutions whose rms is 90 per cent or more of the best-fit value.
Figure S5: Variation of RMT goodness of fit with dip, relative to the
rms and dip of the best-fit solution. See Fig. S4 caption for details
of panels and symbology.
Figure S6: Azimuthal gap dependent rotation angle uncertainty,
derived from an analysis of how uncertainties in RMT solu-
tions affect moment tensor rotation angles, and how these un-
certainties vary with the azimuthal gap in data coverage for a
given RMT solution (a proxy for RMT location). The red line
shows the relationship derived via linear regression; the black
dashed line shows the suggested rotational angle used by Asano
et al. (2011).
Figure S7: Regional moment tensor tectonic classifications. For
well-constrained moment tensors, panels (a), (d) and (g) show upper
plate events (green); (b), (e) and (h) interplate (red), and (c), (f) and
(i) lower plate (blue). As discussed in the Supporting Information
text, we follow three approaches of classification. The first (panels
a–c) assumes events with rotation angles with respect to the slab
of greater than 35◦ are upper or lower plate events. In a second

approach (panels d–f), we develop a location-dependent filter, in
which this minimum rotation angle varies with location according to
azimuthal gap (Fig. S6). In a third approach (panels g–i), we merge
the previous two, using a location-dependent filter for minimum
rotation angle that cannot be lower than 35◦.
Figure S8: Regional moment tensor tectonic classifications for
poorly constrained moment tensors. See caption to Fig. S7 for de-
tails. Here, dark green, orange and light blue moment tensors are
upper, inter and lower plate events, respectively.
Figure S9: Differences between each approach of tectonic classifi-
cation. In (a), moment tensors are those well-constrained solutions
that are different in approach 2 (variable rotation angle) with re-
spect to approach 1 (fixed rotation angle, 35◦). In (b), moment
tensors are those well-constrained solutions that are different in ap-
proach 3 (variable rotation angle, minimum 35◦) with respect to
approach 1. In (c), moment tensors are those well-constrained so-
lutions that are different in approach 3 with respect to approach 2.
Panels (d)–(f) show the same comparisons for poorly constrained
solutions. Green/dark-green moment tensors are upper-plate solu-
tions, red/orange interplate, and blue/light-blue lower plate.
Figure S10: Cross-section A-A′ through the aftershock sequence
showing the depth distribution of historic (light grey circles, thin
black outlines) and relocated aftershock (dark grey circles, red out-
lines) seismicity, with symbols sized according to magnitude. For
cross-section locations, see Fig. S1. RMTs of the aftershock se-
quence are also shown, as rear-hemisphere projections of the best
fitting double-couple mechanism, subdivided by their inferred tec-
tonic environment (upper-, inter- lower-plate; green, blue, red; in
(a), (d), and (f), respectively). Red dashed lines show the subduc-
tion zone interface location, from Slab1.0 (Hayes et al. 2012a).
The black solid line near the surface shows bathymetry/topography,
taken from GEBCO bathymetric data. Panels (b), (e) and (g) show
the angular rotation of each RMT mechanism from the subduc-
tion zone interface at the same horizontal location along the cross-
section. Small angles (<∼35◦, blue-white) align closely with the
interface; large angles (>∼35◦, white-red) do not. Panel (c) shows
the approximate moment distribution of interplate aftershocks per
kilometer along the dip direction of the subduction zone (red line
with grey shading), versus co-seismic slip (grey line). Light grey
lines are slices through the favoured co-seismic slip model (figure
7) every 2 km along strike over the ± 50 km width of the cross-
section. Dark grey line is the slice in the middle of the section, and
the dashed blue line is the average of all slices.
Figure S11: Cross-section B–B′. See caption to Fig. S10 for details
of panels and symbology.
Figure S12: Cross-section C–C′. See caption to Fig. S10 for details
of panels and symbology.
Figure S13: Cross-section D–D′. See caption to Fig. S10 for details
of panels and symbology.
Figure S14: Cross-section E–E′. See caption to Fig. S10 for details
of panels and symbology.
Figure S15: Rose diagrams of RMT rotations with respect to the
local slab surface. In (a), (c) and (e), we show rotations in the
shallow east-dipping plane of each RMT with respect to the slab
for events in the north, central, and southern parts of the aftershock
sequence, respectively. Grey shading represent all events in each
region; blue shaded bars represent those interpreted as lower-plate
earthquakes. In (b), (d) and (f), we show full rotation angles of each
RMT moment tensor with respect to the slab for events in the north,
central, and southern parts of the aftershock sequence, respectively.
The black dashed line at 35◦ marks the cutoff between interplate
and upper/lower plate events suggested by Asano et al. (2011).
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Seismotectonics of the Maule earthquake sequence 1051

Figure S16: Seismic waveform fits for the single-plane finite fault
model (Fig. 5), for (a) P-, SH-, and (b) long-period (vertical, Z, and
horizontal, T) data. Relative weights are represented by thickness
(e.g. transverse (T) component of station FDF) of data (black) and
synthetics (red). Numbers at the beginning of each record represent
distance (in degrees, bottom) and azimuth (in degrees, top) to sta-
tion, while numbers at the end of each record represent the peak
amplitude of the data.
Figure S17: Observed and computed static displacement field using
the single-plane finite fault model (figure 5). Horizontal vectors are
shown in red, vertical in blue, for observations (a), model predictions
(b), and residuals (c). Mean horizontal and vertical residuals are 50.1
cm and 46.5 cm, respectively.
Figure S18: Seismic waveform fits for the three-plane finite fault
model (figure 6), for (a) P-, SH-, and (b) long-period (vertical, Z,
and horizontal, T) data. Relative weights are represented by thick-
ness (e.g. transverse (T) component of station FDF) of data (black)
and synthetics (red). Numbers at the beginning of each record rep-
resent distance (in degrees, bottom) and azimuth (in degrees, top)
to station, while numbers at the end of each record represent the
peak amplitude of the data.
Figure S19: Observed and computed static displacement field using
the three-plane finite fault model (figure 5). Horizontal vectors are
shown in red, vertical in blue, for observations (a), model predictions

(b), and residuals (c). Mean horizontal and vertical residuals are 39.6
and 42.5 cm, respectively.
Figure S20: Seismic waveform fits for the favoured, five-plane finite
fault model (Fig. 7), for (a) P-, SH-, and (b) long-period (vertical, Z,
and horizontal, T) data. Relative weights are represented by thick-
ness (e.g. transverse (T) component of station FDF) of data (black)
and synthetics (red). Numbers at the beginning of each record rep-
resent distance (in degrees, bottom) and azimuth (in degrees, top)
to station, while numbers at the end of each record represent the
peak amplitude of the data.
Figure S21: Observed and computed static displacement field us-
ing the favoured five-plane finite fault model (figure 5). Horizontal
vectors are shown in red, vertical in blue, for observations (a),
model predictions (b), and residuals (c). Mean horizontal and ver-
tical residuals are 39.7 cm and 32.9 cm, respectively.
Figure S22: For each slip model (i)–(iii) (Figs 5–7), (a)
compares interplate aftershocks (Fig. 4) to normalized slip,
and (b) to normalized slip gradient (http://gji.oxfordjournals.
org/lookup/supp1/doi:10.1093/gji/ggt238/-/DC1).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
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