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Knowledge of seismic velocities in the seismogenic part of subduction zones can reveal how material
properties may influence large ruptures. Observations of aftershocks that followed the 2010 M,, 8.8
Maule, Chile earthquake provide an exceptional dataset to examine the physical properties of a
megathrust rupture zone. We manually analysed aftershocks from onshore seismic stations and ocean
bottom seismometers to derive a 3-D velocity model of the rupture zone using local earthquake
tomography. From the trench to the magmatic arc, our velocity model illuminates the main features
Keywords: within the subduction zone. We interpret an east-dipping high P-wave velocity anomaly (>6.9 km/s)
Maule earthquake as the subducting oceanic crust and a low P-wave velocity (<6.25 km/s) in the marine forearc as the
Chile accretionary complex. We find two large P-wave velocity anomalies (~7.8 kmy/s) beneath the coastline.
subduction These velocities indicate an ultramafic composition, possibly related to extension and a mantle upwelling
seismic zone during the Triassic.
Eeéssmlc tomography We assess the role played by physical heterogeneity in governing megathrust behaviour. Greatest slip
during the Maule earthquake occurred in areas of moderate P-wave velocity (6.5-7.5 km/s), where the
interface is structurally more uniform. At shallow depths, high fluid pressure likely influenced the up-dip
limit of seismic activity. The high velocity bodies lie above portions of the plate interface where there
was reduced coseismic slip and minimal postseismic activity. The northern velocity anomaly may have
acted as a structural discontinuity within the forearc, influencing the pronounced crustal seismicity in
the Pichilemu region. Our work provides evidence for how the ancient geological structure of the forearc
may influence the seismic behaviour of subduction megathrusts.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction teristics of megathrust earthquakes, Lay et al. (2012) subdivide the

subduction megathrust into five distinct depth domains. Knowl-

Understanding the physical processes that control the behaviour
of subduction zone megathrust faults remains one of earthquake
seismology’s main goals. The conceptual subduction zone asper-
ity model (Lay and Kanamori, 1981) was developed to explain
the inhomogeneous moment release of large earthquakes. Asperi-
ties are regions of the plate interface that produce the strongest
slip, whereas barriers inhibit rupture. Roughness on the down-
going plate, such as seamounts can act as either asperities (e.g.
Abercrombie et al.,, 2001) or barriers (e.g. Kodaira et al., 2004).
Alternatively, features within the overriding plate, such as crustal
batholiths (Sobiesiak et al., 2007), forearc basins (e.g. Song and Si-
mons, 2003; Fuller et al., 2006) and faults (e.g. Audin et al., 2008)
can also influence rupture behaviour. Based on the seismic charac-

* Corresponding author.

http://dx.doi.org/10.1016/j.epsl.2014.08.028

edge of fault properties could reveal what governs this megathrust
segmentation and the physical origins of asperities and barriers.

Seismic imaging methods can shed light on fault zone material
properties. However, many subduction megathrusts lie offshore,
where seismic instrumentation is deficient. This uneven station
coverage reduces imaging capability and the mislocation of off-
shore earthquakes. With its coastline lying <100 km to the trench
in places, the Central Chile margin (Fig. 1), is an ideal natural lab-
oratory to study the subduction interface.

In 2010, an M,y 8.8 earthquake struck the Maule region of
Central Chile. Following the earthquake, a dense seismometer net-
work was deployed on the forearc to record aftershocks (e.g.
Rietbrock et al., 2012). Fortunately, this onshore network was sup-
plemented by ocean-bottom seismometer (OBS) deployments, dra-
matically improving station coverage (Fig. 2). Studies of preseis-
mic locking (e.g. Moreno et al., 2010), the coseismic rupture (e.g.
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Fig. 1. Geotectonic characteristics and simplified geological map of the South Central
Chilean margin. Morphotectonic units from Glodny et al. (2007) and geological map
redrawn after SERNAGEOMIN (2003), Melnick and Echtler (2006) and Vasquez et al.
(2011). The red box in the inset map gives the location of the study area. Labels
show the names of the locations referred to in this paper. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Moreno et al., 2012) and postseismic deformation (e.g. Lin et al.,
2013) describe the behaviour of the Maule megathrust at dif-
ferent stages of the seismic cycle. This behaviour suggests that
spatial variations in physical properties could exist in the fault
zone.

The purpose of our study is to detect physical heterogene-
ity along the Maule megathrust using seismic tomography. In
a preliminary tomographic study of the rupture zone based on
automatically-determined P- and S-wave arrival times from early
aftershocks, Hicks et al. (2012) identified a large seismic veloc-
ity anomaly lying along the plate interface. This previous study,
however, used only observations from onshore stations, resulting
in reduced offshore imaging capability. To build on this work, we
have manually analysed aftershock data and incorporated OBS sta-
tions to derive a detailed three-dimensional (3-D) velocity model
of the rupture zone. We examine the quality of our velocity model
by analysing the resolution matrix and by testing characteristic
models. We compare fault velocity structure with behaviour dur-
ing the seismic cycle, providing valuable insight into the physical
origins of asperities and barriers.
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Fig. 2. Map of the Maule segment along the South Central Chile margin coloured by
bathymetry/topography. The main rupture characteristics of the Maule earthquake
are shown. The purple star shows the rupture’s epicentre (Hayes et al., 2013) and
the blue contours represent coseismic slip distribution (>6 m) in 2 m intervals
(Moreno et al., 2012). Triangles correspond to seismic stations used in the velocity
inversions. Black crosses indicate the horizontal grid nodes used in the 3-D inver-
sion and red circles show preliminary locations of the 669 earthquakes used in the
velocity inversions. Thick black lines show the location of cross-sections that are
shown in this paper. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

2. Characteristics of the Central Chile subduction zone

Along the Central Chilean margin, earthquakes are driven by
subduction of the Nazca plate beneath the South American plate
at a rate of 74 mm/yr (e.g. DeMets et al., 2010). Large earthquake
ruptures along the margin tend to occur within highly coupled
segments (Métois et al., 2012). We focus on the Maule segment,
which is demarcated by the Mocha Block to the south and the
Juan Fernidndez Ridge to the north (Contreras-Reyes et al., 2013).
The Maule segment last fully ruptured during the great 1835 Con-
cepcién earthquake and was recognised as a mature seismic gap
(e.g. Ruegg et al., 2009).

Active- and passive-source seismic studies have established the
deep subsurface structure in parts of the Maule segment. The
7 km thick oceanic crust subducts at an angle of ~6° beneath the
trench (Contreras Reyes et al., 2008; Moscoso et al., 2011), steep-
ening to ~15° beneath the coastline (e.g. Haberland et al., 2009;
Hayes et al., 2012). The marine forearc comprises two domains:
the frontal accretionary prism and the paleo-accretionary com-
plex (outer wedge) (e.g. Contreras Reyes et al., 2008). The conti-
nental Moho intersects the subducting plate beneath the eastern
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coastal ranges; however, its exact position is debated. Based on
local earthquake tomography, Hicks et al. (2012) place the slab-
mantle intersection at ~50 km depth, similar to that estimated
south of the Maule segment (e.g. Haberland et al., 2009). Con-
versely, Dannowski et al. (2013) postulate that based on receiver
functions, the intersection lies at ~38 km depth in the Maule seg-
ment. Further east, the continental crust thins to ~30 km, defin-
ing the underlying arch-shaped, high velocity continental mantle
(e.g. Haberland et al.,, 2009). Hicks et al. (2012) describe a high
P-wave velocity anomaly on the plate interface beneath the coastal
cordillera at 36°S that was interpreted as a subducted seamount.

The geology of the coastal cordillera (Fig. 1) encompasses a late-
Paleozoic paired intrusive-metamorphic belt with two series of
metasediments (e.g. Martin et al., 1999). The Western Series con-
stitutes low-grade metapsammopelitic rocks with intercalations
of metabasite derived from an ancient accretionary prism. Along
the eastern coastal cordillera, late Paleozoic granite batholiths in-
trude the Eastern Series. The composition of these granites in-
dicates a shallow, crustal-derived source (Lucassen et al., 2004).
Although these Paleozoic rocks dominate the surface geology, out-
crops of Triassic plutons lie along the coastline. Some of these
intrusions contain fayalite, indicating a mantle-derived magmatic
source (Vasquez and Franz, 2008). The intrusions were emplaced
when the margin was undergoing post-orogenic collapse and rift-
ing, marking the transitional period between Gondwanan amalga-
mation and contemporary Andean-style subduction (Vasquez et al.,
2011).

3. The 2010 Maule earthquake

On February 27, 2010, an My, 8.8 earthquake ruptured a ~500
km long portion of the Maule segment. The earthquake nucleated
offshore, 25 km from the coastline (Fig. 2) (Hayes et al.,, 2013).
Coseismic slip models for the rupture show that most slip oc-
curred between the trench and the coastline. The models further
reveal that two asperities were ruptured during the earthquake:
one to the north, the other to the south of the mainshock epicen-
tre (Fig. 2). In this paper, we refer to the coseismic slip models
of Moreno et al. (2012) and Lin et al. (2013) since these use the
most complete datasets. Teleseismic back-projection reveals that
high frequency radiation came from a deeper part of the fault, of
which the overall pattern suggests triggering on distinct portions
of megathrust (Kiser and Ishii, 2011).

Following the rupture, most aftershocks occurred along the
plate interface at 10-35 km depth, with a second band at
40-45 km depth (Lange et al,, 2012; Rietbrock et al., 2012). Hicks
et al. (2012) showed that the resulting gap in seismicity coin-
cides with the location of a high P-wave velocity anomaly. Another
feature of the aftershock sequence was intense shallow, normal
faulting seismicity in the north, near Pichilemu (e.g. Ryder et al.,
2012). Bedford et al. (2013) and Lin et al. (2013) indicate that most
postseismic deformation was aseismically released, assumed to be
afterslip. Bedford et al. (2013) show that most afterslip occurred
seaward of the coastline; Lin et al. (2013) suggest most afterslip
occurred landward of the coastline.

4. Seismic data
4.1. Temporary seismic networks

Following the Maule earthquake, teams from Chile, the US and
Europe installed seismometers in the rupture area to record after-
shock seismicity. The International Maule Aftershock Deployment
(IMAD) comprised ~160 three-component broadband instruments
on the continental forearc (Fig. 2). Most stations were deployed
within one month after the earthquake. Station coverage peaked

between April and June 2010, with many stations active until
September 2010. Onshore data alone, however, is insufficient for
accurately imaging the offshore region, where most coseismic and
aftershock activity occurred.

Fortunately, following the Maule earthquake, UK and Taiwanese
institutions deployed two separate OBS networks in the rupture
area (Fig. 2). The Taiwanese deployment comprised 17 OBS that
were initially active from 15th July to 8th August 2010. The sta-
tions were then moved northward in a second stage from 14th
August to 6th September. The UK deployment had 10 OBS instru-
ments offshore of the Arauco Peninsula from August 2010 to March
2011.

4.2. Catalogue selection, travel-time picks and initial event locations

For a well-resolved tomography model, we require a uniform
source-receiver distribution across the rupture area to ensure that
resolving capability is even across the model. Due to the uneven
aftershock distribution, we used a set of criteria to select the event
dataset. From an automatic catalogue (Rietbrock et al., 2012), we
first chose events with large magnitudes (M; > 4) so that many
clear onsets are recorded throughout the network. Second, we sub-
divided the area into smaller 2500 km? blocks and selected an
equal number of events in each, ensuring an even event distri-
bution. Third, we selected events that were located within each
OBS network during their operational periods. Fortunately, both
the northern and southern OBS networks were simultaneously ac-
tive for 15 days (22/08/10-06/09/10); therefore, as a final step, we
chose events located between these two networks during this time
window.

The above criteria resulted in an initial catalogue of 710 events.
We manually determined onset times of P- and S-waves for these
events using the SDX software (http://doree.esc.liv.ac.uk:8080/sdx).
Based on onset time uncertainties, we assigned each observation
a weight as follows: Weight 0 (<0.04 s); Weight 1 (0.04-0.1 s);
Weight 2 (0.1-0.2 s); Weight 3 (0.2-1 s); Weight 4 (>1 s). Us-
ing these onset times, we located the events inside the one-
dimensional (1-D) velocity model of Haberland et al. (2006) using
HYPO71PC (Lee and Valdes, 1985). We rejected events with an az-
imuthal GAP >270° and with fewer than 12 P-wave and 4 S-wave
observations. We also rejected all observations with weights of 3
and 4. Applying these criteria reduced the initial dataset by 6%,
leaving a high-quality catalogue of 669 events (Fig. 2) with 38,000
P-wave and 13,000 S-wave onset times.

5. Velocity inversion strategy

We used a staggered velocity inversion scheme (e.g. Haberland
et al.,, 2009; Collings et al., 2012) in which we inverted for 1-D
model, followed by a coarse 2-D model, a fine 2-D model, and fi-
nally a 3-D model. Such a strategy ensures that a smooth regional
velocity model in the trench-perpendicular direction can be estab-
lished without leaving velocity artefacts (from the 1-D model) in
poorly resolved regions, which may affect event locations. Estab-
lishing a 2-D model with robust earthquake locations is therefore
an important step before resolving any 3-D (trench-parallel) ve-
locity variations. At each step, we chose damping values from
trade-off curves of data variance versus model complexity (e.g.
Eberhart Phillips, 1986). The inversion parameters at each stage
are summarised in Table S1.

5.1. 1-D inversion
We selected events located inside the network (GAP < 180°),

leaving 627 events for the 1-D inversion. We inverted for P-wave
velocity (vp) and S-wave velocity (vs) using VELEST (Kissling et al.,
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Fig. 3. Results of the 1-D velocity model inversion. (a) 1-D velocity models showing the range of starting models, range of inverted models (grey shading), and the final
velocity model. (b) Map of 1-D station delay terms. The reference station is indicated by the black triangle.

1994). VELEST requires that all stations are located within the up-
permost layer. However, the greatest station elevation is 2.2 km
and deepest OBS station lies 5.4 km below sea level; a model
with an 8 km thick uppermost layer is impractical. We negated
this problem by following the strategy of Husen et al. (1999), set-
ting station elevations to zero and allowing station terms to absorb
systematic travel-time errors. We kept station damping low in the
1-D inversion to ensure that station terms accounted for station
elevations and regional 2-D velocity variations. For the 1-D inver-

sion, we tested 2000 initial models that were generated by ran-
domly perturbing the velocity of each layer in our starting model
(Haberland et al., 2006). In each inversion, we used a vp/v; ratio of
1.79, as determined from Wadati diagram analysis. From the 2000
inversions, we selected the model with the lowest RMS residual as
our best v, model and then inverted for a 1-D vs model.

The best-fitting 1-D model (Fig. 3a) has low v, of 5.1 km/s at
shallow depths, increasing to 6.1 km/s at 5 km depth. Velocities of
greater than 7 kmy/s are reached at 20 km depth. The uppermost
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layer of the minimum 1-D model is poorly constrained due to the
lack of shallow events and expected velocity structure differences
between the offshore and onshore areas. Velocities in the upper-
most layer are ~0.8 km/s slower than the model of Haberland et
al. (2006), a result of the greater quantity of offshore observations
in our study.

Station delays are important for generating accurate 1-D event
locations if the subsurface has significant 2-D velocity variations.
We find large negative delays for both P-waves (>—3.0s) and
S-waves (>—2.7 s) at OBS stations located offshore of the trench
axis (Fig. 3b). The P-wave station terms increase toward the mag-
matic arc, with stations here having the largest P-wave delays
(<1.7 s). There is also a trench-parallel variation in onshore P-wave
station terms, with values more positive in the south. In contrast,
S-wave delays are large and positive at stations on the continental
shelf (up to 2.9 s). The systematic trench-perpendicular variation
in station delays mainly results from dipping structures in the sub-
surface, and to a lesser extent from station elevation differences.

5.2. 2-D and 3-D tomographic inversion

For the 2-D and 3-D tomographic inversions, we used
SIMUL2000 (Thurber, 1983; Eberhart Phillips and Michael, 1998).
This algorithm simultaneously inverts for seismic velocity and
hypocentral parameters using an iterative damped least squares
method; it uses a direct inversion for v, /v; ratio to account for the
reduced number of high-quality S-wave observations compared to
P-wave observations. Velocities are inverted on a rectangular grid
of nodes with linear B-spline interpolation. In each inversion, we
did not invert for station corrections and kept hypocentres fixed
for the first three iterations.

We first inverted for a coarse 2-D model, in which a 3-D grid
was used, but velocity nodes in the along-strike direction were
kept fixed, effectively forming a 2-D inversion. The 2-D inversion
grid had a uniform horizontal grid spacing of 25 km and 10 km
spacing in depth. Beneath the outer rise and trench, we linked
vertically adjacent nodes at depths of 15 km or greater due to
the diminished ray coverage. Linking nodes (Thurber and Eber-
hart Phillips, 1999) allows for coarser node spacing in parts of
the model. Without linking nodes, we found that the inversion in-
troduced low velocity artefacts in this part of the model, biasing
earthquake depths beneath the outer rise. For the fine 2-D and 3-D
inversions, we used a minimum horizontal grid spacing of 16 km
and a minimum vertical spacing of 8 km. For the 3-D inversion,
we introduced a set of nodes in the trench-parallel direction, each
55 km apart, providing 13 nodes to image velocity variations in
the trench-parallel direction (Fig. 2). This nodal spacing allows for
a finer resolution image than that achieved by Hicks et al. (2012).

For the coarse 2-D inversion, we used events inside the network
(GAP < 180°) to establish the main velocity structure. Nonethe-
less, a test showed that when the closest stations were located
more than 40 km from an earthquake, its depth was poorly con-
strained. This finding was important for events located in between
the two OBS networks (Chen et al., 1982; Frohlich et al., 1982).
Therefore, we only chose events that had the closest two stations
at an epicentral distance of less than 40 km. These criteria resulted
in a catalogue of 589 events for the coarse 2-D inversion. Once the
main velocity structure was established, we subsequently relaxed
the GAP criterion to 210° for the fine 2-D inversion to improve ray
coverage at the edges.

Finally, to improve the lateral imaging capability of our inver-
sions, we applied an extra smoothing technique. We performed
two additional inversions, each shifting the horizontal node loca-
tions by a third of the nodal spacing, and calculating the average
velocity of these. For the 3-D inversion, we also performed this
averaging in the trench-parallel direction. Such an averaging tech-

nique has been used in local earthquake tomography studies (e.g.
Haberland et al., 2009; Collings et al., 2012).

6. Inversion resolution
6.1. Resolution tests

Our first resolution test focussed on the full model resolution
matrix (MRM). Nodes with good ray coverage have large diagonal
elements of the MRM; nodes with poor coverage have small diag-
onal elements of the MRM due to their dependency on adjacent
grid points. This effect is known as smearing. We estimated the
magnitude of smearing by calculating the spread function (Toomey
and Foulger, 1989), which assesses the ratio between off-diagonal
and diagonal terms. To accurately visualise the direction and size
of smearing of nodes, we contoured each row of the MRM at the
70% value of its corresponding diagonal element.

As another resolution test, we analysed the sensitivity of our
velocity models to the event catalogue; we achieved this by per-
forming a bootstrap resampling. Compared to formal MRM anal-
ysis, bootstrap resampling is useful because noise is intrinsically
contained within the dataset. Calvert et al. (2000) suggest that
such event-based resampling should produce similar results to re-
sampling individual picks. We randomly resampled the event cat-
alogue, forming a catalogue of 530 events (80% of our original
catalogue). Once the 530 events were chosen, we randomly chose
duplicate events, ensuring the catalogue was of the same size as
for the actual inversion (589 events). Using the same inversion
workflow, the velocity models were then stored and the process
repeated 100 times.

As a final assessment of imaging capability, we carried out
restoring resolution tests. By designing synthetic velocity models,
we assessed the capacity of our dataset to resolve the geome-
try and amplitude of velocity anomalies. We calculated synthetic
travel times using the true source-receiver geometry. To reflect the
true quality of our observations, Gaussian noise was added to the
travel times with a standard deviation depending on onset time
uncertainties (0.04-0.2 s). We then inverted the travel-times us-
ing the same workflow as per our real inversion. We designed
the synthetic velocity model with two objectives in mind. First,
we examined whether our inversion could constrain the geome-
try and amplitude of high velocity bodies lying along the plate
interface that were identified by Hicks et al. (2012). Second, we
tested whether we could resolve lateral variations of vp/vs ratio in
the subducting oceanic crust. Our input model also comprised the
main domains of the Central Chile subduction zone identified in
previous studies (e.g. Haberland et al., 2009). The final 3-D model
used as input for the restoring resolution test is shown in Fig. 4
(vp) and Fig. S3 (vp/vs).

6.2. 2-D model resolution

MRM analysis of the 2-D v, model (Fig. S1) shows that most
nodes have large diagonal elements and symmetric resolution ker-
nels. This finding indicates that in most parts, the model is well
resolved up to the trench and to depths of 80-90 km beneath
the Central Depression. Compared with the tomographic model
of Hicks et al. (2012) for the Maule region, the inclusion of OBS
data dramatically improves imaging resolution of the marine fore-
arc. Beneath the magmatic arc, at depths of 20-90 km, diagonal
elements are small with large and elongate resolution contours, in-
dicating poor resolution. Resolution is also poor west of the trench,
beneath the outer rise. From the results of the bootstrapped event
resampling (Fig. S2), vp is well constrained throughout the model
(0 < 0.01 km/s), indicating that the model is insensitive to the
event selection criteria. Overall, the continental forearc (10-40 km
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Fig. 4. (left) Synthetic 3-D v}, input model and (right) corresponding inversion results for the restoring resolution test. Locations of the five cross-sections are shown in Fig. 2.
Black crosses indicate the location of inversion nodes and white dots indicate the locations of the 669 earthquakes used. Regions of the model with good resolution are
bounded by the thick grey line. Regions with reduced resolution are faded; regions with no resolution are left blank. The location of the coastline is denoted by the white

triangle.

depth) is the best-resolved part of the 2-D v, model. The resolu-
tion tests indicate that the size of resolved features varies with
depth due to the irregular source-receiver distribution. For ex-
ample, we are unable to sufficiently resolve a thin low-velocity
structure at 50-80 km depth (Fig. S4), such as that imaged at the
base of the continental mantle by Haberland et al. (2009). This
poor resolution at greater depths is due to the lack of intermediate
depth aftershocks beneath the Central Depression and magmatic
arc (Fig. 2).

For the 2-D v, /vs ratio model, spread values are higher and
resolution kernels are larger than in the vp model. This is likely
due to our dataset comprising 66% fewer S-wave than P-wave ob-
servations, and fewer S observations at larger epicentral distances.
Some vertical smearing is present at shallow and deep nodes be-
neath the marine forearc, but overall, the well-resolved areas are
comparable to that of the v, model. The maximum o for v /vs is
0.04.

Based on the combined interpretation of the results from our
resolution tests, spread values of less than 2.1 and 4.2 represent
well-resolved areas in the 2-D vp and v,/vs ratio models, re-
spectively. Laterally, we are able to resolve the subducting oceanic
lithosphere from the trench to ~80 km depth beneath the mag-
matic arc. Both the marine and continental forearcs are well re-
solved.

6.3. 3-D model resolution

From the restoring resolution tests (Fig. 4), the 3-D inversion is
able to accurately recover the shape and amplitude of the input
anomalies. In the continental mantle, v, is overestimated by ~13%
and velocities in the shallow marine forearc are ~30% too fast.
Amplitudes of high velocity anomalies in the subducting crust are
well recovered. Likewise, for vp/vs ratio, the inversion is able to
recover most features of the input model, but is not able to fully
recover patches of high vp/vs ratio in the subducting lithosphere
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(Fig. S3). In the Central Depression, shallow marine forearc and
continental mantle, vp/vs values are exaggerated by around 2%.

MRM analysis of the 3-D model (Fig. 5) shows that the well-
resolved area in each cross-section is broadly similar to that of
the 2-D v, model. Nodes in the southernmost cross-section have
strong smearing beneath the magmatic arc. The offshore region is
poorly resolved at ~36°S due to the lack of OBS coverage here.
In the north, however, nodes are well resolved up to the trench
because of the denser OBS coverage. Along the onshore forearc,
resolution is best in the north due to abundant crustal seismic-
ity. Although its resolution is lower, the v,/vs ratio anomalies
are real (as shown by the restoring resolution test) but anomalies
could be averaged over a distance greater than the node spacing
(Eberhart Phillips et al., 2005). Overall, spread values of less than
2.1 indicate good resolution in the 3-D v, model. The resolving ca-
pability of the 3-D v, /v ratio model is broadly similar to that of
the vp model, with spread values of less than 4.1 indicating good
resolution.

7. Results and discussion
7.1. Description and interpretation of velocity models

The 2-D and 3-D models show the regional first-order velocity
structure previously observed for the Central Chilean margin (e.g.
Haberland et al., 2009). The 2-D model is shown on a cross-section
in Fig. 6. The 3-D model is displayed on vertical and horizontal
sections in Fig. 7 and Fig. 8, respectively. Features described in this
section correspond to labels in the figures.

7.1.1. Subducting oceanic lithosphere

The most prominent feature of the velocity models is an east-
dipping structure with high vp (6.9-8 km/s), (labelled ‘oc’). This
feature also has a strong v, gradient and elevated v, /vs ratio of
1.80-1.85 (Poisson’s ratio of 0.28-0.29) along the main band of
seismicity. These velocities are in agreement with previous stud-
ies in the area (e.g. Contreras Reyes et al., 2008; Haberland et al.,



S.P. Hicks et al. / Earth and Planetary Science Letters 405 (2014) 142-155 149

(@) v, Distance from trench (km)
0 50 100 150 200 250 300
§ 3

E

<25

<

Q

D 50

a]

T v, (km/s)
8.0

50 100 150 200 250 300

T v,, | v, ratio
20

16 1.7 18 1.9

Fig. 6. 2-D velocity model plotted on a cross-section oriented perpendicular to the
trench. Crosses indicate grid nodes and white circles give the 2-D locations of events
from the tomographic inversion. Based on analysis of the MRM and the characteris-
tic model tests, limits of well-resolved areas are given by the thick grey line. Regions
with diminished resolution are faded; unresolved regions are left blank. Labels refer
to the following features that are discussed in the text: mf = marine forearc; oc =
oceanic crust; cf = upper forearc crust; cd = Central Depression; cm = continental
mantle. The thick black line indicates the location of our calculated plate interface.
The purple star denotes the hypocentral location of the Maule earthquake (Hayes et
al., 2013). The location of the coastline is denoted by the white triangle. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

2009) and indicative of either hydrated oceanic crustal material
(e.g. Hacker and Abers, 2004) or high pore fluid pressure. Based
on velocity contours alone and the high vp/vs ratio anomaly, we
are unable to trace the oceanic lithosphere to depths of more than
50 km, indicating that the crust has a lower pore pressure or is
less hydrated at these depths. From our tomographic images, we
are unable to determine the exact location of the oceanic Moho.
Assuming a 7 km thick crust (e.g. Contreras Reyes et al., 2008), the
mid-lower oceanic mantle has v, of 7.8-8.5 km/s and a low v /vs
ratio (1.70-1.76) (Poisson’s ratio of 0.24-0.26), suggesting it is not
hydrated.

7.1.2. Marine forearc

The offshore forearc region (labelled ‘mf’) comprises low vp
(4.75-6.25 km/s) and a high v, /v ratio of (1.9-2.2). The location
of such velocities is consistent with sediments and meta-sediments
in the frontal prism and outer wedge, respectively. These vp/vs
ratios correspond to a Poisson’s ratio of 0.31-0.37. Tsuji et al.
(2008) relate such values to overpressured sediments in a pore
pressure model for the Nankai accretionary prism. Beneath the
coastline, a strong horizontal v gradient represents the bound-
ary between the outer wedge and the upper continental fore-
arc. Studies find similar velocities in the marine forearc south of
the Maule segment (Contreras Reyes et al., 2008; Haberland et
al,, 2009) and in other subduction zones (Reyners et al., 2006;
Collings et al., 2012). Overpressured fluids could result from either
dehydration of the oceanic crust (e.g. Kodaira et al., 2004) or the
smectite-illite transition at 100-150°C (Moore and Saffer, 2001).
Based on a thermal model for South Central Chile (Volker et al.,
2011), the temperature of this phase transformation coincides with
the eastward limit of the frontal prism.

7.1.3. Continental forearc

The upper continental forearc (labelled ‘cf’) beneath the Coastal
Cordillera has a moderate vy of 5.5-7.0 km/s and reduced v /vs
ratio of ~1.71 (Poisson’s ratio of 0.24), consistent with a granitic

composition (Christensen, 1996). This interpretation is supported
by the widespread outcrops of granite across the Coastal Cordillera
(Fig. 1) that likely extend through the upper crust (GroR and
Micksch, 2008). Such velocities could also correspond to metab-
asite and metagreywacke compositions of the Western and Eastern
Series, respectively (Christensen, 1996; Krawczyk et al., 2006). In
the shallow crust (<10 km depth), low v, (<6 km/s) corresponds
to sediments in the Central Depression (labelled ‘cd’).

In the lower forearc, prominent high v, anomalies (7.6-
8.0 km/s) lie beneath the coast. One is located at 36°S (hereafter
referred to as the Cobquecura anomaly; labelled ‘CA’); the other to
the north at 34°S (hereafter referred to as the Pichilemu anomaly;
labelled ‘PA’), (Figs. 7 and 8). Based on the 7.5 km/s v, contour,
the Cobquecura anomaly is up to 40 km wide and 20 km thick, in-
tersecting the plate interface at its base. This anomaly represents a
significant velocity increase of 8% relative to the input 2-D model
(Fig. S5). The smaller Pichilemu anomaly lies further above the
plate interface. Crucially, both anomalies have a slightly elevated
vp/Vs ratio of ~1.81 (Poisson’s ratio of 0.28) and a strong posi-
tive signature in the forearc Bouguer gravity field, which helps to
constrain their composition. More specifically, there is a moderate
positive correlation between gravity and v, in the lower forearc
(Fig. 8b).

Interpretation of the seismic velocities and gravity signal asso-
ciated with the Cobquecura and Pichilemu anomalies clearly in-
dicates dense, ultramafic material. Weakly-serpentinised peridotite
(<20%) at these depths can explain the velocities (Christensen,
2004). Serpentinised peridotite at the continental forearc’s base
could represent a subducted oceanic topographic high, such as a
seamount. However, our improved velocity model indicates that
the Cobquecura anomaly is larger and seismically faster than pre-
viously thought (Hicks et al., 2012). Given these findings, we find a
seamount interpretation less plausible. Dense material in the lower
forearc could be a deeper manifestation of the Paleozoic granite
batholith; however, the elevated v,/vs ratio rules out the possi-
bility of residual intrusive material lying at its base (Husen et al.,
2000; Reyners et al., 2006).

The surface projection of the ultramafic bodies corresponds rea-
sonably well with the location of Triassic intrusions (Fig. S7). South
of 37.5°S, a notable absence of high velocity bodies (Haberland et
al., 2009) is consistent with a lack of Triassic intrusions in this
region (Fig. 1). In contrast to the Paleozoic granites, these intru-
sions contain a stronger mantle source signature (Vasquez et al.,
2011), possibly relating to the underlying ultramafic bodies. The
Triassic intrusions were emplaced during extension (Vasquez et al.,
2011) that was facilitated by either slab detachment (Parada et al.,
1999), asthenospheric upwelling (Franzese and Spalletti, 2001) or
slab steepening (Vasquez et al., 2011). It is plausible that any of
these mechanisms could have emplaced mantle material beneath
the ancient volcanic arc; remnants of this material could now lie
at the base of the present-day forearc.

Interpreting which mechanism is responsible for the emplace-
ment of these anomalous blocks of mantle material depends on
their regional extent. Although large outcrops of Triassic intrusives
have been mapped north of the Maule segment, in the Valparaiso
area (Fig. 1), they do not extend south of the Maule segment.
Given the discrete nature of these blocks, it is possible that the
tectonic process responsible for their emplacement was more lo-
calised and limited to the central Chile region. Understanding the
structure and petrology of such localised blocks of mantle material
in the lower forearc crust could provide constraints on the genesis
of arc magmas and could decipher models of localised slab pro-
cesses, such as slab melting.

7.14. Continental mantle
Beneath the easternmost Coastal Cordillera, at depths of 25-
35 km, v}, exceeds 7.25 km/s, defining a dome-shaped feature that
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is present along the margin (labelled ‘cm’). Its location, regional
geometry and velocity suggest that it represents the continental
mantle wedge. Low-moderate vp/vs ratios of ~1.76 (Poisson’s ratio
of 0.26) in its western part are indicative of unserpentinised man-
tle (Carlson and Miller, 2003). Beneath the magmatic arc, we ob-
serve areas of elevated vp/vs, suggesting hydrated asthenospheric
mantle, although its extent is unresolved.

By inspection of the velocity contours that intersect the plate
interface, we find that the continental Moho, represented by a v
of ~7.75 km/s, intersects the subducting plate interface at a depth
of 45-50 km. This depth estimate is similar to that of Bohm (2004)
and Haberland et al. (2009), but deeper than that of Dannowski et
al. (2013). From our perspective, high v, anomalies in the lower
forearc could contaminate the lower resolution and laterally aver-
aged receiver function image, resulting in a misplaced continental
Moho.

7.1.5. Plate interface zone

The curved region of seismicity, dipping away from the trench,
defines the plate interface. To define geometry of the fault, we
selected all events that lie within +15 km depth of previous

plate interface estimates (e.g. Haberland et al., 2009; Hayes et
al., 2012), fitting a second-order polynomial through these events.
Since seismicity did not reach the trench, we fixed the shal-
lowest part of the interface to the trench at 7 km depth (e.g.
Contreras Reyes et al., 2008). In 3-D, we followed a similar work-
flow proposed by Hayes and Wald (2009). We find that our re-
vised interface geometry (Figs. 6, 7 and Fig. S7) corresponds to the
mean depth of thrust mechanism aftershocks (Agurto et al.,, 2012;
Hayes et al.,, 2013), (Fig. S8). By projecting this interface through
our 3-D velocity model, we can assess the velocity structure of the
plate interface. To account for both hypocentre and velocity un-
certainties, we estimate the error in plate interface velocity (see
Note S1).

The velocity structure of the plate interface region shows a clear
zonation of seismic properties with depth (Fig. 9 and Fig. S9).
Given the spacing of nodes with depth, (see Section 5.2), our
model represents the average plate interface velocity over a total
thickness of 6-8 km. Therefore, any thin (<4 km thick) low veloc-
ity layers along the plate interface (e.g. Haberland et al., 2009) are
unlikely to be imaged. Along the shallowest part of the plate inter-
face, beneath the frontal prism, v is relatively low (~6.6 km/s)
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and vp/vs ratio is high (1.87-2.05). Beneath the outer wedge,
vp sharply increases with depth (~0.03 km/sperkm) and vp/vs
ratio decreases to ~1.84. Beneath the lower forearc crust, v, lev-
els out at ~7.5 km/s, but reaches up to 8 km/s where the plate
interface intersects the high velocity bodies (Fig. 9a). At depths of
~44 km, vp decreases to ~7.4 km/s. Beneath the Central Depres-
sion, vy, further increases to ~8.5 km/s and v /v ratio decreases
to ~1.78. Given this segmented velocity structure of the plate in-
terface, the next logical step is to consider whether this influences
megathrust behaviour.

7.2. Correlating megathrust behaviour with plate interface velocity
structure

7.2.1. Preseismic coupling of the megathrust

Based on the preseismic locking model of Moreno et al. (2010),
the Maule megathrust before the 2010 earthquake was strongly
coupled (>90%) beneath the outer wedge, where the plate inter-

face has moderate v, (6.25-7 km/s) and elevated vp/vs ratio of
1.88 (Fig. 10a). The interface was also strongly locked (>90%) be-
neath the coast, at the base of the Cobquecura ultramafic body.
For the Arauco peninsula region, Moreno et al. (2014) identify a
correlation between weakly locked regions of the interface and ele-
vated v /vs ratio due to high fluid pressures. We also find a strong
correlation (r = —0.71) for the region south of 37°S (Fig. S12).
However, we do not find such a clear correlation for the whole
rupture zone (Fig. S11a). This finding indicates that factors con-
trolling preseismic locking may change across the Maule segment.

7.2.2. Nucleation and rupture of the Maule earthquake

The Maule earthquake nucleated in a region of high vp
(~7.2 km/s) and strong dip-parallel v, gradient, at the periph-
ery of the Cobquecura anomaly (Fig. 10b). This inference is in line
with Tassara (2010), who shows that ruptures along the Andean
margin generally nucleate at the edge of geological heterogeneities
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in the forearc. A local increase in stress at the edge the Cobquecura
anomaly could have led to onset of the rupture.

Following nucleation, most coseismic slip occurred along the
plate interface beneath the outer wedge, where we find mod-
erate vp (~6.5 km/s) and elevated v,/vs ratio (~1.86), (Figs. 9
and 10b). Coseismic slip was minimal beneath the frontal prism
(vp <6.25 km/s; vp/vs ratio >1.85) and beneath the continental
mantle wedge (vp > 7.5 km/s; v,/vs ratio <1.8). Coseismic slip
was reduced beneath the crustal forearc where v, becomes more

relocated plate interface aftershock seismicity. (For interpretation of the references

than 7.25 km/s. The northern and southern slip asperities corre-
spond to weaker v, gradient with depth. This more homogeneous
velocity structure is partly due to the lack of high v, anomalies be-
neath the coast in the Constitucién and Arauco regions. Therefore,
it is possible that slip localisation during the Maule earthquake
was affected by the presence of long-lived mafic bodies in the
lower forearc. Overall, there is strong negative correlation between
vp and coseismic slip for the down-dip portion of the rupture
(Fig. S13).
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At shallow depths along the fault (<17 km), coseismic slip was
reduced by 50% (Lin et al, 2013). At these depths, v, sharply
decreases and vp /v ratio abruptly increases to >2 (Fig. 9). Com-
parison of slip with seismic velocity at shallow depths suggests
that overpressure conditions (Spinelli et al., 2006) and material
with low rigidity at the base of the frontal prism inhibited slip.
The smectite-illite transition may contribute to this overpressure
(Moore and Saffer, 2001) and influence the transition between ve-
locity strengthening and velocity weakening regimes (e.g. Saffer
and Marone, 2003).

For the high frequency part of the rupture (Kiser and Ishii,
2011), there is a striking interaction with velocity structure along
the plate interface (Fig. 10b). The locations of high frequency en-
ergy release appear to step down around the high velocity anoma-
lies, with most energy coming from deeper regions of the plate
interface that have intermediate v, and elevated v, /vs ratio. High
frequency energy release during an earthquake can be caused by
sudden changes in rupture speed or slip (Madariaga, 1977). Based
on the coseismic slip distribution (Moreno et al., 2012), we pro-
pose that the rupture was slowed by the high velocity anoma-
lies beneath the coast, generating stopping phases at the rupture’s
down-dip termination.

7.2.3. Postseismic deformation following the Maule earthquake

To investigate the relationship between velocity structure and
aftershock seismicity, we relocated the full 2010 aftershock cata-
logue of Rietbrock et al. (2012), (see Supplementary Note 2 for a
discussion of how combining OBS data with high-quality, manu-
ally determined onset times affects earthquake locations). We find
that the Cobquecura and Pichilemu anomalies clearly lie within the
distinct gap of plate interface aftershock seismicity (Fig. 10c and
Fig. S15). Intense crustal seismicity also occurred along the west-
ern edge of the Pichilemu anomaly. It is plausible that structural
heterogeneity in the lower forearc influenced the distribution of
plate interface and shallow crustal seismicity following the Maule
earthquake. Tomographic images from Japan also show a similar
relationship between crustal high velocities and aftershock seis-
micity (Kato et al, 2010, 2013). Significant afterslip occurred in
regions of intermediate plate interface vp (7.2-7.5 km/s) and ele-
vated v /v ratio (1.82-1.84) (Fig. 10c and Fig. S10c). This finding
suggests that afterslip following the Maule earthquake may have
been compositionally driven.

7.3. Depth-varying rupture properties and fault material properties

Based on the depth variation of subduction zone rupture char-
acteristics, Lay et al. (2012) classify the megathrust into four dis-
tinct domains (A-D). From the physical properties and seismo-
genic characteristics of the Maule megathrust, we can draw par-
allels with this classification (Fig. 9c). The plate interface beneath
the frontal prism (<17 km depth) was largely aseismic during
the Maule rupture, corresponding to Domain A. The high vp/vs
and Poisson’s ratios provide direct evidence for low rigidity ma-
terial existing at shallow depths that was proposed by Bilek and
Lay (1999) to influence aseismic behaviour and occasional slow,
tsunamigenic earthquakes. The depth of the plate interface beneath
the outer wedge (17-30 km) corresponds to Domain B, the most
seismogenic part of the megathrust. For the Maule earthquake,
the greatest coseismic slip and aftershock activity occurred in this
domain, and is where the plate interface is structurally more ho-
mogeneous.

Domain C should theoretically lie at 35-55 km depth beneath
the continental forearc. However, at 30-44 km depth, where the
plate interface intersects ultramafic bodies in the lower forearc, co-
seismic slip was reduced and postseismic slip was minimal; such

seismic characteristics deviate from Domain C. Therefore, we in-
stead propose a new domain, ‘g’, for the Maule megathrust. At
greater depths (44-50 km), the predominance of high frequency
radiation and localised aftershock clusters agrees well with Do-
main C, where v, indicates a return to normal interface structure.
It has been proposed that the maximum depth of the seismogenic
zone is influenced by the intersection of the 350-450 °C isotherm
with the plate interface (e.g. Hyndman et al., 1997). Based on
Volker et al. (2011) however, these temperatures are not reached
until 65-90 km depth, so temperature is unlikely to play a role in
the deeper segmentation of the Maule megathrust.

8. Conclusions

In this paper, we have presented a detailed seismic velocity
model (v, and vp/vs ratio) of the 2010 My, 8.8 Maule, Chile
earthquake rupture zone. A dense aftershock dataset from onshore
and offshore seismic networks allowed an in-depth study of phys-
ical properties along the megathrust interface and in the overlying
forearc.

Our velocity model shows that two high velocity anomalies
with v, > 7.5 km/s lie beneath the coast, at the base of the con-
tinental forearc in the central and northern parts of the rupture
zone. We interpret these high velocity anomalies as large (up to
15 km thick), dense bodies of ultramafic peridotite. A comparison
with the surface geology suggests that these bodies could be relic
blocks of mantle.

By comparing the location of these anomalous bodies with the
behaviour of the earthquake, we show that they may have played
a role in controlling the down-dip and along-strike distribution of
slip during the rupture. It also appears that these anomalies influ-
enced the location of high frequency seismic energy. Hence, long-
lived structural and compositional heterogeneities in the forearc
can act as a rupture barrier during large earthquakes and can in-
fluence the along-strike segmentation of ruptures along the Central
Chile margin. These ultramafic blocks are also associated with a
distinct gap in plate interface aftershock seismicity. The Pichilemu
velocity anomaly acted as a structural discontinuity, influencing
the focus of normal faulting aftershock seismicity in the overriding
crust. At the shallow end of the seismogenic zone, overpressured,
low rigidity sediments at the base of the frontal prism likely inhib-
ited shallow rupture during the Maule earthquake. The megathrust
fault beneath the Cobquecura anomaly was strongly locked be-
fore the Maule earthquake, yet experienced little coseismic slip.
This part of the fault was therefore recognised by Moreno et al.
(2012) as experiencing slip deficit. Since this study, there has been
minimal postseismic slip along this portion of the fault, raising
questions over the current state of stress and overall rheological
nature of the Cobquecura anomaly.

Overall, P-wave velocities of greater than 7.5 km/s inhibited
seismic and aseismic slip both during and after the Maule earth-
quake. Therefore, an understanding of physical properties along the
plate interface could help in determining the seismic hazard of
a subduction zone. Seismic velocity could be used as a proxy in
other subduction zones to estimate rupture size potential and the
regions conducive to high frequency seismic energy release and lo-
calisation of shallow crustal aftershock seismicity.
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