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The 2010 M,, 8.8 Maule, Chile earthquake: Nucleation and rupture
propagation controlled by a subducted topographic high
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[11 Knowledge of seismic properties in an earthquake rupture
zone is essential for understanding the factors controlling
rupture dynamics. We use data from aftershocks following
the Maule earthquake to derive a three-dimensional seismic
velocity model of the central Chile forearc. At 36°S, we find
a high v, (>7.0 km/s) and high v,/vs (~1.89) anomaly lying
along the megathrust at 25 km depth, which coincides with a
strong forearc Bouguer gravity signal. We interpret this as a
subducted topographic high, possibly a former seamount on
the Nazca slab. The Maule earthquake nucleated at the
anomaly’s updip boundary; yet high co-seismic slip occurred
where the megathrust is overlain by lower seismic velocities.
Sparse aftershock seismicity occurs within this structure,
suggesting that it disrupts normal interface seismogenesis.
These findings imply that subducted structures can be
conducive to the nucleation of large megathrust earthquakes,
even if they subsequently hinder co-seismic slip and
aftershock activity. Citation: Hicks, S. P., A. Rietbrock, C. A.
Haberland, I. M. A. Ryder, M. Simons, and A. Tassara (2012), The
2010 M,, 8.8 Maule, Chile earthquake: Nucleation and rupture prop-
agation controlled by a subducted topographic high, Geophys. Res.
Lett., 39, 119308, doi:10.1029/2012GL053184.

1. Introduction

[2] The rupture dynamics of great subduction zone earth-
quakes are complex. Due to the vast increase in instrumen-
tation in recent years, geophysicists can now map high-order
spatial variations in energy release and seismic slip along
the megathrust. However, our understanding of the factors
that influence these spatial variations remains limited. The
February 2010 M,, 8.8 Maule earthquake, which ruptured
an 81,500 km?® area [Lay et al., 2010] of the subduction
interface between the downgoing Nazca and overriding
South American plate, is no exception. This segment had not
experienced a large rupture since the great 1835 Concepcion
earthquake (Figure la). The ‘Darwin gap’ [Lorito et al.,
2011] was recognised as a mature seismic gap and geodetic
measurements acquired before the 2010 event indicated

'School of Environmental Sciences, University of Liverpool, Liverpool,
UK.

“Deutsches GeoForschungsZentrum, Potsdam, Germany.

3Geological and Planetary Sciences, California Institute of Technology,
Pasadena, California, USA.

“Departamento de Ciencias de la Tierra, Universidad de Concepcion,
Concepcion, Chile.

Corresponding author: S. P. Hicks, School of Environmental Sciences,
University of Liverpool, Jane Herdman Laboratories, 4 Brownlow St.,
Liverpool L69 3GP, UK. (s.hicks@liv.ac.uk)

©2012. American Geophysical Union. All Rights Reserved.
0094-8276/12/2012GL053184

L19308

strong locking of the megathrust within the gap [Ruegg et al.,
2009; Moreno et al., 2010; Métois et al., 2012]. The earth-
quake nucleated in the Darwin gap; however, published co-
seismic slip models imply bilateral rupture propagation [Lay
et al., 2010; Lorito et al., 2011; Vigny et al., 2011; Moreno
et al., 2012], with up to 20 m of slip ~100 km north of the
hypocentre, and up to 10 m of slip to the south.

[3] The subduction zone asperity model [Lay and Kanamori,
1981] provides a conceptual framework to explain the slip
distribution of large earthquakes. According to this model,
areas of large co-seismic slip are caused by asperities that are
interseismically locked. Studies of strike-slip earthquakes
[Michael and Eberhart-Phillips, 1991; Okada et al., 2007]
suggest that asperities are associated with high seismic
velocities, and therefore competent material. For subduction
earthquakes, however, topographic highs (e.g. ridges, frac-
ture zones, seamounts) on the subducting plate can act as
rupture barriers [Kodaira et al., 2002; Park et al., 2004;
Robinson et al., 2006].

[4] Recently-published aftershock distributions [Lange et al.,
2012; Rietbrock et al., 2012] for the Maule earthquake show a
gap in interface seismicity at 3040 km depth, prominent
near 36°S. The slip models and aftershock patterns demon-
strate that spatial heterogeneity exists along the fault. It is
therefore important to assess whether any heterogeneity in
the rupture zone is expressed in its seismic properties, and
whether we can identify any correlation with co-seismic slip.
Here, we use travel-time data from aftershocks to reveal a
high-velocity anomaly along the megathrust interface in the
Darwin gap.

2. Tomographic Inversion Scheme

[5s] Following the Maule earthquake, a concerted multina-
tional seismic deployment took place to record aftershock
activity. The network consisted of ~160 stations covering the
entire rupture area (Figure 1b). We determine the seismic
structure in the rupture area using data from the International
Maule Aftershock Dataset (IMAD). We automatically detect
seismic P- and S-wave arrival times from aftershocks using
an optimised STA/LTA triggering algorithm [Nippress et al.,
2009] with an iterative location algorithm [Rietbrock et al.,
2012], ensuring data consistency. Picking errors for the
automatic analysis are shown in Figure S1 of the auxiliary
material.'

[s] We use a staggered inversion scheme [e.g., Haberland
et al., 2009] to generate the velocity model. We estimate a
best-fitting minimum 1D model using the VELEST

'Auxiliary materials are available in the HTML. doi:10.1029/
2012GL053184.
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Figure 1. Locations of past ruptures and segmentation in Chile, after Métois et al. [2012]; ellipses give the rupture area of
each earthquake. The name of each segment and segment boundaries (dashed lines) are shown. The box denotes the location
of the map in Figure 1b. (b) Local map with bathymetry/topography (coloured scale bar). The red star is the NEIC epicentre.
Blue contour lines show the co-seismic slip distribution of Moreno et al. [2012]. Red circles and white triangles are the after-
shocks and stations, respectively, used in our tomographic inversion. Black crosses denote the nodes in our 3D inversion. The
grey dashed lines show the geometry of the subducting Nazca slab, based on the Slab1.0 model [Hayes and Wald, 2009].

algorithm [Kissling et al., 1994]. For the tomographic
inversion, we choose 397 events (Figure 1b) from the first
two months of aftershocks based on a maximum azimuthal
gap criterion (onshore events <175°; offshore events <270°)
and the number of S-wave picks (>40). We require a well-
distributed aftershock catalogue to ensure good ray cover-
age in the model. This catalogue yields ~30,000 P-wave
and ~19,000 S-wave travel-time observations. We use the
SIMUL2000 code [Thurber, 1983] to invert for both v, and
vp/Vs, incorporating a non-uniform nodal spacing (Figure 1b)
in the x-direction (minimum of 15 km) for high resolution
where ray coverage is good, and uniform spacing in both the
y-direction (80 km) and z-direction (10 km). To test robust-
ness (see Text S1 of the auxiliary material), we analyse the
model resolution matrix (Figure S2 of the auxiliary material),
perform bootstrap event resampling (Figure S3 of the
auxiliary material) and also run synthetic recovery tests
(Figures S4 and S5 of the auxiliary material) to investigate
the resolving capabilities of our data and model set-up.

3. Results of 3D Tomographic Inversion

[7] Figure 2a shows the 3D P-wave velocity structure and
relocated aftershock seismicity on four cross-sections ori-
ented perpendicular to the regional trench axis. We observe
all the primary structures identified in the 3D velocity model
obtained for south-central Chile [Haberland et al., 2009],

(Figure S6 of the auxiliary material). We describe prominent
features in the model (hereafter letters refer to those of
Figure 2a). The continental crust of the South American
plate (a) (6.0 > v, > 6.8 km/s), the top of which has two
low-velocity areas (v, < 6.0 km/s) constituting the marine
forearc (b) and the Central valley basin (c). The continental
mantle (d) is characterised by a prominent upwelling with
vp > 7.0 km/s, ~200 km from the trench. The top of the
downgoing oceanic crust (e), a dipping structure with v, ~
6.8 km/s is well defined by aftershocks. The interface
velocity is similar to that inferred from other regional seis-
mic studies [Krawczyk et al., 2006; Haberland et al., 2009].

[8] Section C-C' traverses the mainshock nucleation
region. Beneath the coastline, we observe a prominent,
40 km-wide, high v, (>7 km/s) anomaly (f) with significant
relief (up to 10 km). From a seismic refraction profile,
Krawczyk et al. [2006] also infer a high v, anomaly in this
area, interpreting it as serpentinized mantle wedge material
or mafic lower crustal rocks associated with late Paleozoic
granitoid intrusions. We infer an elevated v, /v, ratio of 1.89
within the anomaly (Figure 2b). Accounting for our relo-
cated seismicity distribution and previous estimates of slab
interface geometry [Haberland et al., 2009; Hayes and
Wald, 2009], we define a regional thrust interface exclud-
ing the anomaly. The anomaly protrudes above the interface
by around 5-10 km (Figure 2). By interpolating our v,

20f6



L19308

a) Distance from trench (km)
A © 50 100 150 200 250 A
0 L ! o :
25 L )
£ 50 (P . ——
= :
g 754 ... |
o ’ o 9
100 ¥ -
€
<
£
&
o
3
<
£
g
f §
3
<
£
I3
o
40 45 50 55 60 65 70 75 80 85
Vp (km/s)
b) Distance from trench (km)
cC o 50 100 150 c
0 : - L = 77
25 + -
E 501 .
£
g 75 L
100 _ X I
125 T T T T T

1.65 1.70 1.75 1.80 1.85 1.90
Vp/Vs

Figure 2. (a) Cross-sections through 3D P-wave velocity
model. The location and orientation of each section is shown
in Figure 1b. The coastline is given by black triangles. Fea-
tures of the model are as interpreted as follows: (a) continen-
tal crust, (b) forearc basin, (¢) central basin, (d) continental
mantle, and (e) subducting oceanic crust. The blue dashed
line is the unperturbed thrust interface. In section C-C', (f)
is a high-velocity anomaly located above the subducting
interface, and (g) is a smaller high-velocity anomaly in the
Pichilemu region (section A-A’). (b) Cross-section through
vp/vs model along section C-C'. Black dots are relocated
aftershocks with MI > 3, with a minimum of 20 P- and
20 S-picks, respectively. The white lines denote the resolu-
tion limits, based on analysis of the resolution matrix (see
Figure S2 and Text S1 of the auxiliary material).

model along the regional thrust interface (Figure 3), we
find that the anomaly’s maximum along-strike extent is
60 km. The nodal spacing used in the inversion may mean
that the anomaly’s height and along-strike extent may be
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exaggerated. From Section A-A’ (Figure 2a), we infer another,
albeit smaller, high-velocity anomaly (g) in the Pichilemu
region, ~135 km from the trench, along the thrust interface

(Figure 3).

4. Discussion

[9] The high v, and v,/vs anomaly described above sug-
gests that it is compositionally similar to hydrated oceanic
crust [Haberland et al., 2009] or mantle [Carlson and
Miller, 2003]; therefore, it is of mafic origin, and must
have once been subducted as part of the Nazca plate. From
our tomographic images alone, we cannot resolve whether
this structure represents a single seamount, an oceanic pla-
teau, or a group of smaller seamounts. Furthermore, we
cannot determine whether it remains attached to the sub-
ducting plate or was emplaced earlier in the overriding plate.
We believe that this anomaly is not a residual igneous
intrusion associated with the ancient magmatic arc: there is
no correlation with surface outcrops of late Paleozoic —
Triassic granitoids. Also, a high v,/v, ratio would not be
indicative of a highly fractionated intrusion [Christensen,
1996; Husen et al., 2000; Reyners et al., 2006].

[10] Seismic evidence of subducted seamounts in a number
of subduction zones is abundant [e.g. Kodaira et al., 2002;
Husen et al., 2002; Park et al., 2004]. However, it is
important to constrain interpretations with additional geo-
physical evidence and to understand potential sources of
heterogeneous topography on the subducting slab. We used
the Earth Geopotential Model, EGM2008 [Paviis et al.,
2008] to compute the regional Bouguer anomaly, subtract-
ing the gravity effect of the subducting slab as contained in a
regional 3D density model [Tassara and Echaurren, 2012].
The resultant forearc residual gravity anomaly Aggrearc, 18
due to lateral density variations above the interplate fault; it
shows a strong spatial correlation with v, along the mega-
thrust (Figure 3b). In particular, the anomalously high v,
region eastward from the hypocentre coincides with a
prominent gravity high (Aggrearc > —70 mGal), reinforcing
our interpretation that the anomaly represents a dense mafic
body located on top of the subducted slab. A smaller high v,
anomaly below the coast near 34.5°S (g) also correlates with
a gravity high. We note that there is no correlation with high
vp for the positive gravity anomaly in the vicinity of the
Arauco peninsula (~37.4°S); this is further evidenced by the
velocity model of Haberland et al. [2009]. We therefore
believe that beneath the Arauco peninsula, although there
may be an anomalous upper crustal density anomaly, it may
not have a seismic velocity contrast with the normal conti-
nental crust.

[11] Westerly-dipping normal faults are observed in the
marine forearc [Geersen et al., 2011], WSW of the identified
anomaly. Sedimentary underplating along the interface and
subsequent gravitational collapse has been postulated to
explain the presence of these faults, which are unusual along
the central Chilean margin. Analogue models demonstrate
that extensional faults can form in the wake of a subducting
seamount due to enhanced sedimentary underplating
[Dominguez et al., 2000]; it is therefore feasible that a
topographic high was once subducted in this region.
Although no bathymetric high is observed offshore of the
rupture region today, there is evidence for past subduction of
a topographic anomaly related to the onset of contractional
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Figure 3. (a) Comparison of v, along the plate interface (coloured image, black contours) with the co-seismic slip distri-
bution of Moreno et al. [2012] (blue contours). The location of the high-velocity anomaly beneath the coastline correlates
with a region of relatively co-seismic low slip. The two main slip patches correlate with lower P-wave velocities along
the interface. Locations of events (grey circles) which lie along or close to the thrust interface are shown, highlighting the
sparse seismicity associated with the anomaly. The red star is the NEIC epicentre, corrected by our 3D velocity model
(see Text S2 and Figure S8 of the auxiliary material). The white line denotes the up- and down-dip resolution limits. (b)
Forearc Bouguer gravity contribution, derived from the model of Tassara and Echaurren [2012]. Black lines are the v, con-
tours from Figure 3a for comparison.

deformation along the forearc at 3.6 Ma [Folguera and
Ramos, 2009]. Ocean magnetic anomalies suggest that the
point of intersection between the Mocha Fracture Zone
(MFZ) and the Chilean trench would have been located in
the Darwin gap, some 130 km north of its present position.
The contemporary MFZ is associated with an abundance of
seamounts. A detailed tectonic reconstruction of the Nazca
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plate could reveal more about the source of the subducted
structure; in particular, if it was formed at the spreading
ridge, then it may have a conjugate on the Pacific plate.
It is worth noting that a simple tectonic reconstruction
[Miiller et al., 2008] reveals that the formation region of the
Nazca plate, now located along the central Chilean margin
may have formed at a similar time to a zone of bathymetric
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Figure 4. Schematic interpretative figure based on our tomographic model. Our 3D model is cut along two sections: 37.5°S
to show the velocity structure of the oceanic lithosphere, and 36°S to show the structure of the forearc. The geometry of the
rupture plane is illustrated between these two sections. The subducted topographic anomaly which lies beneath the coastal
ranges at around 36°S disrupts the regular megathrust interface; however, we cannot tell whether it is still fully coupled to
the downgoing plate. The red star denotes the mainshock’s hypocentre. White lines along the interface show the co-seismic
slip distribution [Moreno et al., 2012].
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heterogeneity, now located on the Pacific plate at 35°S
(Figure S9 of the auxiliary material). Assuming that the
structure is fully coupled to the downgoing plate and that the
subduction rate has remained constant throughout its descent,
it would have entered the trench at ~1.8 Ma.

[12] The topographic high in the Darwin gap is coincident
with high pre-seismic locking (Figure S10 of the auxiliary
material) [Moreno et al., 2010; Métois et al., 2012], small
co-seismic slip, the location of the mainshock’s hypocentre
and reduced aftershock activity (Figure 3), suggesting that it
influenced the rupture dynamics of the Maule earthquake. If
the structure remains fully attached to the Nazca plate, then
it likely influenced the rupture by acting as a geometric
irregularity on the plate interface. We would expect associ-
ated active deformation within the forearc, a signal of which
may be evident at the surface. Such topographic features on
the plate interface have been shown to act as either asperities
[Husen et al., 2002] or barriers [Kodaira et al., 2002]. One
theory states that high relief on the downgoing plate
increases coupling, thereby generating large earthquakes
[Scholz and Small, 1997]. Conversely, damage sustained by
the overriding plate as a seamount subducts may favour
aseismic creep and small earthquakes, inhibiting the propa-
gation of large ruptures [Wang and Bilek, 2011]. Due to the
proximity of the subducted feature to the mainshock hypo-
centre, our results imply that high relief on the downgoing
plate increases interface coupling and initiates large ruptures.
The largest slip, however, was away from the anomaly,
suggesting that its heterogeneous structure and stress con-
ditions hinder the development of large co-seismic slip. The
complex network of fractures expected within a subducted
seamount [Wang and Bilek, 2011] may contribute to the low
slip in this area, despite high interseismic coupling.

[13] Alternatively, if the topographic feature is now par-
tially or wholly detached from the downgoing plate, or even
accreted into the lower forearc crust, it could still disrupt
normal seismogenesis along the interface. The sparse after-
shock seismicity occurring within the region of anomalously
fast material (Figures 2 and 3) would then indicate that this
part of the interface is where fault slip is predominantly
aseismic. In this case, the structure’s updip boundary repre-
sents a transition between the locked and creeping zone,
conducive to small seismic events [Lapusta and Rice, 2003].
It is plausible that a small event contributed to the nucleation
of the 2010 Maule earthquake. Regardless of the current
state of the observed structure, it appears to have influenced
the rupture’s initiation. Moreover, our model shows that in
regions of large co-seismic slip, the megathrust is char-
acterised by lower seismic velocities (Figure 3).

5. Conclusions

[14] Our model (Figure 4) shows that in the Darwin gap, a
subducted topographic high, possibly a former seamount,
played a part in both nucleating the earthquake and modu-
lating the co-seismic slip once the rupture started. This dual
behaviour of a subducted oceanic structure is a unique
inference. High stress accumulation at its updip boundary is
likely responsible for nucleating the initial rupture. Two end-
member scenarios may represent the state of stress of the
subducted structure. If it is sheared off from the downgoing
plate, it may be continually creeping. Conversely, if it
remains fully coupled to the downgoing lithosphere, it could
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be locked. In the latter case, the slip deficit accumulated
since 1835 would be equivalent to a M,, 8.0 earthquake.
These scenarios could potentially be resolved from analysis
of active vertical tectonics on the surface, and subsequent
models of deformation in the overriding plate. Our model
shows that variations in seismic properties along the mega-
thrust are important in controlling rupture dynamics of large
earthquakes. We stress the need for further analyses of long-
term afterslip and locking models to resolve the frictional
characteristics of the Darwin gap seamount. Furthermore, it
is essential to locate and understand such subducted topo-
graphic features in unbroken seismic gaps around the globe
in order to better constrain their effect on interseismic
locking and slip during large earthquakes.
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