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a b s t r a c t

The Mw 8.8 Maule earthquake on February 27, 2010 affected the central-southern Chilean forearc of the
Central Andes. Here we show the results of field investigations of surface deformation associated with
this major earthquake. Observations were carried out within three weeks after the seismic event, mostly
in the central and northern part of the forearc overlying the rupture zone. We provide a detailed field
record of co-seismic surface deformation and examine its implications on active Andean tectonics.
Surface rupture consisted primarily of extensional cracks, push-up structures, fissures with minor lateral
displacements and a few but impressive extensional geometries similar to those observed in analogical
modeling of rift systems. A major group of NW-WNW striking fractures representing co-seismic
extensional deformation is found at all localities. These appear to be spatially correlated to long-lived
basement fault zones. The NW-striking normal focal mechanism of the Mw 6.9 aftershock occurred on
March 11 demonstrates that the basement faults were reactivated by the Mw 8.8 Maule earthquake. The
co-seismic surface ruptures show patterns of distributed deformation similar to those observed in
mapped basement-involved structures. We propose that co-seismic reactivation of basement structures
play a fundamental role in stress release in the upper plate during large subduction earthquakes. The
fundamental mechanism that promotes stress relaxation is largely driven by elastic rebound of the upper
plate located right above the main rupture zone.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The Mw 8.8 Maule earthquake on the morning of February 27,
2010 was the largest seismic event of the Andes in the last 50 years
(Fig. 1). It was an inter plate earthquake at the boundary between
the overriding South American Plate and the subducting Nazca
Plate. The quake generated a tsunami causing significant devasta-
tion along the south-central Chilean coast including the Juan Fer-
nandez Islands, and it was recorded throughout the Pacific Ocean.
The mainshock rupture began propagating at 06:35:15 GMT, at
a depth of about 24.1 km, with epicenter on coordinates 35.95�S,
73.15�W. The Harvard centroid-moment tensor (Harvard CMT
Project), solution indicates thrust faulting on a shallowly (18�)
east-dipping plane striking N18�E. The last large earthquake in this
a).
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region was 20 February 1835 (Darwin, 1851) with an estimated
magnitude about 8.5 (Lomnitz, 1971; Beck et al., 1998).

The aftershock distribution provides a first-order indication of
the mainshock rupture size and shows that it propagates toward
both the NNE and SSW directions (Fig. 1; Harvard CMT Project). The
aftershock distribution suggests a rupture length of ca. 550 km,
which overlaps the northern end of the rupture zone associated
with the great 1960 earthquake, of magnitude 9.5 (Plafker and
Savage, 1970; Cifuentes, 1989) and the southern termination of
the rupture zones corresponding to the Mw 8.2 1906 and Mw 7.8
1985 Valparaiso earthquakes (Barrientos, 1995). Harvard CMT
aftershock focal mechanisms display mostly thrust faulting
consistent with the mainshock. Slip distribution of the mainshock
from space geodesy and broadband teleseismic data show that
megathrust slip below the coastline did not propagate to the north
of 34�S (Delouis et al., 2010; Lay et al., 2010; Tong et al., 2010). In
agreement with slip models, significant vertical co-seismic
displacement in coastal areas between 2.5 and �1 m occurred
between 34� and 38�30’S (Farías et al., 2010).
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Fig. 1. A) Regional map showing earthquakes with magnitudes >5.0 from 27 February to 31 March 2010 (modified after Mapa Geológico (1:1000.000), SERNAGEOMIN Chile).
Moment tensor solutions from the Harvard CMT catalog are shown for the 27 February mainshock (large solution) and aftershocks. Red dots show sites of measurements of co-
seismic effects. The approximate co-seismic rupture zone of the 2010 Maule earthquake is showed with black and white color segmented line (modified after Delouis et al., 2010;
Lay et al., 2010; Tong et al., 2010; Moreno et al., 2010). B) Rose diagrams showing the strike of mapped surface ruptures. The red color on rose diagrams for Extensional/Trans-
tentional and Liquefaction/Gravitational Spreading (CompressionaleTranspressional) represent extensional-transtensional cracks (fold axes, reverse faults and trends of push-up
structures). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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A contrasting aftershock sequence was represented by a swarm
of events close to Pichilemu in the northern segment of the
mainshock rupture (Fig. 1). The swarm included a 6.9 magnitude
earthquake followed by two 6.7e6.0 aftershocks that occurred on
March 11. The focal mechanism indicates NW-striking normal
faulting (Fig. 1; Harvard CMT Project). The hypocenters of this
somehow puzzling aftershock sequence are concentrated at crustal
levels within the continental lithosphere (Harvard CMT Project).
During the following two-three weeks, tens of smaller aftershocks
have been aligned with the same NW strike and SE propagation,
delineating a well-defined rupture orientation.

Because much of the direct observation of the surface
displacements produced by subduction earthquakes is submarine,
and commonly limited, analyses of the nature and significance of
co-seismic surface ruptures are very scarce (Plafker, 1965; Collot
et al., 2004; Contreras-Reyes et al., 2010). One of the most
remarkable examples, where significant forearc deformation
related to upper plate faulting occurred during the Mw 9.2 1964
Alaska earthquake (Plafker, 1965). Critical information concerning
seismic faulting mechanics and seismic hazards, as well as the
crustal deformation modes of the continental crust and long-term
nature of great earthquakes can be unraveled from the description
and interpretation of co-seismic deformation. Meter-scale cracks,
formed during and/or shortly after strong subduction earthquakes,
have been used to map characteristic ruptures in the hyperarid
climate of coastal areas in northern Chile and southern Peru
(Loveless et al., 2009; 2010).

During the 2010 mainshock, widespread co-seismic surface
ruptures formed in the outer forearc region, on top of the rupture
area. Field data were collected during the first weeks after the
mainshock, when most co-seismic structures were still well
preserved. For the sake of efficiency, we simultaneously deployed
three teams, each focusing on different areas. Here, we present the
nature, geometry and kinematics of the co-seismic surface ruptures
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produced in the northern part of the area affected by themainshock
with the aim of provide insights into the effects of a large
subduction inter plate earthquake on the nature and extent of
surface deformation. From this, in turn, we can better understand
the way by which stresses are transferred to the upper plate during
and after a large earthquake.

2. Tectonic setting

The Nazca-South American plate boundary runs for several
thousand km from the triple junction of the Nazca, South American,
and Antarctic plates at 46�S latitude to northwestern South
America. Plate convergence takes place at ca. 70 mm/year in
Fig. 2. Representative photographs of co-seismic open cracks without significant vertical dis
to the surface images in order to map the main structural features; (b) Main structural featu
and normal displacement in locality A. (c) Evidence for NE-SW right lateral and normal displ
SE extensional cracks with left-lateral displacement in locality A. (f) NW-SE extensional cra
a N78�E direction (Angermann et al., 1999). The Andean segment
corresponding to the rupture area of the Mw 8.8 2010 earthquake
extends approximately from south of Valparaiso to the Arauco
Península (Fig. 1). In this segment, the Central Andes exhibit
modest Cenozoic shortening in comparison with the northernmost
part of this Cordillera (e.g. Ramos et al., 2004). Remarkably, the
northern and southern ends of the rupture zone coincide very well
with changes in trench orientation, suggesting long-term geologic
controls of subduction earthquakes in the Andean margin (e.g.
Allmendinger et al., 2010; Cembrano et al., 2010) (Fig. 1).

The main regional-scale structures of the Coastal Cordillera
segment are a series of WNW and NW-striking, subvertical fault
zones that run across the continental margin (Fig. 1). The precise
placements. (a) During the field trip a stepladder was used to obtain nearly orthogonal
res draped over a nearly orthogonal photograph showing co-seismic NE-SW left-lateral
acement in locality A. (d) N 20�Wextensional cracks in locality A. (e) Evidence for NW-
cks in locality D.
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nature and timing of displacement along these fault zones is poorly
known, although they have been interpreted as long-lived base-
ment structures reactivated at different times, at least from the
Mesozoic (e.g. Wall et al., 1996; Yañez et al., 1998; Rivera and
Cembrano, 2000; Rivera and Yáñez, 2009). Recent studies suggest
that some of these faults may be active today and thus represent
seismic hazard (e.g. Sabaj et al., 2010).

3. Co-seismic, surface ruptures

We recognized co-seismic surface ruptures at 52 different sites
distributed throughout the northern part of the area affected by the
mainshock (Fig. 1). We organized the sites into 8 localities
according to their spatial distribution. Localities (AeE) are distrib-
uted along the western edge of the Coastal Cordillera. Localities
(FeG) are in the inner part of the Coastal Cordillera and locality (H)
lies at the eastern edge of the Coastal Cordillera, immediately south
of Santiago, Chile’s capital (Fig. 1).

During the field work we had the opportunity to interview
numerous inhabitants of the region affected by the earthquake.
According to information provided by residents, the observed
ruptures occurred during the mainshock. Furthermore, some of the
authors of this paper were mapping co-seismic surface ruptures in
the field close to the epicenter of the Mw 6.9 aftershock that
occurred in March 11 at Pichilemu. There they could observe that
no new cracks formed during this aftershock and that previously
formed cracks were not affected.

Field observations were conducted along road sections and
accessible footpaths, along and across the valleys. Direct observa-
tion of the structures was conducted with the aid of a stepladder to
Fig. 3. Photographs showing extensional-transtensional co-seismic fractures. (a) sand boil
locality C. (c) extensional cracks caused by landslide in the Ruta 5 highway (locality H). (d &
San Antonio de Naltahua town (locality H). (f) NNW-striking ruptures in locality E close to
locality B. (h & i) ENE-EW-striking co-seismic structural features giving the appearance of
produce local detailed maps (Fig. 2a). Co-seismic fractures were
weighed according to their length, to avoid over-representation of
short fractures (1 m or less) or under-representation of long ones
(several meters). Thus, for internal consistency, each individual
fracture was represented in the rose diagram by the number of 1 m
long segments forming its entire length.

We have identified two main fracture types according to their
geometry and kinematics regardless of their origin, which are
addressed separately: (1) Extensional-transtensional, and (2)
Compressional-transpressional.

3.1. Extensional-transtensional fractures

Extensional-transtensional cracks are widely distributed in the
visited localities and consist of several segments of cracks trending
NNW-WNW and NNE-ENE that affect soft rocks, fluvial/alluvial
deposits, soils and paved/dirt roads (Figs. 1e3).

When possible, we differentiated cracks triggered by liquefac-
tion or by mass wasting (non-tectonic origin) from others more
likely produced by static stress fields generated during the main-
shock (tectonic origin) (Fig.1, see supplementarymaterial Table S1).

Randomly-striking cracks systematically occur on fluvial
deposits in the vicinity of small creeks and rivers, where they strike
sub-parallel to the local stream direction. These cracks may exhibit
a surrounding zone covered with well-sorted sand deposits that
appear to have been ejected from the fractures, which are then
interpreted as triggered by liquefaction (Fig. 3a). Similarly, ground
deformation associated with open cracks/faults on hill slopes and
unconfined road stretches appear to be the result of local mass
wasting (flows and lateral and gravitational spreading) (Fig. 3bec).
s caused by liquefaction in locality G. (b) extensional cracks caused by liquefaction in
e) EW-striking open fissures, up to 1.5 mwide and up to 50 cm deep, in a soccer field in
the village of Iloca. (g) NNW-striking fissures (up to 50 cm wide and 30 cm deep) in
a symmetrical graben which are very similar to those described in analog models.
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Most of the surface ruptures which we interpret to represent
stress fields occur with consistent trends cross-cutting hill ridges,
fluvial terraces and paved and unpaved roads (Figs. 2 and 3). The
surface cracks are defined by numerous, adjacent segments of
interlinked extensional and/or shear fractures (Figs. 2 and 3).
Detailedmapping of the ruptures show that most of them are in the
range of 10e100 m-long by 5e15 cm wide. Several centimeter-to-
meter long segments making up the main cracks may locally show
curved shapes, zigezag patterns, step-overs and variable compo-
nents of bulk sinistral and dextral horizontal separation (Fig. 2).
Both left and right lateral strike- slip offset was observed at some
locations along the surface zone especially in paved roads, and
range from less than 1 cm to 3 cm (Fig. 2bef). Co-seismic, NW-
striking surface ruptures were recognized in all localities and
represent the most persistent orientation (w70%, Fig. 1). A minor
proportion (w30%) of cracks strike NNE and NS.

The most prominent co-seismic fractures were observed in
localities B, C, E and H (Fig. 3dei). A remarkable case occurred at
locality H. There, wEW-striking graben structures affect a soccer
field and several houses, and can be followed along-strike for more
than 5 km (Fig. 3e). This graben structure is probably tectonic in
origin because no evidence for liquefaction and/or gravitational
spreading was found (Supplementary material Figure S1).

Individual NNW-striking ruptures reach 60 m long on top of
a cliff east of Iloca (Fig. 3f), which can be interpreted as the result of
tectonic extension while structures dip both in favor and against
the local slope, ruling out a mass wasting origin.

At least 500 m-long surface ruptures occurred in locality C close
to the coast and parallel to the northern shore of a local lagoon.
Fig. 4. Co-seismic fold-and-thrust structures developed in locality A. (aeb) & (ced) Map v
developing pop-up structures. (eef) Detail of photograph c & d, vertical uplift of the surfac
Here a series of symmetrical rift zones occurred, similar to those
observed in analog models of extensional tectonics (Fig. 3h). In
spite of these observations, we cannot entirely rule out that these
fractures were induced by liquefaction because of their shore-
parallel orientation and proximity to a water body.

Co-seismic displacements were locally measured along the
surface rupture zone based on offset linear surface-markers such as
roads. The maximum opening of these cracks is about 10 cm,
maximumhorizontal displacement up to 5 cm, whereas the vertical
displacements range generally between 1 and 20 cm (Figs. 2 and 3).
On site H, vertical displacements range from less than 1 cm to up to
60 cm in the central part of the soccer field (Fig. 3d,e).

3.2. Compressional-transpressional features

Fold-and-thrust structures, including mole tracks are also seen
on some observation sites, generally developed within alluvial
deposits, dirt roads and sidewalks (Figs. 1,4 and 5). Compressional
co-seismic features were found in localities A, C and E (Fig. 1). The
mole tracks are typically 2e30 cm in height, 0.2e1 m in width and
1e15 m in length (Figs. 4 and 5). The axis of the mole tracks strikes
mainly NNE-SSW to NE-SW in localities A and C, and frequently
trend fairly orthogonal, but not completely, to the overall trend of
adjacent, coeval, extensional fractures zones (Figs. 1e4). For
instance, at one site in locality E the axes of angular-ridge typemole
tracks observed in sidewalks are following a similar orientation to
the NNW-striking extensional tectonic cracks (Figs. 1e5def).

The mole track structures that formed within the co-seismic
surface in localities A and C are considered to represent contractional
iew of NNE- to EW-trending folds and related reverse faults with opposite vergence
e rupture is up to 5 cm.



Fig. 5. Typical co-seismic angular-ridge type mole track structures developed within sealed roads at different localities. (aeb) Locality A (c) Locality C (def) Locality E.
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structures associated with thrusting and folding. Parallelism
between extensional and contractional structures observed in
locality E of the area suggests that some structures can be related
to dynamic stress modulated by seismic wave propagation.
4. Discussion

The pattern of co-seismic surface displacements can be
reproduced by elastic dislocation models of the mainshock
rupture (e.g. Chlieh et al., 2004; Loveless et al., 2009). However,
extensive transtensional-extensional and transpressional-
compressional structures observed along the forearc overlying
the main rupture zone produced by the 2010 Mw 8.8 Maule
earthquake show that the local and regional patterns of surface
deformation is significantly more complex than those predicted
by simple elastic models. Detailed mapping reveals that the
mainshock produced a permanent surface deformation in the
outer forearc characterized by predominantly NW-WNW (w70%)
and subordinated (w30%) NE-SW-striking extensional cracks
(Localities A, B, C, D, E & G) and NE-SSW-trending compressional
co-seismic features. Overall, there is a good agreement between
the observed strikes of NW and WNW striking extensional cracks
from localities A, B and H and the NE-SW-directed co-seismic
horizontal displacement observed and computed from GPS near
Valparaiso and Santiago (Delouis et al., 2010; Allmendinger et al.,
2010).

A close spatial match occurs between the NW-WNWstriking co-
seismic surface ruptures and the NW-striking normal faulting
aftershocks events that started on March 11th (Fig. 1). The zone of
co-seismic NNW-NW surface structures, 200 km long and
30e50 kmwide, seems to be spatially associated with pre-existing
NW-WNW faults (Fig. 1). These were partially reactivated as
extensional faults during the mainshock implying that co-seismic
deformation and local ground ruptures during major inter plate
earthquakes can be, at least in part, controlled by inherited, appar-
ently inactive, long-term structures, producing trench-oblique
forearc extension. NE-SW extension and NW-SE shortening char-
acterizes the forearc overlying the northern tip of the main rupture.

Activity of these oblique to the Andes structures seems to be
a first-order control on continental plate deformation style during
the co-seismic period of large earthquakes (e.g. Allmendinger et al.,
2010; Cembrano et al., 2010). In northern Chile, long-term, trench-
orthogonal, forearc extension has been widely documented (e.g.
González et al., 2003; Loveless et al., 2009). There, a complex
system of Pliocene-Pleistocene open cracks and sub-parallel
normal faults has been interpreted alternatively as the result of (1)
co-seismic elastic rebound during large subduction earthquakes
(e.g. Delouis et al., 1998; González et al. 2003; Allmendinger and
González, 2009); (2) Regional uplift followed by gravitational
collapse (e.g. Niemeyer et al. 1996); and/or (3) interseismic warping
of the forearc surface (Loveless et al., 2009). In the latter case,
extension would take place locally at the hinge zone of long
wavelength folds.

In our case, in turn, it is obvious that all studied fractures are co-
seismic. In the studied area, most of co-seismic deformation can be
explained by elastic rebound of the upper plate and locally by
liquefaction phenomena and gravitational landslides. Elastic
rebound would produce an ENE-trending extension direction sub-
parallel to the convergence vector, i.e orthogonal to the predomi-
nant NNW-strike of the co-seismic extensional/transtensional
fractures. The aftershock sequence, although kinematically
compatible with the described co-seismic cracks, did not produce
new surface cracks and so all the observed deformation can be
attributed to the mainshock.

Thus, one of the main implications of our field observations is
that the co-seismic reactivation of NW-WNW, long-lived basement
structures should be considered in subsequent slip models of the
surface deformation associated with the Maule earthquake.

5. Conclusions

Based on the results of field observations localized right above of
the northern tip of the main rupture following the Mw 8.8, 2010
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Maule earthquake, we arrived at the following conclusions
regarding co-seismic surface deformation produced during the
earthquake:

1. Co-seismic ruptures were widely developed and consisted
primarily of extensional cracks, push-up structures, fissures
with minor lateral displacements and a few but impressive
geometries similar to those observed in analogical modeling of
rift systems.

2. Most of co-seismic deformation can be explained by elastic
rebound of the upper plate and locally by liquefaction
phenomena and gravitational landslides.

3. NW-striking extensional co-seismic ruptures were recognized
in all localities, represent the most persistent orientation and
seem to be spatially associated with pre-existing NW-WNW
faults that were partially reactivated as extensional faults
during the mainshock.

4. Our results suggest that co-seismic deformation and local
ground ruptures during major inter plate earthquakes can be,
at least in part, controlled by inherited, apparently inactive,
long-lived structures.

5. Thus, long-lived basement structures should be considered in
subsequent slip models of the surface deformation associated
with the Maule earthquake.
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