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6 [1] Although outer rise seismicity is less common than interplate seismicity in subduction
7 zones, a significant level of seismicity has occurred between the Nazca trench and
8 Juan Fernandez Ridge, in central Chile, during the past 20 years. We first study the 9 April
9 2001 (Mw = 7.0) event and determine its focal mechanism, depth, and source time
10 function by body-waveform inversion from teleseismic broadband data. The results
11 indicate tensional faulting in the upper part of the mechanical lithosphere. Its strike (41�) is
12 similar to those observed in events down dip of the slab at about 100 km depth, which
13 could indicate that these earthquakes occur in preexisting structures formed at the
14 trench. Compressive outer rise events have also occurred during the 1980s in front of the
15 rupture zone of the 1985 Mw 7.8 Valparaı́so Earthquake. To understand their relation with
16 the state of stress of the lithosphere, we construct yield stress envelopes of the oceanic
17 lithosphere, including static and dynamic stresses. Dynamic stresses are due either to slab
18 pull, ridge push, resistive, and drag forces. We explain the sequence of compressive and
19 tensional events by the accumulation of stress prior to 1985 when the subduction is
20 assumed to be locked and after by the unlockage of the subduction by the Valparaı́so
21 interplate event. The yield stress envelope analysis enables us to quantify the accumulation
22 of compressive forces before 1985 and the tensional force after.

23 Citation: Clouard, V., J. Campos, A. Lemoine, A. Perez, and E. Kausel (2007), Outer rise stress changes related to the subduction of

24 the Juan Fernandez Ridge, central Chile, J. Geophys. Res., 112, XXXXXX, doi:10.1029/2005JB003999.

26 1. Introduction

27 [2] Outer rise earthquakes are either normal or thrust
28 events with tensional and compressional axes oriented
29 approximately subhorizontally and perpendicular to the
30 trench axis [Christensen and Ruff, 1988]. Tensional events
31 are a standard feature of the subduction process as they
32 occur at every major subduction zone. Shallow normal
33 faulting outer rise events are associated with the bending
34 of the plate [Stauder, 1968a, 1968b]. Studies of large
35 tensional outer rise earthquakes showed these events can
36 rupture nearly the entire oceanic lithosphere and are en-
37 hanced by the slab-pull effect of the downgoing slab
38 [Kanamori, 1971; Abe, 1972]. Compressional events occur
39 deeper than tensional ones [Chapple and Forsyth, 1979;
40 Seno and Gonzalez, 1987; Mueller et al., 1996b] and are
41 rare in comparison to tensional ones (there is around one
42 compressional event for six tensional ones, according to
43 Christensen and Ruff [1988]).
44 [3] The spatial distribution of normal and compressive
45 intraplate events within the subducting lithosphere is usu-

46ally explained by plate bending models. These models
47[Stauder, 1968a, 1968b; Chapple and Forsyth, 1979; Seno
48and Yamanaka, 1996] predict tensional stress in the upper
49lithosphere, which agrees with the distribution of shallow
50normal faulting events, and a deeper compressional region,
51separated from the tensional region by a neutral plane. The
52average depth of the neutral plane is typically between 30
53and 40 km [Chapple and Forsyth, 1979]. A statistical
54estimate of the depth limit between tensional and compres-
55sional zones within the subducting oceanic lithosphere
56indicates that the 450�C isotherm is a good proxy for the
57boundary [Seno and Yamanaka, 1996]. In addition to the
58plate bending, the temporal distribution of outer rise seis-
59micity can be associated with stress accumulation and
60release during the seismic cycle [Dmowska et al., 1988;
61Taylor et al., 1996; Dmowska et al., 1996]. In coupled
62regions, compressional earthquakes are triggered by the
63slow accumulation of bending and in-plane compressional
64stresses oceanward of the locked section, whereas tensional
65outer rise events generally follow large underthrusting
66events [Christensen and Ruff, 1983, 1988; Astiz et al.,
671988; Dmowska et al., 1988; Dmowska and Lovison,
681988; Lay et al., 1989].
69[4] The occurrence of asperities along the thrust interface
70is expected to increase stress [Dmowska and Lovison, 1992;
71Dmowska et al., 1996]. Asperities are areas marking the
72highest seismic moment release during large underthrusting
73events where stress and deformation rates during the
74earthquake cycle should be more pronounced. Outer rise
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75 and in-slab intermediate depth events tend to lie within
76 corridors through thrust zone asperities and parallel to the
77 direction of convergence.
78 [5] The depth of these earthquakes reflects the state of
79 stress of the lithosphere according to its rheological prop-
80 erties. Rheological models deduced from laboratory data
81 were proposed during the 1980s [Goetze and Evans, 1979;
82 Brace and Kohlstedt, 1980; Kirby, 1980]. In the shallower
83 part of the lithosphere, strength is governed by frictional
84 sliding along preexisting faults, and in its deeper part, the
85 lithosphere undergoes plastic flow. Between these two
86 regions, a brittle-ductile transition zone exists. Maximum
87 rock strength plotted versus depth provides stress enve-
88 lopes, which represent the stress limit that the lithosphere
89 can support without brittle or plastic flow deformation.
90 Obviously, earthquakes can nucleate only in the brittle or

91semibrittle area. Their type (compressive or tensional)
92depends on the loading history of the plate. McNutt and
93Menard [1982] and Mueller et al. [1996a, 1996b] calculated
94yield strength envelopes for oceanic lithosphere in outer rise
95areas, in the contexts of bending, unbending, slab-push or
96slab pull, or in the case of a more complex sequence (e.g.,
97bending followed by slab-pull). We use this method to
98constrain the state of stress of the oceanic lithosphere with
99the a priori information of outer rise seismic events.
100[6] Our goal is to estimate the state of stress of the
101oceanic lithosphere in the central Chile outer rise area and
102its evolution between two sequences of outer rise earth-
103quakes. The first step is the detailed study of the 9 April
1042001 outer rise earthquake (see location, Figure 1) and its
105associated aftershocks. Next, a geometrical approach is used
106to define the shape of the bending lithosphere, which then

Figure 1. Bathymetric map of the studied area. Red dashed lines represent the main magnetic anomalies
[Müller et al., 1996; Yáñez et al., 2001]. Relative convergence velocity of Nazca Plate with South
America is from NUVEL-1 [DeMets et al., 1990]. Black stars indicate the epicentral locations of main
outer rise events (April 2001, 1971, 1981, and 1982). Open stars represent 1906, 1971, and 1985
interplate earthquakes. Gray disks with black outline represent subducted seamounts (P. Smt: Papudo
seamount, S.A. Smt: San Antonio seamount). The upper right insert shows the south American continent
and the study area. Red triangles represent recent active volcanoes and the dotted yellow lines the plate
boundaries.
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107 allows yield strength envelopes to be estimated. The final
108 analysis of the stress state and strength of the oceanic
109 lithosphere includes an examination of large earthquakes
110 that occurred in the study area during the last 30 years.

111 2. Tectonic Setting

112 [7] The study area (Figure 1) corresponds to the eastern
113 part of the Nazca plate, from 30�S to 35�S. The age of the
114 oceanic lithosphere in the study area ranges from 33 Ma in
115 the southwest to 38 Ma in the northeast [Cande and Herron,
116 1982; Yáñez et al., 2001]. All this seafloor was formed at the
117 Pacific/Farallon Ridge. Plate convergence velocities in our
118 study area deduced from NUVEL-1 [DeMets et al., 1990]
119 are 80 mm/year along a N78.1� strike, and from GPS data
120 [Kendrick et al., 2003] are 63.2 mm/year along a N79.5�
121 strike. Despite the difference in rate, only the direction of
122 convergence is relevant in our study and both sources are in
123 agreement. We use the N78.1� direction.
124 [8] The main tectonic feature in the study area is the Juan
125 Fernandez (JF) Ridge (Figure 1). In this region the JF Ridge
126 comprises a guyot (8.5 ± 0.4 Ma, J.M. O’Connor, manu-
127 script in preparation, 2005) and a seamount, which form the
128 O’Higgins Seamounts. This is the eastern part of a hotspot
129 chain. The present-day location of the JF hotspot would be
130 to the west of Juan Fernandez Islands [von Huene et al.,
131 1997]. The Chilean trench between the Nazca and South
132 America plates reaches 6200 m-depth to the north of the JF
133 Ridge and is partially buried by sediments to the south. The
134 JF Ridge appears to act as a barrier to sediment transport
135 from the south to the north [Lawrie and Hey, 1981]. Parallel
136 to the JF Ridge, to the north and to the south, are unusually
137 long (ca. 100 km) horst-and-graben type faults, whose
138 scarps in the southern area reach about 1000 m-high near
139 the trench axis [von Huene et al., 1997]. The main one, the
140 O’Higgins fault, is indicated in Figure 1.

141[9] Along the Andean margin, the subducted slab is
142morphologically segmented into steep subduction and flat-
143slab subduction regions [Barazangi and Isacks, 1976]. Flat-
144slab areas are revealed by the shape of the Wadati-Benioff
145zone deduced from seismic data [Engdahl et al., 1998] and
146tomographic images from a global travel time tomographic
147model [Bijwaard et al., 1998]. Two areas are subject to flat-
148slab subduction along the Andean trench [Barazangi and
149Isacks, 1976]: central Chile (between 27� and 33�S) and
150central Peru. Central Chile is characterized by a 15� dip
151angle to depths of �100 km and then by subhorizontal slab
152for several hundreds of kilometers [Hasegawa and Sacks,
1531981].
154[10] The seismic energy released during earthquakes
155within the upper plate is 5 to 10 times greater in the Central
156Andes flat-slab area than in adjacent north and south seg-
157ments [Gutscher, 2002], which implies a higher degree of
158interplate coupling. It is consistent with a longer contact
159area and cooler temperatures [Gutscher, 2002]. To the east
160of our study area, stress tensors were determined for the
161interplate coupled zone: at shallow depths (0 to 70 km), the
162slab is under compression due to plate convergence with
163some normal faulting events in the oceanic plate, whereas
164far from the trench, at intermediate depths, the slab is under
165tension due to the slab pull [Pardo et al., 2002].

1663. Seismic Analysis

1673.1. Seismicity of Valparaı́so Area

168[11] The study area is located at the transition from flat
169subduction, northward, to normal subduction, southward
170[Barazangi and Isacks, 1976]. Around the subduction of JF
171ridge a high level of seismicity occurs from superficial to
172intermediate depths. Figure 2 shows that on a 150 km wide
173band along the trend of JF ridge, seismicity associated with
174subduction is particularly intense. In this area the most

Figure 2. Seismicity (Mw > 4) associated with subduction landward of the study area, from NEIC
Catalogue between 1973 and 2003. Color scale according to the event depth. White lines represent the
rupture lengths of underthrusting earthquakes (adapted from Comte et al. [1986]). Mechanisms and
locations of main outer rise events are shown.
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175 recent great interplate earthquakes (Figures 1 and 2) are the
176 1985 Valparaı́so Mw = 8 and the 1971 Ms = 7.5 events
177 [Mendoza et al., 1994; Malgrange et al., 1981]. The
178 aftershock areas of these two earthquakes overlap between
179 32�.5 and 33�S [Comte et al., 1986], which correspond to
180 the latitude of the 9 April 2001 event (Figure 2). Here, outer
181 rise earthquakes are less common than earthquakes occur-
182 ring at the coupled interface between subducting plate and
183 continental plate. However, the region seaward of Valpar-
184 aı́so experienced six large events from 1971 to 2001
185 (Table 1), of which the last is the 9 April 2001 earthquake
186 on which our study focuses.
187 [12] Outer rise seismicity since 1973 for this area can be
188 divided into two sequences: the first began with the
189 16 October 1981 Ms = 7.2 event, which occurred south
190 of JF Ridge at a depth of 30 km [Korrat and Madariaga,
191 1986]. Its focal mechanism indicates compression within
192 the oceanic plate (Figure 2). It was followed by the
193 25 February 1982 earthquake (mb = 5.2, z = 27 km,
194 Table 1). Its focal mechanism was very similar to that of
195 the 1981 event, showing compression parallel to the axis
196 of JF Ridge (Figure 2). The second sequence of outer rise
197 seismicity was associated with 9 April 2001 earthquake
198 (Mw = 7.0), which is studied in detail in this paper. This
199 event was followed by a high level of microseismicity that
200 is still active to date. This earthquake occurred very close
201 to the epicenter of the 25 September 1971 event (mb = 5.5,
202 z = 4 km, Table 1), which showed extension perpendicular
203 to trench axis (Figure 2). Two outer rise events of the
204 same kind occurred around latitude 35.5�S on 1 December
205 1973 (mb = 5.8, z = 23 km) and on 17 September 1995
206 (mb = 5.9, z = 7 km). They both indicate extension,
207 perpendicular to the trench axis for the 1995 one, and
208 subparallel to Nazca-South America relative plate motion
209 and to the JF Ridge for the 1973 one (Figure 2).

210 3.2. Event of 9 April 2001

211 [13] The 9 April 2001 earthquake occurred between the
212 O’Higgins seamounts and the Chile trench, in an area
213 fractured by horst-and-graben type faults (Figure 1). It was
214 the second biggest outer rise event recorded close to Juan
215 Fernandez ridge (see Table 1). The fault plane solution
216 reported by Harvard Centroid Moment Tensor (CMT) Cata-
217 logue (Table 2) is a normal faulting mechanism at 15 km
218 depth and dipping at 46�, but the strike of 33� is not parallel to
219 the trend of the trench in this area. Body wave analysis will
220 confirm this result and allows us to propose a complex
221 source-time model for the rupture of this event.

222[14] For the body wave study we used more than 50 VBB
223teleseismic digital records from the Incorporated Research
224Institutions for Seismology (IRIS) network. Only mantle
225body waves from stations at distances of 30� � Dp � 90�
226and 34� � DSH � 87� are included in our data set in order
227to avoid upper mantle and core arrivals. Twenty-nine P
228waves and thirty SH waves are selected in order to obtain a
229good azimuthal distribution of stations around the epicenter
230(Figure 3). For inversion of the body wave data we use the
231procedure proposed by Nábělek [1984]. In this method we
232invert for multiple sources and solve simultaneously for
233focal mechanism, centroid depth, and source-time function
234for subevent. In order to get the best estimate of the source
235parameters, we minimize the residuals between the ob-
236served and theoretical seismograms and the difference
237between the parameters of the a priori and the best fit
238model. The objective functional for the inversion was
239chosen as the following L2 norm

L2 ¼ d � m pð Þ½ 	TC�1
d0

d � m pð Þ½ 	 þ p� p0ð ÞTC�1
p0

p� p0ð Þ ð1Þ

241where d is the vector of observed seismograms, m the
242corresponding synthetic seismograms, p the estimated model
243parameters, p0 an a priori estimate of the model, and Cd0 and
244Cp0 are the a priori estimates of the variance of the data and
245model parameters, respectively.
246[15] We follow the same procedure applied by Campos et
247al. [1994], who did a limited exploration of the parameter
248space. In order to control the resolution of the inversion, a
249stepwise procedure is carried out, increasing the model
250complexity at each new inversion. We focused our interest
251on rupture propagation, on possible focal mechanism var-
252iation, and on the subevent distribution. To estimate the
253goodness of fit of the models, we use the same normalized
254residual that Campos et al. [1994] used. The velocity and
255density distribution adopted in the source region comes
256from Kopp et al. [2004]. Anelastic attenuation along the
257propagation path was parametrized using an effective atten-

t1.1 Table 1. Main Outer Rise Earthquakes Registered Off Coast of Valparaı́so

Date Latitude, Longitude Depth Magnitude Strike, Dip, Slipt1.2

09/25/1971a �32.4�, �73.06� 4 km (ISC) Ms = 5.8 231, 64, �46bt1.3
12/01/1973a �35.59�, �74.48�d 23 km (ISC) Ms = 5.9 226, 61, �116t1.4
16/10/1981a �33.13�, �73.07�d 30 km Ms = 7.2 175, 59, 99t1.5
02/25/1982a �33.3�, �73.09�d 27 km (ISC) mb = 5.2 172, 72, 107t1.6
09/17/1995c �35.56�, �74.17�d 15 km Mw = 5.6 184, 42, �124t1.7
04/09/2001e �32.84�, �73.32� 12 km Mw = 7 41, 44, �84t1.8

aSource is Korrat and Madariaga [1986].t1.9
bParameters may not by well constrained.t1.10
cSource is CMT Harvard.t1.11
dSource is NEIC.t1.12
eSource is this study.t1.13

t2.1Table 2. Fault Plane Solution

Moment Tensor Harward CMT This Study t2.2

Mo, Nm 1.17 � 1019 4.6 � 1019 t2.3
Strike 33� 41� t2.4
Dip 46� 44� t2.5
Rake �86� �84� t2.6
H, km 15 12 t2.7
Mw 6.6 7.0 t2.8
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258 uation t* of 1 s for P waves and a t* of 4 s for SH waves. All
259 the observed records are equalized to displacement seismo-
260 grams with the same gain at a distance of 40� from the
261 epicenter. In order to avoid problems with low- and high-
262 frequency noise due to the integration procedure, displace-
263 ment records are filtered with a band-pass filter (Butter-
264 worth of order 3) between 0.01 and 1 Hz. Because SH wave
265 amplitudes are much larger than P wave amplitudes and
266 because the sensitivity of the least squares inversion is
267 directly proportional to the power of the signal, we apply
268 a weighting to give the same significance to both types of
269 waves. The total RMS misfit is defined as the sum of the P
270 and SH normalized residuals divided by the root square of
271 the total normalized variance of the data.
272 [16] The best point source model consistent with P and
273 SH waves is determined from the body wave inversion.
274 From this model we determine the depth of the source
275 centroid and the orientation of the fault plane. The inversion
276 process is started using the a priori model of the CMT
277 solution obtained by Harvard (Table 2) and a source-time
278 function parametrized by a sequence of isosceles triangles
279 of rise time 1 s and variable amplitude for a total duration of
280 50 s. From linearized inversion we obtain a strike of 41�, a
281 dip of 44� and rake of �84� (Table 2). We also find the
282 depth of source centroid to be 12 km and the seismic
283 moment to be Mo = 4.6 � 1019 Nm.
284 [17] The waveform fits are quite good (Figures 4 and 5).
285 Hence the point source model explains the complex body
286 wave signals reasonably well. The focal mechanism is well
287 constrained as can be seen from the amplitude variation of P
288 and SH waves with azimuth (Figures 4 and 5). In particular,
289 SH waves for stations SJG and SACV show a clear polarity
290 change when crossing the nodal plane.
291 [18] Directivity effects can be seen in Figure 4: the
292 vertical arrows show the widening of the P wave pulses

293from north to south, indicating a rupture propagation to the
294north. This SW to NE directivity source effect is in good
295agreement with the 4 day aftershock distribution (Figure 6),
296further confirming that the strike of the focal plane is
297parallel to JF Ridge. The source-time function is a complex
298sequence consisting of three main pulses totaling 40 s
299source duration. This result agrees with the direction of
300rupture propagation starting at the southwest of the after-
301shocks area.

Figure 3. Azimuthal coverage of teleseismic stations (black triangles) used in the body wave inversion.
Black lines: P and SH waves; dotted lines: SH waves; dashed lines: P waves.

Figure 4. Point source modeling of P waveforms of the
Mw = 7.0 9 April 2001 event, off coast of Valparaı́so. Depth
was 12 km. Solid and dashed lines represent observed and
synthetics displacement, respectively. Source time function
had a duration of 40 s.
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302 3.3. Aftershock Seismicity

303 [19] The outer rise seismic data used are those recorded
304 by the Seismological Service of Chile University (GUC),
305 with a permanent local network (see location Figure 6).
306 This network comprises 21 stations between 32�S and
307 35�N including accelerometers, broadband stations, and
308 short periods 1 and 3 components. From 9 April 2001 to
309 28 February 2003, a total of 220 events were recorded. A
310 database is generated, which includes the digital seismo-

311grams obtained for each of the 220 events. The readings of
312either P and S wave arrivals are made for each event using
313the SEISAN package [Havskov and Ottemoller, 1999] to
314obtain the initial hypocenter locations. The final hypocen-
315ter relocations are made using the HypoDD program
316[Waldhauser, 2001]. The 9 April 2001 main shock is
317relocated at 32.84�S and 73.32�W (Figure 6).
318[20] We studied aftershocks occurring during a period of
31952 days after the principal event of 9 April 2001. A total of
320130 aftershocks were recorded, including 72 (55%) during
321the first 4 days (Figure 7). We consider this important
322seismic activity of the first 4 days as the actual aftershock
323activity, and thus only these events are kept in the following
324analysis. The final relocation of the mainshock and of these
32572 aftershocks is shown in Figures 6 and 8. Earthquakes are
326concentrated in a cluster located 50 km west of the trench to
327the northeast of the main shock epicenter. Because of the
328on-land location of our local network, the location of the
329aftershocks are systematically shifted to the east of the main
330shock, whose location was obtained using a world coverage
331of seismic stations. The aftershock depth distribution within
332the oceanic lithosphere ranges from 16 to 46 km (error
333�5 km), and their magnitudes from 3.4 to 4.4. With the
334method described above, the hypocenter depth of the main
335event is 18.4 km (error �5 km), in agreement with NEIC
336catalogue solution and with our previous result of the
337centroid depth of 12 km. We tried to compute focal
338mechanisms for the largest magnitude aftershocks to better
339understand fault mechanism at depth and the relation
340between these events and the main event. Unfortunately,
341owing to the location of the local network, which is only on-
342land eastward of the seismic cluster, no convincing solution
343was produced.
344[21] However, together with the modeling of the 9 April
3452001 event, the 4 day aftershock distribution confirms that

Figure 5. Point source modeling of SH waveforms of the
Mw = 7.0, 9 April 2001 event. Legend as in Figure 4.

Figure 6. Location of 9 April 2001 2 week aftershocks over detailed bathymetry: colored circle
according to their depth. Red stars correspond to outer rise events and open stars to interplate
earthquakes. Tracks of the Figure 8 profiles are the red lines. Isocontours of the Moho depth are shown.
Green triangles are the local seismic stations used to locate aftershocks.
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346 the strike of the focal plane is not parallel to the main trench
347 strike but is in fact subparallel to the JF Ridge and the

O’Higgins fault.
349

350 4. Characterization of the Oceanic Lithosphere

351 [22] Deformation of the lithosphere in the study area,
352 associated with a realistic rheology of the oceanic litho-
353 sphere, can be used to deduce the lithospheric stress
354 distribution [Goetze and Evans, 1979; McNutt and Menard,
355 1982]. We first determine the shape of the lithosphere
356 assuming an elastic behavior. We assume that deformation
357 is produced by two phenomena: first, the bending of the
358 lithosphere prior to subduction, and second, the deflection
359 of the lithosphere under the JF Ridge volcanic load. The
360 characteristics of the bending of the lithosphere prior to
361 subduction can be directly determined from the bathymetry
362 near the rise. This provides the deformation of the litho-
363 sphere due to the subduction, the elastic thickness, and the
364 curvature of the dipping lithosphere. The elastic thickness is
365 used to determine the flexure of the crust under the JF
366 seamounts to define the shape of the upper oceanic litho-
367 sphere. The curvature is used to compute the yield strength
368 envelope. This complete characterization of the oceanic
369 lithosphere enables us to carry out the analysis of the outer
370 rise seismicity in our study area.

371 4.1. Bending Due to Subduction

372 [23] The bending of the lithosphere prior to the subduction
373 induces considerable flexure [e.g., Turcotte and Schubert,
374 1982; Watts et al., 1995]. This bending is commonly
375 modeled in two dimensions by a universal deflection profile
376 deduced from elastic plate theory [Caldwell et al., 1976].
377 With the proper boundary conditions, the value of the
378 flexure, w, along a profile perpendicular to the trench can

be expressed by

w ¼ wb

ffiffiffi
2

p
sin

px
4xb

exp
p xb � xð Þ

4xb
ð2Þ

380381 where wb is the magnitude of maximum positive deflection,
382 at coordinate xb, the distance from the point at the trench
383 where the plunging lithosphere reaches the regional value of
384 the bathymetry (see Figure 9). Local values for wb and xb
385 are deduced from bathymetric data. The most recent
386 bathymetric synthesis including multibeam data [Zapata,
387 2001; Clouard et al., 2003] is used to realize a modal
388 analysis. First, we made the age correction of the

389bathymetric data using the subsidence model of Parsons
and Sclater [1977]

depth tð Þ ¼ 2500þ 350
ffiffi
t

p
t in Ma: ð3Þ

392393[24] Then all the data are projected along tracks perpen-
394dicular to the trench and spaced by 10, which is greater than
395the accuracy of bathymetric data. The distance of each depth
396point to the trench is calculated so that the deepest point of
397each profile is at distance 0. We construct a grid where the
398depth is a function of the distance to the trench, and z is the
399number of points in each cell (Figure 9). This representation
400was proposed by Renkin and Sclater [1988] to select the
401mode (the most common value in a population of numbers)
402of depth as a function of distance. It avoids the biasing that
403could occur if we had constructed our analysis only with a
404few bathymetric profiles, where the effect of seamounts
405could be predominant. A mode profile is deduced from the
406maximum of the grid at each distance step. The universal
407profile is then computed by finding the optimal value of the
408parameters wb and xb that minimize the misfit between the
409modal and the predicted profile, using the misfit formula of
410Levitt and Sandwell [1995]. We find wb = 325 m and xb =
41135 km for a misfit value of 0.53 m. Shifted by 6 km below
412the depth of the regional seafloor, the universal profile then
413also can represent a typical profile of the Moho in the study
414area. To completely define the effective shape of the Moho,
415we also have to take into account its deflection under JF
416Ridge load.

4174.2. Flexure Under Juan Fernandez Ridge Loading

418[25] To compute the deflection of the lithosphere under JF
419Ridge loading, the value of the elastic thickness of the
420lithosphere can be deduced from its bending characteristics.
421The distance xb is directly related to a, the flexural

422parameter by xb = pa
4
, with a = [ 4D

rmrwð Þg]
1/4 [Caldwell et

423al., 1976]. Te, the elastic thickness is related to D, the

424flexural rigidity of the lithosphere, by D =
ET3

e

12 1�v2ð Þ, where E
425is the Young’s modulus, and v the Poisson’s ratio. With xb =

42635 km, the elastic thickness of the lithosphere is 15.3 km.
427We use the numerical approach developed by Watts et al.
428[1975] to solve in three dimensions the equation that

governs w

Dr4wþ rm � rlð Þgw ¼ q x; yð Þ ð4Þ

430431where rl is the load density, rm is the mantle density, r4 is
432the biharmonic operator, q(x, y) is the vertical load derived
433from the bathymetric grid, and g is the acceleration due to
434gravity. Density values and other parameters are shown
435Table 3. The deepest deflection is 2 km under O’Higgins
436guyot, in good agreement with values deduced from seismic
437refraction [Kopp et al., 2004].
438[26] Finally, a grid is constructed from the one obtained
439from the deflection of the seafloor under the JF Ridge, to
440which the universal profile is added. This represents the
441total deformation of the upper lithosphere (Figure 6) and
442reflects the shape of the Moho and the upper lithosphere
443without ‘‘noise’’ such as seamounts or faults. Note that the
4449 April 2001 earthquake did not occur at the top of the

Figure 7. Histogram of local outer rise seismicity before
and after 9 April 2001 earthquake, from 1 April to 30 May
2001.
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445 bending lithosphere (Figure 6), as might have been the case
446 if the bending was the unique stress factor. The epicenter of
447 our main event is shifted to the west of the trench because of
448 the perturbation produced in the stress field by the JF Ridge.

449 4.3. Construction of the Yield Strength Envelope

450 [27] An elastic lithosphere model is appropriate to de-
451 scribe lithospheric deformation when stress is not too high,

452as, for example, when isolated volcanoes load the seafloor
453or the lithosphere bends prior to subduction. The elastic
454model approximates the complex rheology of brittle failure
455in the upper lithosphere and ductile creep below, down to a
456depth corresponding to the mechanical thickness of the
457lithosphere. However, to understand how stress is distrib-
458uted in the lithosphere, we use the Yield Strength Envelope
459(YSE) [Goetze and Evans, 1979; Kirby, 1980; Bodine et al.,

Figure 8. Vertical cross-sections of the lithosphere along profiles P1 (top), P2 (middle) and P3
(bottom), perpendicular to the trench (see location on Figure 6). The shape of the Moho derives from the
deflection of the lithosphere due to subduction and the JF load. The depth of the 450� isotherm is based
on the cooling plate model of Parsons and Sclater [1977]. The depth of the neutral plane deduced from
the Yield Stress Envelope (YSE) comes from Figure 10. Black dots represent the 9 April 2001
aftershocks, and the main event is represented by a star. On profile P3, the limit of the upper crust
obtained by seismic refraction [Kopp et al., 2004] is the thin line. A possible fault plane is drawn in heavy
dashed line from the seafloor JF fault, through the fault seen in the upper crust.

XXXXXX CLOUARD ET AL.: OUTER RISE STRESS IN CENTRAL CHILE

8 of 15

XXXXXX



460 1981]. Stress envelopes are profiles of maximum rock
461 strength plotted versus depth. They are derived from labo-
462 ratory experiments on real rocks. Deformation in the upper
463 brittle lithosphere is governed by frictional sliding and
464 described by linear equations deduced from Byerlee’s law
465 [Byerlee, 1978] and deeper and until the bottom of the
466 mechanical lithosphere, the plastic flow strength of the
467 rocks is approximated by power law creep equations.
468 4.3.1. Reference YSE
469 [28] The depth of the mechanical lithosphere is usually
470 assumed to lie between the 600 and 800�C isotherm
471 [Scholz, 2002] and was found to be at the depth of the
472 800�C isotherm in our study area [Judge and McNutt,
473 1991]. This isotherm corresponds to a value of 41.5 km
474 below the seafloor and hence lies about 45.5 km below sea
475 level. To construct the brittle and the ductile parts of our
476 reference YSE, we adopt the coefficients proposed by
477 Mueller et al. [1996a], in the case where the stress is
478 reduced by the pore pressure and where presence of water
479 is assumed. In the brittle zone, the constitutive equations of
480 the strength limit, Ds, are given by

Ds ¼ 3:68szz szz � 22 MPa

Ds ¼ 2:12szz þ 35 MPa szz � 22 MPa

ð5Þ

for compression and by

Ds ¼ 0:79szz szz � 100 MPa

Ds ¼ 0:68szz þ 11 MPa szz � 100 MPa

ð6Þ

483484for tension, where szz = Drgz is the lithostatic pressure. At
485higher temperature, the dominant mechanism for failure is
486ductile flow and is represented by a power law relationship
487between the yield strength Ds and the strain rate _� [Goetze,

1978]

Ds ¼
_�

B
exp

Q

RT

� �� �1=n
ð7Þ

489490where Q is the activation energy, T is the temperature, R is
491the universal gas constant, and B and n are constants that
492depend on the material. In our case we use the values of wet
493dunite [Chopra and Paterson, 1981]. We assume a linear
494variation of T with depth, T(�K) = 273 + az. Here a is
495calculated between 0 and 80 km, the depth of the bottom of
496a 38 Ma lithosphere and for a temperature of the astheno-
497sphere of 1573�K. The strain rate depends on the duration
498of the load or, in our case, on the changes in the plate
499curvature. In outer rise context, a common value is 10�15 s�1

500[Bodine et al., 1981; Mueller et al., 1996a]. Values of
501parameters and constants used in the construction of the YSE
502are reported Table 4.

t3.1Table 3. Values of Parameters and Constants Used in Flexural and

Gravity Modeling

Name Symbol Value Unit t3.2

Young’s modulus E 1.0 � 1011 Pa t3.3
Poisson’s ratio v 0.25 t3.4
Acceleration due to gravity g 9.81 m s�2 t3.5
Newton’s gravitational constant g 6.67 � 10�11 m3 kg�1 s�2 t3.6
Load density rl 2700 kg m�3 t3.7
Water density rw 1030 kg m�3 t3.8
Mantle density rm 3350 kg m�3 t3.9

Figure 9. Determination of the universal profile of the deflection of the lithosphere prior to subduction:
Modal representation of bathymetric data between 31.9� and 32.9�S and 72� to 75�Wwith age correction.
Depth points are extracted from profiles spaced by 10, perpendicular to the trench. Origin of the profiles
(x = 0) is taken at the lowest point assumed to represent the trench. The origin of the y-axis corresponds
to the normal depth according to the age of the lithosphere. Dashed thick line passes through the maxima
of the modes, and best fit with the universal profile (thick line) provides xb = 35 km and wb = 325 m.
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511 [29] Between the purely brittle or ductile regimes, both
513 processes can occur, but constitutive equations of the brittle-
514 ductile transition zone are not well constrained (see discus-
515 sion in the work of Kohlstedt et al. [1995]). This is of
516 particular interest in our study, as most of the studied earth-
517 quakes occurred in this zone, and as the bottom of the
518 seismogenic zone cannot be deeper than the top of the ductile
519 zone [e.g., Scholz, 2002]. Following Kohlstedt et al. [1995],
520 we construct a linear curve from 10 km depth (the end of
521 purely brittle behavior) to the depth where the stress neces-
522 sary for plastic flow equals the effective confining pressure,
523 s1� s3. In tension, s1 = szz and s3 =Ds and in compression,
524 s1 = Ds and s3 = szz, which leads to the intersection point

525between ductile and semibrittle curves at 30.5 km in com-
526pression and 33.5 km in tension. The final YSE is represented
527Figure 10. The highest value of the referenceYSE is 202MPa
528in tension and 704MPa in compression. They are in the range
529of other YSEs [e.g., Mueller et al., 1996a]. In the next
530paragraph our analysis of the dynamical force within the
531lithosphere will be bound by these values.

4.3.2. Static and Dynamic Stress of the YSE
533[30] To compute the actual stress distribution within the
534lithosphere, we assume that stresses are a combination of
535(1) thermal stress, (2) the plate bending stress prior to
536subduction, and (3) an in-plane tensional stress as indicated
537by the focal mechanism of the 9 April 2001 event.

t4.1 Table 4. Parameters and Constants Used to Construct the YSE

Name Symbol Value Unitt4.2

Density contrast between the plate and the water Dr 2300 kg m�3t4.3
Strain rate _� 10�15 s�1t4.4

B wet dunite B 7.58 � 10�17 Pa�n s�1t4.5
Q activation energy for wet dunite Q 4.44 � 105 J mol�1t4.6
n power law exponent for wet dunite n 3.4t4.7
Universal gas constant R 8.314 J K�1 mol�1t4.8
Temperature gradient a 1.96 � 10�2 K m�1t4.9

Figure 10. YSE computed in the case of (a) pure thermal stress, (b) pure bending, and (c) pure tension,
and (d) their sum with thermal and bending preceding tension. Tension (right part of the figures)
corresponds to positive stresses, and compression corresponds to negative ones (left part of the figures).
Black circles in Figure 10d represent the depths of the 9 April 2001 aftershocks. Tm, the mechanical
thickness deduced from the depth of the 800� C isotherm, is 45 km. Tl, the isotherm of the transition
depth between semibrittle and ductile is at 34.5 km. The slab-pull force necessary to reach the rupture
limit at the depth where occurred the main shock and 40% of the aftershocks is 0 (thick line), for 70%, it
is 1.5 � 1012 N m�1 with an associated stress of 43 MPa (dashed thick line), and for 90% it is 4.4 �
10412 N m�1 with an associated stress of 403 MPa (dotted line).
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538 [31] The thermal stress (Figure 10a) for a lithosphere of
539 age t, at depth z, is given by the formula proposed by Wessel
540 [1992]

s ¼ TmalE

1� nð Þ
Tl

Tm
� erf

z

2
ffiffiffiffiffi
kt

p
� �

� lb
A

ffiffiffi
p

p ln
z

2A
ffiffiffiffiffi
kt

p
� �� �

ð8Þ

542 where al is the linear thermal expansion coefficient, Tl =
543 590�C is the temperature at the depth of the brittle-ductile
544 transition (29.5 km in our case), erf is the error function, k
545 the thermal diffusivity, A and b constants (A = erf�1(Tl/Tm),
546 b = e�A2�1), and l is a measure of how much the thermal
547 contraction stresses have been relieved (we take l = 0.8).
548 The parameters used are the same as those proposed by
549 Wessel [1992]. Indeed, the thermal stress has a minor
550 influence on our YSE, as the bending stress at shallow depth
551 overwhelms the thermal stress, and deeper, the thermal
552 stress is low (Figure 10a).
553 [32] The plate bending stress (Figure 10b) follows the
554 thermal stress, and is defined by m, the slope of the elastic
555 core, related to K, the curvature of the bending by m = KE/
556 (1 � v2). K is obtained from the wavelength xb and the
557 amplitude wb of the bending [e.g., McNutt, 1984]

K x ¼ 0ð Þ ¼ �
ffiffiffi
2

p
p2wbe

p
4
=8x2b ð9Þ

560 [33] We find K = �10.9 � 10�7 m�1.
561 [34] The in-plane stress (Figure 10c) is a constant that we
562 adjust as a function of the depth of the 2001 main event and
563 its aftershocks. Results will be discussed later in section 4.4.
564 The computation method of the compound stresses is
565 described in detail by Mueller et al. [1996a]. First, the
566 thermal stress is applied, the stress distribution must be
567 bounded by the yield envelope, and the stress integral must
568 vanish as the in-plane force is zero. Second, a bending stress
569 of the form mz + b is added, with the same conditions that
570 enable the determination of the constant b. Third, the in-
571 plane stress is added, and this time, the stress integral is
572 equal to the in-plane force.

573 4.4. Distribution of Stress Within the Lithosphere

574 [35] Our final distribution of stress within the lithosphere
575 is shown in Figure 10d. It is derived from classical YSE
576 theory, and only the in-plane stress parameter is adapted to
577 our study. To avoid confusion between depth below sea
578 level, which is the reference for the seismic events, and
579 below the seafloor, which is the reference for the YSE, we
580 will use depth below sea level in the following discussion.

581[36] Because of the effect of the bending prior to sub-
582duction, the mechanical lithosphere is in tension in its upper
583part and the tensional stress reaches the YSE from the top of
584the crust to a depth of at least 22 km. This part of the
585lithosphere can experience tensional brittle failure. At
586intermediate depths, stresses are not sufficient to produce
587failure since this is the elastic core where deformation is
588elastic. Finally, down to 45 km, deformation induces creep
589flow in compression. The adjustment of the depth of the
590transition between brittle tensional and elastic behavior is
591related to the depth of the main event of 2001 and its
592aftershocks. If we only consider the 2001 event, no ten-
593sional force is needed to initiate brittle failure at 22 km
594depth, whereas if we want 70% of the aftershocks to fall
595within the brittle lithosphere, we need a tensional force of
5961.5 � 1012 N m�1, and if we want 90%, a force of 4.4 �
5971012 N m�1 is required (see Table 5).
598[37] We find tensional forces between 0 and 4.4 times
5991012 N m�1, depending on the chosen depth of the transition
600between brittle rupture and elastic behavior. This force
601corresponds to the slab-pull force transmitted on the other
602side of the interplate zone. Recent studies [Bott, 1993;
603Schellart, 2004; Sandiford et al., 2005] indicate that it
604usually ranges between 1012 and 4 � 1012 N m�1, decreas-
605ing with an increasing coupling coefficient. Central Chile
606has a high coupling coefficient (c = 0.56 [Scholz and
607Campos, 1995]); thus the transmitted tensional force is
608probably close to zero when the subduction is locked.
609However, even when the subduction is unlocked, the effect
610of the flat subduction might reduce locally the transmis-
611sion of the slab pull force. From laboratory experiments,
612[Schellart, 2004] showed that the ratio of transmission of
613the slab pull force decreases with the dip angle of the
614subduction plate and is 0–4% for dip angles between 15
615and 30�. In central Chile, after 150 km of shallow dip
616subduction (15�), the Nazca plate presents a flat segment of
617about 300 km-length [Gutscher et al., 2000]. Hence the
618transmission of the slab pull force is probably small in our
619study region. For these reasons, we think that the actual
620tensional force ranges between 0 and 1012 N m�1. It is hard
621to be more precise since, in our analysis, we take into
622account the 2001 event aftershocks, whose depths are
623poorly constrained due to the asymmetrical location of the
624seismological network.
625[38] From the 72 aftershocks studied, the three deepest
626are well separated from the main group and are from 42 to
62746 km deep. Because of high pressure expected at these
628depths, brittle fracturing or frictional sliding on fault surfa-
629ces is prohibited. Some additional effects that reduce the
630strength of rocks are therefore required. Fluid released due
631to dehydration of hydrous minerals can increase pore
632pressure and promote brittle fracture. This dehydration
633embrittlement phenomenon is commonly used to explain
634intraplate intermediate depth seismicity, i.e., earthquakes
635with z < 300 km [Kirby et al., 1996a]. It can occur if rocks
636have been hydrated prior to subduction and if they support
637stresses such as bending ones. Possible causes for rock
638hydrating are faulting or alteration and the magmatic
639effects of plumes [Seno and Yamanaka, 1996; Green,
6402001; Yamasaki and Seno, 2003]. In our study area the
6419 April 2001 event and its aftershocks are located below the
642O’Higgins fault and other horst-and-graben normal faults

t5.1 Table 5. Stress and Dynamic Force Necessary to Change the

Depth of the Brittle Limit Within the Mechanical Lithospherea

Type Depth, km % Events Stress, MPa Force, N m�1t5.2

Tensional 18 2001 0 0t5.3
22 2001 + 40% 0 0t5.4
25 2001 + 70% 35 1.2 � 1012t5.5
29 2001 + 90% 403 4.4 � 1012t5.6

Compressional 27 1981 + 1982 600 1.4 � 1013t5.7
30 1981 370 1013t5.8

aThe numerals 2001, 1981, and 1982 mean the 2001, 1981, and 1982
earthquakes and the percentages are those of the aftershocks of the 2001
main event.t5.9
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643 associated with the outer trench and along the JF hotspot
644 ridge. Although horst-and-graben type faults are not usually
645 assumed to extend very deep, the conjunction of theO’Higgins
646 fault and the hotspot ridge might cause rock hydration at
647 a depth that could explain these three deep aftershocks.
648 [39] The 9 April 2001 event and the remaining after-
649 shocks are located in the brittle-ductile transition zone of the
650 lithosphere, where both mechanisms are possible. Accord-
651 ing to the distribution of stresses deduced from the yield

stress envelope, the elastic core of the lithosphere begins
653 deeper than 22 km, and the neutral plane, defined as the
654 depth where the lithosphere is neither in tension nor in
655 compression, is roughly at a depth of 26 km (Figure 10d),
656 whatever the chosen in-plane stress is. This shows that the
657 empirical depth of the neutral plane proposed by Seno and
658 Yamanaka [1996] at the 450�C isotherm (21 km + 4 km
659 here) is appropriated in that case, but we will see that it is
660 about 5 km deeper in compression (Figure 11).
661

662 5. Discussion

663 5.1. Temporal Evolution of the Outer Rise Stress

664 [40] The YSE of the lithosphere presented above is a
665 snapshot of the state of stress of the lithosphere during the
666 month of April 2001. With a reasonable value of the in-
667 plane tension, it accounts for the vertical distribution of the
668 outer rise seismicity. This YSE also demonstrates the
669 impossibility of compressional events under these same
670 conditions. However, the occurrence of 1981 and 1982 com-

671pressional events (see Table 1) in the same area implies that
672the lithosphere had at that time a compressive part at depth.
673Outer rise in-plane forces are directly related to the subduc-
674tion processes associated with stress accumulation and
675release during the earthquake cycle. When the subduction
676is locked, the outer rise lithosphere is in compression
677[Christensen and Ruff, 1988; Astiz et al., 1988; Dmowska
678et al., 1988; Lay et al., 1989], and when sliding, outer
679rise lithosphere can be in tension because of slab-pull
680[Kanamori, 1971; Abe, 1972].
681[41] We construct a new YSE combining unchanged
682thermal and bending stresses, which correspond to the
683ambient stress regime associated to the static deformation
684as defined by Lay et al. [1989], this time followed by in-
685plane compression, which corresponds to the dynamical
686regional stress. As we did in section 4.3, the value of the in-
687plane force is chosen so that the two events should be
688located in an area where compressive failure can occur
689(Table 5). In this case, if we want compressional brittle
690failure to occur at 30 km or 27 km depth, we have to impose
691compressional forces of 1013 N and 1.4 � 1013 N, respec-
692tively, which correspond to in-plane compressional stresses
693of 370 MPa and 600 MPa (Figure 11). These force values
694are about 5 to 10 times greater than the tensional forces
695found for the 2001 period. It is due to the symmetrical
696distribution of the thermal and bending stresses with respect
697to the neutral plane and because the YSE is greater in
698compression than in tension, which results from the fact that
699the lithosphere is stronger in compression than in tension.

Figure 11. Yield strength envelope computed in the case of (a) pure thermal stress, (b) pure bending,
and (c) pure compression, and (d) their sum with thermal and bending preceding compression. Black
circles represent the 1981 and 1982 outer rise events at their published depth (30 and 27 km). The com-
pressive force necessary to reach the rupture limit at 30 km depth is 1013 N m�1 (thick line). At 27 km, it
is 1.4 � 1013 N m�1 (dashed line).
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700 Thus a greater force is needed to initiate rupture in com-
701 pression. Main dynamic forces acting in compression on the
702 plate are the ridge push force, the resistive force, which
703 comprises the buoyancy effect and the shearing force at the
704 interface between the slab and the mantle, and the drag
705 force. The resistive force has been estimated to be in the
706 order of 7 � 1012 N by [Wortel and Cloetingh, 1985]. The
707 drag force and the ridge-push force build up between two
708 great interplate events. In our case, the Valparaı́so 1906
709 earthquake [Gutemberg and Richter, 1954; Okal, 2005] was
710 the last great earthquake before that of 1985 [Korrat and
711 Madariaga, 1986; Comte et al., 1986]. In the hypothesis of
712 no or little sliding during the locked subduction, the force
713 we calculate corresponds to the accumulation of stresses
714 during 75 years.
715 [42] Hence we propose that the major interplate under-
716 thrust 1985 Mw = 7.8 Valparaı́so earthquake sufficiently
717 unlocked the subduction so that before, the oceanic litho-
718 sphere seaward of the trench was subject to a high level of
719 in-plane compression force and, since the 1985 event, to an
720 in-plane tension force. It can be noted from Table 1 that the
721 1982 earthquake was shallower than the 1981 event. What-
722 ever the uncertainties in the depth determination might be, it
723 is logical that the latter was shallower because the com-
724 pressional stress increased with time. The outer rise com-
725 pressive events of 1981 and 1982 are located 100 km
726 seaward the 1985 Valparaı́so event, in the direction of the
727 plate convergence. The 2001 event was located at the same
728 distance from the Valparaı́so earthquake but shifted 50 km
729 to the north from the axis of the convergence direction. It is
730 within the area perturbed by the 1985 event [Comte et al.,
731 1986; Mendoza et al., 1994] and also within the southern
732 limit of the 1971 interplate earthquake [Comte et al., 1986].
733 The addition of the effects of these two events could explain
734 the tensional state of stress of this part of the oceanic
735 lithosphere and the consequently high level of seismicity.
736 According to this model of stress accumulation, the stress
737 drop that followed the 1985 event was probably smaller than
738 the difference between our determination of in-plane tension
739 and compression stresses. However, the 1985 event is the last
740 great underthrusting event in the area, and thus this analysis
741 confirms the change in stress regime during the earthquake
742 cycle before and after a major underthrust event.

743 5.2. Influence of the Juan Fernandez Ridge

744 [43] The seismic cycle that we outlined above shows a
745 compressive period before 1985, followed by a still active
746 tensional period but it does not explain the occurrence of
747 1971 outer rise tensional earthquake near the 9 April 2001
748 event. For this reason, we propose to take into account the
749 effect of JF Ridge subducted seamounts (see location
750 Figure 1). The high level of in-plane compression necessary
751 to produce compressive outer rise earthquakes has been
752 related to the stress accumulation induced by localized
753 resistance to subduction [Christensen and Ruff, 1988] and
754 is named the stress concentrator model [Mueller et al.,
755 1996b]. The mechanism involves subduction-zone asperi-
756 ties that present resistance to the subduction, which can be
757 zones of strong coupling or loci of bathymetric irregularities
758 subducting, both acting as stress concentrators. Coupling
759 between plates occurs at asperities and large earthquakes
760 occur when these asperities break [Ruff, 1992]. In our study

761area the deformation of San Antonio canyon has been
762attributed to the subduction of San Antonio seamount
763[Laursen and Normark, 2002], located between the Valpar-
764aı́so underthrusting event and the 1981 and 1982 compres-
765sional outer rise earthquakes (Figure 1). The magnitude of
766an intraplate earthquake can be directly proportional to the
767size of an associated subducted seamount [Cloos, 1992], but
768in the case where the erosion of the margin is active, Cloos
769[1992] proposed that sediments can abort the failure asso-
770ciated with the subducted seamount. This could be a partial
771explanation for the difference between the northern study
772area, where events are mostly in tension, and the southern
773part. To the north, sediments are absent in the trench [Flueh
774et al., 1998], and the beginning of the subduction of Papudo
775seamount [Yáñez et al., 2001] is perhaps associated with
776erosion that limits the coupling and makes easier the
777occurrence of tensional outer rise events.
778[44] Without the JF Ridge, the tensional stress field
779would be more important below the top of the bending.
780Outer rise earthquakes to the north of JF Ridge or to the
781south are indeed located in the bent area, close to the
782trench (Figure 2), whereas seismicity in our study area
783spreads out to the west of the bend in the direction of JF
784Ridge. This can be explained by the local increase in stress
785produced by the volcanic ridge. On the other hand, the
786occurrence of outer trench earthquakes depends not only on
787the regional stress accumulation, but also on preexisting
788weakness zones within the lithosphere. In our study area,
789horst-and-graben faults that usually characterize outer rise
790zone exist. Although their axis should be parallel to the
791trench, they strike parallel to the JF Ridge. The 1971 and
7922001 event epicenters are located over these deep faults
793(Figure 1). Given our on-land local network, uncertainties in
794event locations in the east-west direction exist. However the
795fault plane of the 9 April 2001 main event is indeed
796subparallel to the strike of these crustal normal faults, and
797it is likely that this is also the case for the April 2001

aftershocks. In that case, the 9 April 2001 earthquake is
799evidence that the O’Higgins Fault probably affects the
800whole mechanical lithosphere. Finally, a reasonable expla-
801nation for the orientation of these normal faults and of the
802focal plane of the 9 April 2001 event is that the upper
803lithosphere is in extension because of bending prior to
804subduction, and the occurrence of the JF Ridge redirects
805the orientation of the horizontal tensional axis parallel to the
806ridge.
807

8086. Conclusion

809[45] The April 2001 outer rise tensional earthquake was
810caused by the bending of the lithosphere prior to subduction
811and an in-plane force associated with slab-pull. It is char-
812acterized by a strike of 41�, subparallel to the JF Ridge, a
813dip of 44�, and a rake of �84�. The source time function has
814a duration of 40 s, with a seismic moment of 4.6� 1019 Nm.
815The depth of 12 km localizes this event below the Moho.
816This result, together with the depth distribution of the first
8174 days of aftershocks indicates that the lithosphere is in
818tension down to a depth of 30 km.
819[46] Our study outlines an important interaction between
820JF Ridge and the initiation of the subduction process at the
821trench. Outer rise events are shifted seaward from the
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822 bending of the lithosphere where they should have occurred.
823 The orientation of the tensional stress, as registered by the
824 horst-and-graben fault direction and in the outer rise litho-
825 sphere, is shifted subparallel to the JF Ridge and it is likely
826 that the O’Higgins fault acts on the whole mechanical
827 lithosphere. It is interesting to note that the mechanism of
828 the 9 April 2001 earthquake is also observed in other events
829 down dip of the slab at about 100 km depth, probably
830 indicating that these earthquakes occur by reactivation in
831 preexisting structures formed at the initiation of the slab
832 subduction at the trench. Kirby et al. [1996a, 1996b]
833 indicated that faults produced at shallow depth in the trench
834 outer rise setting (such as the JF chain off central Chile)
835 being reactivated at greater depths may be useful for the
836 assessment of seismic hazard of the region.
837 [47] The temporal evolution of the yield stress envelope
838 of the oceanic lithosphere reveals a change in the in-plane
839 stress regime from compression in the beginning of the
840 1980s to tension in 2001. This confirms the change in
841 stress regime during the earthquake cycle before and after
842 a major underthrust event, which in our case is the 1985
843 Mw 7.8 Valparáso earthquake. This seismic cycle might
844 also be modulated by the presence of a subducted sea-
845 mount, which can locally change the dynamic stress.
846 Stresses necessary to explain the 2001 tensional failure
847 range between 0 and 43 MPa, which indicate a slab-pull
848 force acting on the oceanic lithosphere comprised between
849 0 and 1.5 � 1012 Nm�1. It is in good agreement with
850 recent estimations of the rate of transmission of the actual
851 slab pull force in the mantle proposed by Schellart [2004]
852 and by Sandiford et al. [2005]. Stresses necessary to
853 explain the 1980’s compressional events range between
854 370 and 600 MPa corresponding to a force of about
855 1013 Nm�1, which results from the accumulation of stress
856 since the last great interplate earthquake of 1906.

857 Appendix A: Velocity Model

858 [48] The unidimensional velocity model for Central Chile
859 between latitudes 32�S and 35�S and longitude 74�W and
860 67�W is derived from the database of the Seismic catalogue
861 from Seismological Service of Chile University (GUC).
862 Among all the events recorded in the area between 01-01-
863 2001 and 28-02-2003, we select only those corresponding
864 to the following criteria: (1) registered by a minimum
865 number of six stations, (2) root mean square (RMS) residual
866 less than 0.3 s, (3) more than 10 readings of either P or S
867 wave arrivals, and (3) depth error <10 km. On 1046 events,
868 1017 fulfill the former criteria. These events are located
869 using the set of programs for analysis of data SEISAN
870 [Havskov and Ottemoller, 1999]. Initial hypocenter loca-
871 tions obtained are used as input for program VELEST
872 [Kissling et al., 1995], which realizes a simultaneous
873 inversion for hypocenters and velocity model. The final
874 structure velocity model is that which minimizes the errors.
875 Once the final velocity model is obtained and after the
876 corresponding corrections in the readings of P and S phases,
877 final hypocenter relocations (Figures 6 and 8) are carried
878 out using VELEST.
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