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37The Maule earthquake of 27th February 2010 (Mw=8.8) affected ~500 km of the Nazca-South America plate
38boundary in south-central Chile producing spectacular crustal deformation. Here, we present a detailed esti-
39mate of static coseismic surface offsets as measured by survey and continuous GPS, both in the near- and far-
40field. Earthquake slip along the megathrust has been inferred from a joint inversion of our new data together
41with published GPS, InSAR, and land-level changes data using Green's functions generated by a spherical
42finite-element model with realistic subduction zone geometry. The combination of the data sets provided a
43good resolution, indicating that most of the slip was well resolved. Coseismic slip was concentrated north
44of the epicenter with up to 16 m of slip, whereas to the south it reached over 10 m within two minor patches.
45A comparison of coseismic slip with the slip deficit accumulated since the last great earthquake in 1835
46suggests that the 2010 event closed a mature seismic gap. Slip deficit distribution shows an apparent local
47overshoot that highlight cycle-to-cycle variability, which has to be taken into account when anticipating future
48events from interseismic observations. Rupture propagation was obviously not affected by bathymetric features
49of the incoming plate. Instead, splay faults in the upper plate seem to have limited rupture propagation in the
50updip and along-strike directions. Additionally, we found that along-strike gradients in slip are spatially
51correlated with geometrical inflections of the megathrust. Our study suggests that persistent tectonic features
52may control strain accumulation and release along subduction megathrusts.
53© 2012 Elsevier B.V. All rights reserved.
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58 1. Introduction

59 Understanding the parameters controlling spatial patterns of pre-
60 and coseismic crustal deformations is fundamental to test hypotheses
61 on the recurrence and magnitude of great earthquakes. Coseismic slip
62 is often heterogeneously concentrated within and around asperities
63 that laterally segment a subduction zone. It remains unclear whether
64 the asperity distribution is purely controlled by pre-stress conditions

65on the plate interface imposed by previous great earthquakes, or by
66tectonic features that influence the plate convergence induced strain
67in the overriding plate and its ability to store elastic energy. In any
68case, such mechanisms result in a modification of a simple elastic
69seismic-cycle model, where characteristic earthquakes occur periodi-
70cally, towards a model with more variable recurrence patterns (e.g.,
71Murray and Langbein, 2006; Murray and Segall, 2002).
72The classical seismic gap concept, in which the recurrence history
73of past earthquakes suggests areas for potential ruptures, has been
74challenged after the occurrence of the great Tohoku-Oki earthquake
75(Heki, 2011). It has been shown that super cycle events (episodic
76multi-segment ruptures (e.g., Sawai et al., 2004)) can have a long
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77 recurrence interval (300–1500 yr) and release extremely high seismic
78 moment (>9Mw), as was the case of the Valdivia 1960 earthquake
79 (Cisternas et al., 2005). It follows that the seismic moment of the next
80 great earthquake within such a super cycle might not be predictable
81 from the slip deficit of the previous great earthquake. The latter point
82 has been observed in the 2011 Tohoku-Oki (Avouac, 2011; Simons
83 et al., 2011) and 2007 Sumatra (Konca et al., 2008) earthquakes; both
84 events released less than the theoretically accumulated slip predicted
85 from linear extrapolation of interseismic coupling.
86 Various geological features have been suggested to control stress
87 buildup and release alongmegathrusts. These includemainly: (1) lateral
88 variations in the frictional properties of the plate interface properties
89 (e.g., Oleskevich et al., 1999; Prawirodirdjo et al., 1997);(2) bending
90 and changes in the dip of the fault; inducing a differential stress re-
91 gime (e.g., Nielsen and Knopoff, 1998) and possibly controlling the
92 frictional behavior of the shallowest part of the megathrust (Wang
93 and He, 2008); features of the subducting oceanic plate (e.g., Bangs
94 et al., 2006); (3) the architecture and deformation behavior of the
95 forearc (e.g., Rosenau and Oncken, 2009; Song and Simons, 2003);
96 and (4) splay faults that may delimit the propagation of seismic rup-
97 ture along the megathrust (e.g., Audin et al., 2008; McCaffrey and
98 Goldfinger, 1995). The vast geodetic and geophysical data as well as
99 the detailed structural information available for recent great earth-
100 quakes (>8.5Mw) (e.g., Simons et al., 2011; Subarya et al., 2006; Vigny
101 et al., 2011) will enable us to test these hypotheses.
102 Here, we investigate the relation between slip patterns before and
103 during the 2010 Maule earthquake (Mw=8.8) with tectonic features
104 of the Andean megathrust in South-Central Chile. First we derive an
105 updated coseismic slip distribution based on acomplete GPS data set
106 covering both the near- and far-field. Because megathrust geometry
107 has a fundamental influence on slip distribution (e.g., Oglesby and Day,
108 2001), we use a spherical-earth finite-element model with realistic
109 geometries adapted from geophysical data sets. Then we compare
110 the spatial relationships of our slip distribution with the pattern of
111 pre-seismic locking rate, upper and lower plate structures, and the
112 geometry of the plate interface.

113 2. Previous slip models of the 2010 Maule earthquake

114 The great 2010 Maule earthquake ruptured ~500 km of the South-
115 Central Chile subduction zone where the Nazca and South American
116 plates converge at 66 mm/yr (Angermann et al., 1999) (Fig. 1). Rup-
117 ture occurred on a mature seismic gap, the Concepción–Constitución
118 gap, which was expected to fail on the basis of the slip deficit accu-
119 mulated since major past earthquakes that occurred in 1835 (M~8.5)
120 and in 1928 (M~8.0) in the south-central and north-central parts of
121 the rupture respectively (Moreno et al., 2011; Ruegg et al., 2009).
122 Published slip models (e.g., Lay et al., 2010; Lorito et al., 2011;
123 Pollitz et al., 2011; Tong et al., 2010; Vigny et al., 2011), and coastal
124 uplift data (Farías et al., 2010) suggest that the earthquake rupture
125 zone extended from 34°S to 38.5°S, encompassing the two historical
126 rupture zones and overlapping the southern part of the 1906 (M~=8.4)
127 (Okal, 2005) and 1985 (Mw=7.8) (Barrientos, 1988) events, as well
128 as the northern sector of the giant 1960 Valdivia earthquake (Mw=9.5)
129 (Moreno et al., 2009) (Fig. 1).
130 By exploring the similarities between previous slip distributions
131 and the pre-seismic locking derived from inversion of GPS observa-
132 tions of the previous decade, Moreno et al. (2010) suggested that
133 pre-seismic, highly locked patches closely correlated with zones of
134 high seismic slip. However, these coseismic slip models were princi-
135 pally based on teleseismic data and were not well constrained by
136 geodetic observations in the near-field.
137 Clearly, a detailed slip model derived from a dense geodetic net-
138 work is required for gaining insight into earthquake mechanisms and
139 associated hazards. All previously published slip distributions for the
140 Maule earthquake show a first-order pattern of two high-slip patches

141north and south of the epicenter. However, the slip magnitude and
142localization of these patches vary significantly between models, most
143probably as a consequence of using different observations (teleseismic,
144strong motion, InSAR, GPS, tsunami, far-field versus near-field) with
145varying sensitivity to details of the slip distributions. Moreover, spatial
146density, coverage and completeness of data sets vary considerably
147and neither a common fault geometry (planar versus curved) nor
148Earth model structure is shared among these models. Finally, the
149use of different inversion methods and hypocenter locations seemed
150to influence the slip distributions artificially. For instance, by com-
151paring pre-seismic locking (Moreno et al., 2010) and coseismic slip
152derived from joint inversion of different observations, Lorito et al.
153(2011) suggested that the Maule earthquake did not fill the entire
154Constitución gap and consequently another major earthquake (M~8)
155in near future in that region might be imminent. Lorito et al.'s (2011)
156alarm was based on only three near-field GPS displacements inverted
157together with InSAR, tsunami and land-level changes data. Follow up
158studies using a denser set of near-field GPS displacements (Vigny et al.,
1592011), including this study, reached an opposite conclusion.

1603. Main tectonic features of the Maule area

161Four main structures segment the upper plate along the Maule
162segment: (1) A north–south trending Thrust Ridge (TR in Fig. 1) as-
163sociated with splay faults has been imaged using multibeam ba-
164thymetry and reflection seismic data along the continental slope
165(Geersen et al., 2011). The Thrust Ridge coincides with the disconti-
166nuity between the frontal accretionary prism (consisting of uncon-
167solidated sediments) and the continental framework made of paleo-
168accretionary structures (Contreras-Reyes et al., 2010; Moscoso et al.,
1692011). This structure is associated with a sharp geomorphic feature,
170suggesting young activity; (2) the Santa María Fault system (SMF in
171Fig. 1) consists of a series of back-thrusts extending between ~36°S
172to 37°S rooted in the plate interface (Melnick et al., 2006). At Santa
173María island (37°S), Melnick et al. (in press) documented coseismic
174surface fault ruptures associated with the SMFS. Presumably, this
175structure was also active during the late interseismic phase (Moreno
176et al., 2008); (3) the southern part of the Maule rupture zone overlaps
177with the area affected by the 1960 earthquake in the Arauco Peninsula;
178this is a region with a high Quaternary uplift rate, bounded to the
179south by a major crustal-scale splay fault system (Melnick et al.,
1802009), the Lanalhue Fault (LF in Fig. 1). Transpressional deforma-
181tion along the Lanalhue Fault has been associated with collision of a
182forearc sliver, which also delimits the extent of the Valdivia seis-
183motectonic segment; (4) At the northern boundary of the Maule
184rupture, eleven days after the mainshock, a shallow earthquake dou-
185blet (Mw=6.9 and Mw=6.7) (Comte et al., 2010) occurred on the
186Pichilemu Fault (PF in Fig. 1), which was a previously-unmapped
187fault (Ryder et al., in press). No surface rupture was associated
188with faulting, as evident from InSAR data.
189The main oceanic features of the south-central Chile margin are the
190Valdivia and Mocha fracture zones. The former is a complex fracture
191zone system separating young oceanic crust (0–20 Ma) in the south,
192from old crust (>30 Ma) in the north, and intersects the margin at
19339°S–41°S (Tebbens and Cande, 1997). The latter is currently subduct-
194ing at the center of the Arauco Peninsula (38°S), north of the southern
195termination of the Maule rupture (Fig. 1).

1964. Coseismic surface displacements from GPS

1974.1. GPS data

198A substantial GPS monitoring effort was underway prior to the
199Maule earthquake providing a dense coverage close to the south-
200central part of Maule rupture zone. We present new estimates of
201coseismic static offsets obtained from 47 survey (SGPS) and 8 continuous
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202 (CGPS) GPS around the Maule earthquake (Table S1, Fig. 1 and Fig. S1).
203 The SGPS data were observed on existing benchmarks installed in the
204 framework of the South American Geodynamic Activities (SAGA)
205 project (Klotz et al., 2001) (45 sites) and Central Andes GPS Project
206 (CAP) (Bevis et al., 2001) (2 sites). The CGPS stations were operated
207 by the University of Concepción, Transportable Integrated Geodetic
208 Observatory, University of Potsdam and GFZ-Potsdam. Far-field CGPS
209 stations from the International GNSS Service (IGS) (32 stations) and
210 Red Argentina deMonitoreo Satelital Continuo (RAMSAC) (43 stations)
211 networks were also processed to achieve the best definition of a re-
212 gional reference frame and to better constrain our coseismic slipmodel.

213The SGPS data available prior to the 27th February 2010 Maule
214earthquake were collected mostly in December 2009 and re-observed
215within a few days to weeks after the event (Fig. S1, Table S1).We there-
216fore applied corrections for interseismic and postseismic motions of
217these points to provide the best estimate of coseismic displacements.
218In the Maule region, The SAGA network has been observed in 8 re-
219gional campaigns over the last decade (Moreno et al., 2011), provid-
220ing sufficient data to estimate the interseismic velocity directly at
221all SGPS points (Table S1). A dense array of CGPS networkwas installed
222in the region after themainshock by Chilean, American, French, German
223and British groups (Bevis et al., 2010; Vigny et al., 2011). To correct the
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1960

JF Ridge

Maule

66 mm/yr

TR

SMF

LF
MFZ

VFZ

PF

Concepción

Constitución

Peninsula
Arauco

Mocha
Island

Fig. 1. Seismotectonic setting of the South-Central Chile megathrust. The rupture zone (>1 m) and fault plane solutions of the 2010 Maule and 1960 Valdivia (Moreno et al., 2009)
megathrust earthquakes are shown in blue and red, respectively. Orange lines depict rupture zones of the 1906, 1928 and 1985 events. Gray circles are epicentral locations of largest
aftershocks (Mw>6.5). Black lines denote major upper plate faults consisting of the Thrust Ridge (TR), Santa María Fault (SMF), Lanalhue Fault (LF) and Pichilemu Fault (PF). Red
triangles indicate active volcanoes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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224 postseismic motion of the SGPS sites, we processed 30 CGPS of this
225 network spanning 150 days after the earthquake.

226 4.2. Data processing

227 We processed all data with Bernese GPS software V5.0 (Dach et al.,
228 2007). The strategies were adapted from the system developed at the
229 CODE (Center for Orbit Determination in Europe) and IGS Analysis
230 Center for global network analysis. The main steps of the daily pro-
231 cessing consisted of: (1) single point positioning based on pseudo-
232 range observations (receiver clock synchronization); (2) baseline
233 definition using OBS-MAX strategy; (3) triple-difference solution
234 applied for data cleaning, cycle slip detection and ambiguity setting;
235 (4) ambiguity-float solution for post-fit residual screening and outlier
236 rejection; (5) iterative ambiguity-float solution for the selection of
237 fiducial stations (datum definition); (6) integer ambiguity resolution
238 based on the Quasi-Ionosphere-Free (QIF) strategy; (7) ambiguity-
239 fixed daily solution applying No-Net Translation (NNT) based on
240 selected fiducial stations; and (8) definition of the reference frame.
241 Wherever possible the first-order effect of the ionosphere was
242 eliminated using an ionosphere-free linear model. The second- and
243 third-order effects were neglected in the processing. In pre-processing
244 steps the troposphere effects were modeled with site-specific station
245 parameters applying a tropospheric model and a mapping function.
246 The troposphere parameters were pre-eliminated before saving daily
247 normal equations. Thus, their connection at daily boundaries was not
248 possible in the final combination. Whereas the effect on coordinate
249 estimates in long-term combination is negligible, this approach signifi-
250 cantly reduces requirements for the disk space and combination time.
251 The QIF ambiguity resolution strategy could be generally applied,
252 which allows resolving L1 and L2 ambiguities even on long baselines.
253 The ionospheric product from the CODE was introduced, and stochas-
254 tic ionospheric parameters were estimated during the ambiguity
255 fixing. The tropospheric parameters and a priori coordinates from daily
256 ambiguity-float solution were introduced from the last iteration of the
257 datum definition. The coordinates of one station were constrained for
258 each cluster during the ambiguity resolution.
259 On average 80% ambiguities were fixed. After data cleaning and
260 outlier rejection, the daily combination of ambiguity-float solution was
261 used for fiducial station selection. Stations used as fiducials in the IGS05
262 reference frame (GLPS, BRAZ, CHPI, UNSA, CORD, SANT, CONZ, LPGS,
263 RIOG, ISPA, ASC1,OHI2)were used to define an initial set, while the se-
264 lection procedure was based on a minimum constrained solution,
265 which was repeated until the set of fiducial stations provided suffi-
266 ciently small residuals (6 mm).
267 The earthquake caused deformations at almost all the stations in
268 the South America Plate. To achieve the best definition of regional
269 reference frame, coordinates of the fiducial stations selected from
270 previous step, were compared to their values under the IGS05 refer-
271 ence frame and the final selection of fiducial stations was done in
272 an iterative way in order to eliminate outliers. The following criteria
273 were used for the outlier detection: 8, 8 mm and 25 mm in North,
274 East and Up. The RMS of residuals for the fiducial stations were
275 2.4 mm, 4.4 mm and 5.0 mm on average for North, East and Up,
276 respectively.

277 4.3. GPS-derived coseismic displacements

278 The motions of SGPS sites were corrected for interseismic and post-
279 seismic deformations in both the horizontal and vertical components
280 to minimize contamination of the coseismic displacement estimates.
281 The interseismic strain field was well constrained by 2002–2009 GPS
282 velocities in the area (Moreno et al., 2011), which were rather con-
283 tinuous and well fitted by linear trends. These velocities were used
284 to extrapolate the position of the survey sites at the day of the
285 earthquake (Table S1). Resulting interseismic corrections were in

286the order few centimeters (on average 2.64 cm for the longitudinal
287component).
288The time-series of postseismic deformation analyzed here show
289rapid transient deformation immediately following the Maule earth-
290quake (Fig. S2). The postseismic velocity decay during the first
291150 days after the earthquake is well fitted (average R2=0.9) by
292power law functions: u(t)=a× tb+c, where u is the position of the
293benchmark, t is time and a, b and c are the function coefficients
294(Fig. S2). Based on these functions, the displacement of each CGPS
295at the time of the SGPS observations could be estimated. Then, for
296the observation time of each SGPS, we interpolated a postseismic
297displacement field and estimated their postseismic motion. A stan-
298dard error was assigned to each motion correction (Table S1). The
299SGPS data showed postseismic displacement corrections of no more
300than ~15 cm between the earthquake and the observation epochs
301(on average 4 cm for the longitudinal component), representing a
302small but significant fraction of static coseismic motions.
303Our static coseismic displacements corroborate with motions
304obtained by Vigny et al. (2011) but provide additional valuable con-
305straints on the coseismic displacement field, especially in the northern
306part of the rupture (where we fill a previous gap in GPS sites) and in
307the south-central part (where our GPS observations are concentrated)
308(Fig. 2 and Fig. S1). The maximum horizontal displacements occurred
309at 35°S and 37°S, with peaks of over 5 m north of Constitución and at
310Santa María island. Displacement vectors decreased in magnitude
311between these areas showing horizontal motions of only ~3 m around
31236°S in the epicentral area. The hinge-line separating uplift from subsi-
313dence coincides with the coastline north of 37°S (Fig. 2), in agreement
314with the InSAR results (Tong et al., 2010) and field observations
315(Farías et al., 2010). Highest vertical variations were observed in the
316Arauco Peninsula, where coastal GPS sites recorded more than 1.80 m
317of uplift and inland sites subsidence of ~30–70 cm. The gross pattern
318of surface displacement shows convergence of near-field vectors to-
319wards the rupture area useful for deriving rupture limits at first-order.
320The earthquake deformation induced significant far-field deformation
321up to ~1000 km from the epicenter.

3225. Coseismic slip model

3235.1. Model setup

324The plate interface geometry shows important variation both along-
325strike and dip in the area affected by the Maule earthquake (Contreras-
326Reyes et al., 2008, 2010; Haberland et al., 2009; Tassara et al., 2006). To
327avoid introducing slip artifacts due to geometry simplification and to
328reliably compare the slip patterns with the margin structure, we used
329a Finite Element model (FE-model) that takes into account the geo-
330metrical complexities of the Chile subduction zone. This is a spheri-
331cal FE-model based on the same geometry and rheology used by
332Moreno et al. (2009, 2010), which permits a direct comparison of
333inter- and coseismic slip distributions.
334Our FE-model extended to a depth of 500 km from 80°W to 60°W
335and 18°S to 45°S and consisted of elastic upper and subducting plates,
336and viscoelastic continental and oceanic mantles (Fig. 3). The thick-
337ness of the elastic oceanic plate was set to 30 km (Watt and Zhong,
3382000), whereas the lower limit of the elastic upper plate was defined
339by the continental Moho. In the Maule area, the modeled continental
340crust was on average 40–45 km thick, with local extremes of 55 km
341(maximum), and 25 km (minimum) (Tassara et al., 2006). We speci-
342fied a Young's modulus of 100, 120 and 160 GPa, for the continental,
343oceanic, and mantle layers, respectively. The Poisson's ratio was set
344to 0.265 and 0.30 for continental, and oceanic crust, respectively
345(Christensen, 1996).
346Coseismic slip distributions of both dip-slip and strike-slip com-
347ponents were estimated using a damped linear least squares inver-
348sion based on FEM-generated Green's functions (Masterlark, 2003;
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349 Masterlark and Hughes, 2008). Fault-slip was modeled using the
350 split-node technique (Melosh and Raefsky, 1981) applying linear
351 constraint equations. Nodes were restricted to the fault and conse-
352 quently constrained to slide along the subduction plate interface.
353 The upper surface of the model was assumed to be a stress-free sur-
354 face, whereas lateral and basal boundaries were fixed from orthogo-
355 nal displacements.
356 The slip distribution was constrained by a second order Laplacian
357 operator to ensure that the slip differences between neighbor nodes

358in a curved and unsegmented fault are small, resulting in a stable so-
359lution (Moreno et al., 2009). We selected fault nodes localized above a
360depth of 70 km and between 32°S and 40°S. This resulted in the se-
361lection of 498 nodes. We jointly inverted our data with published
362GPS displacements (Vigny et al., 2011), InSAR data (Tong et al.,
3632010) and land-level changes (Melnick et al., 2012a). In doing so,
364the slip was inverted from 160 GPS displacements (3-components, i.e.,
365480 GPS observations), 820 and 1112 data points of line of sight (LOS)
366displacements from ascending and descending orbits, respectively,

Vertical (m)

This study

Vigny et al. (2011)

-

Fig. 2. Coseismic static displacements after the 2010 Maule earthquake. GPS displacements derived in this study are shown by orange arrows (Table S1). Published coseismic mo-
tions from Vigny et al. (2011) are depicted by green arrows. An interpolated grid shows the vertical component of the coseismic motion. Red and blue colors indicate uplift and
subsidence, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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367 and 34 vertical displacements fromfield observations. Inversionswithout
368 constrains in the slip magnitude revealed that the slip amplitude was
369 less than 20 m. To improve the model's resolution and to avoid unre-
370 alistic slip (e.g., Harris and Segall, 1987), we applied minimum and
371 maximum slip constraints of 0 m and 20 m for the dip-slip compo-
372 nent. We allowed right-lateral (negative values) and left-lateral (posi-
373 tive values) slip with a maximum amplitude of 5 m for the strike-slip
374 component.
375 The preferred slip distributions were chosen from each individual
376 data set using the trade-off curve between misfit and slip roughness
377 for different smoothness values (e.g., Bürgmann et al., 2005). After
378 we have chosen the optimal smoothing coefficient for each data set,
379 we weighted the data sets in a joint inversion such that the smooth-
380 ing parameters of individual data relate the system of equations
381 (Kaverina et al., 2002; Price and Bürgmann, 2002). As a result, the
382 joint inversion requires only one smoothing coefficient and deter-
383 mines data scale weights that maximize the fit to each data set. This
384 approach is described by Kaverina et al. (2002).

385 5.2. Inversion results

386 Results for separate inversions of GPS, InSAR and land-level changes
387 data, as well as the optimal joint inversion and their estimated errors
388 (1-m gray contours) are shown in Fig. 4. The differences between
389 solutions illustrate each data set's contribution to the optimal slip
390 distribution. The solution based on the InSAR data (ascending and
391 descending LOS) underestimates the slip south of 36°S, where near-
392 field GPS offsets demand higher slip. The maximum slip was located

393in the northern part of the rupture and was 16.6 m for the InSAR case;
39415.7 m fromGPS. Theminor differencemay indicate a small postseismic
395contamination on the InSAR data, which has not been corrected and is
396related to the Mw=6.9 and Mw=6.7 aftershocks that occurred on
39711th of March 2010 in the Pichilemu Fault (Comte et al., 2010;
398Ryder et al., in press). Important constraints in the southern part of
399the rupture have been provided by land-level measurements based
400on an intertidal organism (Melnick et al., 2012a). Assuming that
401measured coastal uplift is purely a result of elastic rebound and not
402complicated by local faulting in the upper plate, the solution based
403on land-level changes requires higher slip in the south (up to 12 m)
404along a larger area than for inversions based only on space geodetic
405observations (Fig. 4).
406To explore the ability of our model to resolve the slip on the fault
407nodes, we computed the resolution matrix (Menke, 1989) for each
408individual data set (Fig. S3). When the diagonal of the resolution
409matrix equals the identity matrix, the estimated model is perfectly
410resolved. The resolution of slip distribution inferred using only GPS
411data is low (b0.50) along the shallow part of the fault and im-
412proves in the down-dip direction. Better resolution is achieved in
413the southern part of the rupture where the GPS network is denser,
414and extends farther updip. In the case of the InSAR inversion, the
415fault slip is relatively well resolved (>0.75), providing a resolution
416over 0.5 in the updip part of the model. The spatial resolution of
417the land-level changes inversion is very low; only the fault slip in
418the Arauco Peninsula is resolved. The spatial resolution improves
419with the joint inversion, which gives a better-resolved distribution
420of slip in the offshore part of the model (>0.50).

a b

c d

Fig. 3. 3-D model configuration. FE-models include topography and bathymetry, as well as a precise geometry of the slab and continental Moho, which were derived from combin-
ing available geophysical information. a) Topography and bathymetry introduced in the FE-model. b) Continental Moho discontinuity along the Chile subduction margin. c) Mesh
structure of our FE-model. d) Upper surface of the plate interface used in this study.
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InSAR data only Land-level changes data only

Fig. 4. Total coseismic slip obtained by using different data set. a) Joint inversion of GPS, InSAR and land-level changes. b) Slip model from inversion of GPS data alone. c) Slip model
from inversion of InSAR data alone. d) Slip model from inversion of land-level changes alone. Gray contours show the resolution for each inversion.
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421 Results indicate that the GPS, InSAR and even the land-level obser-
422 vations alone give reasonable first-order representations of the main
423 characteristics of the fault slip distribution. The weight scale for the
424 joint inversion was estimated by determining the optimal model
425 that does not significantly vary the fit of the individual data sets.
426 The relative weights that stabilize the fits were chosen to be 0.5,
427 0.25 and 0.25 for the GPS, InSAR and land-level data. With these
428 values, the fit to the GPS, InSAR and land-level data are reduced by
429 less than 2%, 5%, and 4%, respectively. The combined solution fits
430 the GPS, InSAR and land-level observations very well in terms of
431 both direction and amplitude (Fig. 5). It produced a RMS of 0.15 m,
432 0.1 m, 0.14 m, and 0.35 m for the horizontal GPS, vertical GPS, LOS,
433 and land-level data, respectively.
434 By using an average shear modulus of 40 GPa, the seismic moment
435 of the optimal slip model is 2×1022 N m (Mw=8.8) consistent with
436 the seismological estimate (http://neic.usgs.gov). Our results also
437 confirm that the rupture was mostly released in the down-dip direc-
438 tion, with a small component of strike-slip (Tong et al., 2010) (Table
439 S2). Accordingly, the rupture has a multimodal pattern with a mean
440 slip of 5.8 m. The optimal slip model exhibits a concentration of
441 high slip in the north-central part of the rupture with slip up to
442 16 m, similar to previously published studies (Figs. 4, 6a, Table S2).

443Two secondary asperities with slip over 12 m were found at 36.1°S
444and 37°S. The rupture bridged the areas between the primary and
445secondary asperities with rather low slip (b5 m) immediately north
446of the epicenter and at the latitude of Concepción city (36.85°S).
447The down-dip extension of the rupture region (defined by the 1-m
448slip contour) reached depths of 55 km and 50 km in the north-central
449and south-central parts of the rupture zone, respectively (Fig. 6a). The
4505-m slip contour nearly coincides with the coastline north of 37°S. In
451the Arauco Peninsula, slip larger than 5 m propagated up to 50 km in-
452land of the coastline. At the northern patch, large slip concentrated
453beneath the continental shelf and triggered as much as 5 m of slip
454at shallow depth near the trench. Apparently, little or no slip is pre-
455dicted near the trench axis by our model in the southern part of the
456rupture zone (no slip is required by the data).
457The slip model produces a maximum of 7.90 m of trenchward
458motion, 4.02 m of uplift, and 0.85 m of subsidence (Fig. 5a–b).
459Major horizontal GPS residuals were found at Santa María island,
460where the model predicted less trenchward displacement than
461those recorded by GPS stations. However, a greater amount of slip
462in this area produces extra displacements in the coastal sites. In a
463similar way, land-level changes demand higher slip beneath Arauco
464Peninsula than the model prediction, but a higher level of slip

a b

TR

SMF

LF

Slip (m) 1906Slip deficit (m)

-

-

-

-

MFZ

Slab
depth

45
55

PF

Fig. 6. a) Preferred coseismic slip model for the 2010 Maule earthquake. Black lines denote the Thrust Ridge (TR), Santa María Fault (SMF), Lanalhue Fault (LF) and Pichilemu Fault
(PF). Gray circles are epicentral locations of largest aftershocks (Mw>6.5). Dashed gray lines at the down-dip of the rupture depict the slab depth (5-m contours). b) Slip deficit
estimation along the rupture area of the Maule earthquake. Shown are the rupture zones of the 1906, 1928, 1985, 1960 and 2010 earthquakes.

Fig. 5. Residuals between the observed and predicted displacements obtained from the optimal joint inversion. a) Residuals from horizontal GPS observations (orange arrows).
A grid shows the east–west ground motion predicted by the model. b) Residuals from vertical GPS observations (orange arrows) and from land-level changes data (green
arrows). A grid shows the vertical ground motion predicted by the model. c–d) Residuals from LOS observations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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465 induces a misfit with the horizontal GPS displacements. It is note-
466 worthy that the residuals from LOS data show the effect of after-
467 shock deformation in the Pichilemu region as well as in an area
468 that requires higher LOS displacements (principally vertical compo-
469 nent of motion) along the southern coast of the Arauco Peninsula
470 (Fig. 5c–d).

471 6. Discussion

472 6.1. Closure of the Concepción–Constitución seismic gap

473 Based on a compilation of historical accounts, the Maule earth-
474 quake has been described as being similar to its predecessor in 1835
475 (M~8, (Lomnitz, 2004))Q4 , in terms of land-level changes, tsunami in-
476 undation, and intensity distribution (Cisternas et al., 2010). Large
477 earthquakes within or partially overlapping with the Maule rupture
478 zone occurred in 1906, 1928, 1960 and 1985 (Fig. 1). These events
479 released only a small fraction of the slip deficit accumulated after 1835
480 in the region. Assuming that the locking distribution observed during
481 the decade preceding the event is representative for the whole inter-
482 seismic time period (i.e. that the locking pattern is time indepen-
483 dent), the slip deficit theoretically accumulated since 1835 can be
484 calculated as the product of time, plate convergence (66 mm/yr)
485 and degree of locking. The cumulative coseismic slip of the 1906,
486 1928, 1960, 1985 and 2010 events has to be subtracted from the
487 previous product to obtain a meaningful slip deficit value (Fig. 6b).
488 Because of the uncertainties of the historical slip distributions, as
489 well as uncertainties in our inversions of pre-seismic locking and
490 coseismic slip (Fig. 4), slip deficits below 2.5 m are considered in-
491 significant. Today slip deficit distribution throughout the 2010 rup-
492 ture zone suggests that this earthquake released most of the strain
493 accumulated since 1835, i.e. that the Maule earthquake closed the
494 Concepción–Constitución seismic gap at first-order.

495 6.2. Spatial relation between coseismic slip and interseismic locking rate

496 Here, we use our geodetically derived slip model, which is method-
497 ologically compatible with the interseismic locking model of Moreno
498 et al. (2010) to re-evaluate the spatial relationship between locked
499 patches and asperities (Figs. 7, 9 and Fig. S4). Principally, the locking
500 distribution showed two main high locked patches (>0.75) in the
501 north and south of the epicenter, which were separated by an area of
502 reduced locking rate (b0.75). According to our analysis, the earthquake
503 rupture affected areas that had 0.70 locking rate on average. Patches
504 that experienced high slip (>10 m) exclusively concentrated in areas
505 with a mean of 0.80 locking rate (Fig. S4). The northern asperity over-
506 laps with the area of reduced preseismic locking and correlates with a
507 high gradient of locking. The southern two asperities spatially coincide
508 with patches of high locking. The southern end of the rupture zone
509 overlaps an area where the degree of locking was low (Fig. 7), which
510 may have arrested further southward propagation of the rupture.
511 The locking patches over the decade preceding the Maule earth-
512 quake are not the blueprint copy of high-slip regions, but are roughly
513 coincident. Similar first-order spatial correlation but second-order
514 incongruencies of interseismic locking and coseismic rupture extent
515 has been found for the 2011 Tohoku-Oki earthquake (Loveless and
516 Meade, 2011; Ozawa et al., 2011). Consequently, this correlation indi-
517 cates a first-order persistency of asperities during the seismic cycle,
518 which thus can be use to anticipate the maximum possible size of an
519 earthquake in a particular region.
520 In contrast to the teleseismic inversions used by Moreno et al.
521 (2010) to calculate a slip deficit close to zero throughout the 2010
522 Maule rupture area, coseismic slip inversions based at least partially
523 on data accumulating deformation over longer time increments
524 (minutes to days like the geodetic observations used here) seem
525 to indicate an apparent overshoot (with respect to the theoretical

526slip deficit since 1835) in the region which was not fully locked in
527the decade before the 2010 event. We speculate that part of this
528incongruence might be due to rather slow slip and rupture propaga-
529tion in the creeping section not detected by teleseismic observa-
530tions. This is corroborated by spatial variations of the frequency
531content radiated from the earthquake area (Wang and Mori, 2011).
532An important and puzzling implication of the slip budget estimate
533is that the northern region and the Arauco Peninsula released more
534slip that may have been accumulated since 1835. Even if we assume
535that during the entire interseismic period the plate interface was fully
536locked, a negative slip deficit characterizes the areas affected by the
5371928 and 1960 events. The negative slip deficit might indicate a slip
538deficit inherited from a pre-1835 interseismic period, as suggested for

Fig. 7. Coseismic slip distribution, shown with 5-m slip contours, overlain on the lock-
ing rate distribution, which is also shown by brown 0.25-rate contours (Moreno et al.,
2010).
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539 the 1960 earthquake by Cisternas et al. (2005) or, an apparent local
540 overshoot. The latter should result in strong normal faulting activity in
541 the near-field or even along the plate interface as observed during the
542 2011 Japan earthquake (Yagi and Fukahata, 2011). While the largest
543 aftershock was indeed a normal faulting event in the crustal forearc
544 wedge (Ryder et al., in press), normal faulting along the plate interface
545 has not been reported yet to our knowledge.
546 More significant slip deficit larger than 5 m has been found along
547 the down-dip portions of the rupture zone between 36°S and 38°S
548 (Fig. 6b), where interseismic GPS vectors demanded a deeper and
549 wider locked zone (Moreno et al., 2010). If the deep locking was
550 real, the slip deficit is likely to be released by deep afterslip in the
551 aftermath of the 2010 earthquake. This interpretation is qualitatively
552 consistent with the distribution of afterslip inferred from GPS ob-
553 servations by Vigny et al. (2011). However, their reported afterslip
554 during the first two weeks amounted to only a few decimeters and
555 it seems unlikely that prolonged afterslip will counter balance the
556 >5 m of slip deficit suggested by our analysis. Extrapolating the
557 slip rate of the first two weeks (0.25 m/week) based on a general
558 power law decay function suggests that only about one tenth of
559 the apparent deep slip deficit is likely to be balanced by afterslip.
560 However, we cannot discard that creep transients, silent slip, or deep
561 earthquakes might contribute to future megathrust slip balancing the
562 seismic cycle slip budget. Alternatively, the slip deficit at the down-
563 dip of the rupture might be artificial and a result of inaccuracies in the
564 interseismicmodel, which is purely elastic, disregarding the viscoelastic
565 behavior of the mantle. The latter may influence the down-dip limit,
566 and thus width of the locked zone as shown by Wang et al. (2003).
567 A small region of significant slip deficit (>5 m) exists at shallow
568 depth forming a narrow fringe north of 37°S close to the trench. Two
569 major aftershocks (Mw=6.7 andMw=6.9) have occurred in this region
570 (Fig. 6a); events that may have released part of this slip deficit. The
571 same region was affected by an important afterslip immediately
572 after the Maule earthquake (Vigny et al., 2011), indicating that the
573 slip deficit may also have been released aseismically.

574 6.3. Search for a tectonic control

575 The above discussion points to a first-order similarity and persis-
576 tence of patterns of slip and locking rate. The persistence of such a
577 correlation over more than one seismic cycle would, however, require
578 a mechanism that localizes stress buildup over longer time scales.
579 To explore the possible tectonic control on the Maule earthquake
580 rupture, we compared the slip patterns with upper and lower
581 plate structures as well as with the geometry of the plate interface.
582 During a great interplate faulting event, splay faults can play a key
583 role in controlling fluid pressurization (Boutareaud et al., 2008).
584 Hence, the hydraulic behavior of splay faults may induce variations
585 of shear strength and may promote dynamic slip weakening along
586 the splay fault. Our proposed dislocation model reveals north of 37°S
587 a concentration of shallower high slip (>10 m) that abruptly decays
588 seaward, coincidentally at the position of the Thrust Ridge associated
589 with a splay fault system that straddles the edge of the continental
590 slope (Figs. 1 and 6a) (Geersen et al., 2011). A sharp lateral gradient
591 in the number of aftershocks has been observed across this splay
592 fault (Lange et al., in press), suggesting a boundary between seismic
593 and aseismic behaviors. Similarly, Moscoso et al. (2011) image a
594 frontal accretionary prism ~40–50 km wide offshore Maule region,
595 which is spatially coincident with the updip-aseismic region of
596 plate interface. Vigny et al. (2011) proposed that slip reached the
597 trench in this region; however, neither their nor our slip models
598 have the resolution necessary to resolve near-trench slip. The rupture
599 could have stepped up along the thrust-ridge or propagated to the
600 trench. Based on the lack of aftershocks up-dip of the thrust ridge, we
601 favor the step up process.

602The Santa María Fault (Fig. 6a) is also spatially related with an area
603of reduced coseismic slip in the plate interface. Apparently, both splay
604faults may have influenced the distribution of coseismic slip for the
605Maule earthquake, by converting part of the elastic interseismic strain
606accumulated in the upper plate into plastic permanent deformation
607(Melnick et al., in press).
608Though the slip distribution of the Maule earthquake does not
609show a particular spatial relation with the Lanalhue Fault, the high
610magnitude of uplift south of Arauco Peninsula from land-level
611changes (Melnick et al., 2012), a feature that the slip model cannot re-
612produce, may be tentatively associated with coseismic motion along
613this blind fault. A region of large misfit between model prediction
614and vertical observations is also shown by the residuals of LOS aligned
615with the Lanalhue Fault, which demand higher deformation or anoth-
616er mechanism than only slip along the interplate zone (Fig. 5c–d).
617However, fits to GPS data are practically insensible to possible slip
618along this crustal fault, which would involve gradients of vertical
619motions.
620Features of the oceanic plate may potentially influence slip pat-
621terns. However, the slip distribution is not correlated with any first-

-

1906

30 60

Margin parallel dip (°)

Fig. 8. Slab dip calculated in a direction parallel to themargin. Shown are the rupture zones
of the 1906, 1928, 1985 (green lines), 1960 (10-m red contours) and 2010 (5-m blue
contours) earthquakes. Gray 30-m contours indicate the slab depth. Directional slap
dips were calculated using the grd gradient function of the GMT software (http://
gmt.soes.hawaii.edu). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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622 order oceanic feature. The rupture stopped ~100 km to the south of
623 the Juan Fernandez Ridge and propagated across the Mocha fracture
624 zone. Our findings disagree with the recent work of Sparkes et al.
625 (2010) that suggested control of bathymetric features on rupture ex-
626 tent along the Chilean margin.
627 Along-strike inflections and curvature of the slab can have an im-
628 portant effect on the dynamics of the earthquake processes (rupture
629 propagation, e.g., Harris et al., 1991) and can cause the normal stress
630 on the fault to varywith time due to the fact that the slabmoves along a
631 curved interface (e.g., Nielsen and Knopoff, 1998). In an attempt to
632 explore the possible influence of the geometry of the plate interface
633 on the pattern of inter- and coseismic strain, we calculated the direc-
634 tional gradients of the slab dip. One clear correlation is found between
635 the slip distribution and slab dip gradients parallel to its strike (Figs. 8
636 and 9). Dip gradients in the down-dip sense do not show correlation
637 with the interseismic and coseismic slip patches. High coseismic slip
638 was mostly released in areas with negative margin parallel dip (Fig. S4).
639 Highly locked patches are principally observed in areas where the slab
640 plane has not major inflections. In turn, low locking patches coincide
641 with lateral gradients of slab dip.
642 The northern slip maxima is well confined by an area where the
643 slab plane shows a major along-strike inflection (34°S–36°S), which
644 is reflected mostly in the down-dip of the rupture. In this region,
645 the concave up portion of the plate boundary correlates with a local
646 minimum in pre-Maule coupling (Fig. 9 and Fig. S4). Negative slip
647 deficit, which represents areas that released more slip than the theo-
648 retically slip estimated from the locking model, coincides with major
649 lateral gradients of slab dip. This may indicate that slab inflections
650 may also have influenced the apparent overshoot in the northern
651 asperity. The overshoot may have caused a transfer of stresses from
652 the interface to the upper plate that triggered the extensional defor-
653 mation across the Pichilemu Fault. The correlation between interface
654 geometry and slip is also observed for the case of the 1960 Valdivia
655 earthquake to the south (Fig. 8), where slip concentration and ter-
656 mination coincide with slab inflections. So, the plate geometry may
657 influence strain accumulation and release in a subduction zone, a process

658expected to act over long time scale encompassing more than one
659seismic cycle.

6607. Conclusions

661We have presented new estimates of static coseismic surface dis-
662placements measured by a dense GPS network and used them in con-
663junction with published geodetic data to obtain an updated, higher-
664resolution slip model of the 2010 Maule earthquake. The use of a
665FE-model that introduced the main geometrical complexities of the
666Chile subduction zone allowed us to compare the spatial relation
667of slip patterns before and during the 2010 Maule earthquake with
668tectonic features.
669The theoretical accumulated slip deficit since the last great earth-
670quake in 1835 suggests that the Maule earthquake has most likely
671closed the Concepción–Constitución seismic gap. Areas that concen-
672trated high coseismic slip released more slip than has accumulated
673since 1835, suggesting a local overshoot or slip deficits inherited from
674former periods of strain accumulation, retained over more than one
675earthquake, as proposed for the 1960 segment to the south (Cisternas
676et al., 2005). The locking patches over the decade preceding the Maule
677earthquake are roughly coincident with the rupture extent, indicating
678some degree of persistence of asperities in the seismic cycle.
679We found that updip as well as along-strike rupture limits appear
680to be controlled by splay faults, which take up part of plate conver-
681gence coseismically by converting elastic interseismic strain accumu-
682lated in the upper plate into permanent upper plate shortening, thus
683limiting rupture propagation. The Maule earthquake rupture does not
684correlate with any first-order bathymetric feature of the oceanic plate.
685Major gradients in coseismic slip spatially correlate with bends in the
686dip of the megathrust. This asymmetry can cause differential stresses
687that may induce a higher accumulation/release of seismic moment
688and affect also dynamic propagation of the rupture. Thus, correlations
689between co- and inter-seismic slip with long-term tectonic features
690suggest a tectonic control on slip patterns in the south-central Chile
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