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An intermediate-depth earthquake (7 January 2003, Mw 5.7) occurred within the subducting Nazca plate at lon-
gitude 70.3°W, latitude 33.8°S and depth 113 km. Its focal mechanism shows normal faultingwith a slight strike–
slip component. We detected 50 aftershocks within January 2003 using a temporary seismic network installed in
the zone. Their local magnitudes Ml range between 1.9 and 3.5, with the strongest events occurring around the
mainshock. Their spatial distribution, including the mainshock, defines an area of~(35±5)×(10±2) km2, cut-
ting through almost half of the slab's total thickness at an angle of ~60° to the slab's surface. This area agrees
well with one of themainshock nodal planes. However, the total seismic area, as defined by the aftershock distri-
bution, is larger than the rupture area normally expected for an earthquake of moderatemagnitude.We compare
the orientation of the seismic plane with the outer rise fault pattern offshore central Chile and find a correlation
with the strike of the seafloor spreading fabric. The seismic sequence shows similarities with other intermediate-
depth cases, notably the 13 June 2005 Tarapacá earthquake in northern Chile and similar cases in the Pacific slab
beneath Japan. In all these cases, the inferred reactivated fault planes probably originate from theouter rise region,
in agreement with the hypothesis that intermediate-depth seismicity is linked to inherited faults. Consequently,
even moderate-sized earthquakes can reactivate large areas of inherited faults within slabs at depths >100 km.
Furthermore, the occurrence of multiple other local events (Mw>5), with similar focal mechanism and depth
to the January 2003 event, appear to indicate that the slab becomes mechanically weak ~100 km depth. The
depth extent in the slab of the reactivated pre-existing faults is likely governed by the slab's bending/unbending
stress regime, i.e. the depth to the neutral plane. Dehydration embrittlement is a possible factor for triggering the
seismic sequence.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

On January 7, 2003 at 00:54 GMT, an Mw 5.7 earthquake occurred
within the subducting Nazca slab in central Chile (70.3°W, 33.8°S)
with focal depth 113 km. The mainshock was followed by a sequence
of shocks whose spatial distribution forms a plane which penetrates
within the slab. This seismicity is located near a transition zone be-
tween flat subduction, where the Juan Fernandez Ridge (JFR) enters
the Chilean trench, and a steeper ~30° dipping segment (Fig. 1a). It
is the first time that such an aftershock sequence aligning transverse
to the slab surface is observed in the slab beneath central Chile de-
spite permanent seismic monitoring provided by the seismic network
of the University of Chile since the middle 1980s.

Similar seismic sequences at intermediate-depths and also at the
outer rise region, penetrating deeply into the oceanic lithosphere in
a direction approximately perpendicular to its surface, have been
, Les Lucioles 1, SophiaAntipolis,
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reported in several subduction zones, notably in the Pacific plate
(Japan and New Zealand), in the Nazca plate (northern Chile), and
in the Cocos plate (Costa Rica).

It is commonly suggested that the link between intermediate-depth
seismicity and flexure-related outer rise faults is the release of fluids, by
means of slab dehydration at depth. Bending of the oceanic lithosphere
at the outer rise results in normal faulting and deep hydration via ocean
water infiltration of the upper brittle part of the lithosphere (Contreras-
Reyes andOsses, 2010; Faccenda et al., 2009). Inmost outer rise regions,
seafloor bathymetry and seismic reflection surveys show dense net-
works of extensional faults cutting across the oceanic Moho by tens of
kilometers (e.g. Contreras-Reyes et al., 2007, 2008; Grevemeyer et al.,
2005; Ranero et al., 2005). Furthermore, the occurrence of double Beni-
off zones (DBZs), can also be accounted for by fluid release derived from
dehydration transformation reactions, since their geometry correlate
well with dehydrating reaction P,T-fields for various hydrated minerals
present in the oceanic lithosphere (Dorbath et al., 2008; Hacker et al.,
2003; Kirby et al., 1996; Peacock, 2001; Seno and Yamanaka, 1996).

In this study, we analyze the spatial distribution, magnitudes and
focal mechanisms of the January 2003 seismic sequence which cut
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Fig. 1. Regional setting of seismicity in central Chile–western Argentina. Black circles: background seismicity; white star, 7 January 2003 mainshock; pink circles: aftershocks
recorded by the CHARSME seismic network (light and dark blue inverted triangles: temporary stations in Chile and Argentina, respectively). Yellow contour lines (interval
10 km): isodepths of the slab upper surface (Anderson et al., 2007). Red triangles: Quaternary active volcanoes. Dashed white line: Juan Fernandez Ridge (JFR) subduction path.
(a) Plan view; (b) EW-profile along 33.7°S.

10 M. Marot et al. / Earth and Planetary Science Letters 327–328 (2012) 9–16
through almost half of the slab thickness (Fig. 1b). We suggest that the
seismic plane, defined by the focalmechanismof themainshock and the
spatial distribution of aftershocks, represents an intermediate-depth
reactivation of a fault with strike parallel to the seafloor spreading fabric
formed by lithospheric flexure at the outer rise.

2. Tectonic setting

Below central Chile and western Argentina (29°–34°S), the
Nazca plate subducts beneath the South American plate at a rate
of 6.7±0.2 cm/a in the N78°E direction as constrained by GPS mea-
surements (Kendrick et al., 2003). The Andes formed by the high
convergence rate causing back-arc compression and crustal thicken-
ing up to 55 km beneath the Sierras Pampeanas (Beck et al., 2005)
and 70 km beneath the Principal Cordillera (Heit et al., 2008), as
well as trench retreat (Lallemand et al., 2008).

The region is seismically and tectonically characterized by along-
strike variations in slab dip angle (Fig. 1a) (Barazangi and Isacks,
1976; Cahill and Isacks, 1992; Jordan et al., 1983). The slab subducts
everywhere along the trench with initial eastward dip ~30°. Howev-
er, between latitudes 27°–32°S, at ~100 km depth the slab becomes
horizontal, underplating the overriding continental lithosphere for
~250 km eastward, before re-subducting into the mantle (Barazangi
and Isacks, 1976; Cahill and Isacks, 1992; Engdahl et al., 1998; Pardo
et al., 2002; Ramos et al., 2002). To the south of 32°S, the slab changes
geometry along strike over a very short distance, returning to a con-
stant angle of subduction of ~30°. The southern transition zone is
sharp, and whether rupture or flexure occurs, remains uncertain
(Araujo and Suarez, 1994; Barazangi and Isacks, 1976; Cahill and
Isacks, 1992; Swift and Carr, 1974). In contrast, the northern transi-
tion zone is gentler (Anderson et al., 2007; Cahill and Isacks, 1992;
Pardo et al., 2002).

3. Data analysis

The temporary seismic campaign CHARSME (CHile ARgentina
Seismological Measurement Experiment) was carried out in central
Chile and western Argentina between November 2002 and March
2003, with the purpose of analyzing the regional seismotectonic fea-
tures and to map the shift in subduction geometry of the Nazca slab. It
comprised 29 portable three-component broadband stations (27
CMG-40 T and 2 CMG-3 T Guralp sensors) that continuously recorded



Table 1
Hypocentral coordinates of the 7 January 2003 mainshock (#1) and its 50 aftershocks
in chronological order. In the left-hand column, bracketed numbers relate to the
event's focal mechanism, referenced in Table 2 and Fig. 3.

Long Lat Z Ml Year Month Day hr mn sec
(°) (°) (km)

1 (1) −70.304 −33.775 113.0 5.7 2003 1 7 00 54 52.4
2 (2) −70.282 −33.779 112.0 3.4 2003 1 7 01 00 55.8
3 −70.308 −33.789 113.6 2.4 2003 1 7 01 06 5.6
4 −70.374 −33.784 109.4 2.4 2003 1 7 01 09 1.1
5 −70.307 −33.809 113.4 3.5 2003 1 7 01 19 3.3
6 (3) −70.316 −33.776 111.0 3.3 2003 1 7 01 19 3.6
7 (4) −70.294 −33.793 114.9 2.6 2003 1 7 01 30 22.6
8 −70.501 −33.714 125.6 1.9 2003 1 7 02 10 49.6
9 −70.636 −33.712 135.9 2.2 2003 1 7 02 18 22.5
10 −70.602 −33.741 130.7 2.5 2003 1 7 02 26 53.6
11 −70.301 −33.750 115.2 2.5 2003 1 7 02 28 0.8
12 −70.444 −33.722 122.5 2.0 2003 1 7 02 44 55.8
13 −70.564 −33.704 129.8 2.2 2003 1 7 02 48 20.3
14 −70.336 −33.763 111.8 2.2 2003 1 7 02 50 40.1
15 −70.532 −33.737 125.0 2.1 2003 1 7 02 57 1.4
16 −70.357 −33.738 115.0 2.0 2003 1 7 03 03 59.3
17 −70.295 −33.774 110.4 3.1 2003 1 7 03 07 18.7
18 −70.601 −33.686 131.1 1.9 2003 1 7 04 51 35.0
19 −70.493 −33.717 118.8 1.9 2003 1 7 05 11 55.2
20 −70.300 −33.725 108.5 1.9 2003 1 7 05 42 0.2
21 −70.500 −33.708 115.6 1.9 2003 1 7 08 56 11.1
22 (5) −70.299 −33.775 114.8 2.7 2003 1 7 09 18 14.8
23 −70.428 −33.718 119.5 2.0 2003 1 7 09 41 13.3
24 −70.481 −33.682 118.2 2.1 2003 1 7 10 35 21.2
25 (6) −70.364 −33.763 110.2 2.4 2003 1 7 10 54 31.0
26 −70.292 −33.725 113.5 2.4 2003 1 7 15 17 35.2
27 −70.285 −33.820 102.1 2.0 2003 1 7 17 06 58.0
28 −70.481 −33.754 123.2 1.9 2003 1 8 03 33 20.0
29 −70.470 −33.726 122.1 2.1 2003 1 8 09 52 47.5
30 −70.423 −33.757 117.7 2.3 2003 1 9 06 03 46.6
31 −70.507 −33.720 125.5 2.1 2003 1 9 10 50 37.5
32 −70.272 −33.770 106.7 3.1 2003 1 9 12 15 37.0
33 −70.386 −33.646 120.3 2.2 2003 1 9 13 03 39.4
34 −70.507 −33.720 121.4 2.1 2003 1 10 03 45 25.4
35 −70.559 −33.744 126.3 2.1 2003 1 10 04 48 25.8
36 −70.388 −33.729 108.6 2.2 2003 1 10 13 56 25.6
37 −70.354 −33.761 108.9 2.1 2003 1 11 06 08 55.4
38 −70.576 −33.704 125.2 2.1 2003 1 11 08 40 15.7
39 −70.443 −33.733 119.8 2.4 2003 1 11 13 06 40.7
40 −70.432 −33.701 122.5 2.3 2003 1 11 15 03 12.5
41 −70.511 −33.737 125.2 2.1 2003 1 12 13 12 14.6
42 −70.569 −33.738 126.7 2.2 2003 1 15 01 43 43.0
43 −70.544 −33.749 127.5 2.1 2003 1 15 13 11 10.3
44 −70.418 −33.763 115.3 2.5 2003 1 15 20 43 28.6
45 −70.297 −33.770 113.1 2.7 2003 1 17 02 39 0.3
46 −70.375 −33.763 112.1 2.1 2003 1 18 03 33 44.9
47 −70.495 −33.791 114.8 2.0 2003 1 18 06 02 41.4
48 −70.412 −33.725 121.0 2.1 2003 1 20 05 59 46.5
49 −70.318 −33.622 113.4 3.3 2003 1 21 07 06 57.9
50 −70.308 −33.754 114.9 2.2 2003 1 24 06 14 17.5
51 −70.435 −33.646 123.8 2.1 2003 1 31 06 39 47.4
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seismicity. In an effort to increase coverage and improve hypocenter
determination, particularly near coastal areas, 15 permanent short
period seismic stations of the Chilean Seismological Service were
added (Fig. 1a). A total of~6000 regional events with Mwb6 were
recorded and analyzed using the Seisan package (Havskov and
Ottemöller, 2001).

3.1. Hypocenter location

A seismic 1D velocity distribution, based on a 17-layer model, was
compiled using arrival times from copper mining blasts for the first
20 km depth, and the VELEST program for larger depths (Kissling et
al., 1994). The average Vp/Vs ratio is 1.76. Hypocenter location was per-
formed bymanually picking body wave first arrival times and using the
program HYPOCENTER (Lienert and Havskov, 1995). Only shocks with
at least 9 seismic phase readings, including at least 2 S-phases, and
RMS travel time residuals ≤0.6 s, were considered. Local magnitude
(Ml) was determined taking into account maximum amplitude and hy-
pocentral distance (Lay and Wallace, 1995) and was calculated for all
events, calibrating Ml such that its value for the mainshock is the well
established Mw. We located the 7 January 2003 mainshock at
70.30°W, 33.77°S and 113 km depth, with a standard error of ~5 km
in longitude and latitude and less than 10 km in depth.

The spatial distribution of the mainshock and its aftershocks de-
fines an approximate planar feature which is described as the ‘seismic
plane’ hereafter. The aftershocks are defined as events with smaller
magnitude than the mainshock, occurring after the latter within in a
24 day window, and located on the seismic plane. We sampled only
January events, since acquisition ended in early February, without
any events located in the aftershock zone.

A total of 50 aftershocks were recorded between January 7th and
31st, with Ml ranging between 1.9 and 3.5 (Table 1). The aftershock
locations show a rather well defined earthquake distribution along a
plane of size ~40×10 km2 oriented in the WNW direction and dip-
ping ~30°W from the horizontal, with the mainshock located close
to the slab surface (Fig. 1b).

About half of the aftershocks occurred within the first 24 h after the
mainshock (Fig. 2b). The strongest aftershocks (Ml>3) clustered
around the mainshock (Figs. 2a and 3), most of which occurred within
the first two hours following the mainshock, succeeded in the next
two hours by smaller events (1.9bMlb3) randomly distributed along
the entire length of the seismic plane. Over the next 24 days, continued
clustering of events with more-or-less constant magnitude (average
Ml~2.1) and occasional peaks (Ml>2.4), occurred on the same plane.
Wiens et al. (1997) noted that the maximummagnitude of aftershocks
of deep earthquakes is ~2 units smaller than the mainshock magnitude
(in contrast, for shallow California earthquakes the difference is 1.1),
and that seems to be the case in this intermediate-depth sequence.

We also performed double-difference (DD) relative hypocenter
relocation (Waldhauser and Ellsworth, 2000) for comparison with
absolute hypocenter locations (HYPOCENTER). Forty-three events
were relocated out of the total of 51 events, including the mainshock.
The latter is relocated ~15 km lower along the seismic plane than the
absolute location, and remains positioned at the shallow edge of the
aftershocks. The DD method relocates the aftershock hypocenters to-
wards the center of the plane, shortening both edges of the seismic
plane and reducing its area to ~30×8 km2. Since both methods give
similar results and we manually evaluated the reliability of the abso-
lute locations, we chose to retain the absolute hypocenter locations
for our analysis. Thereafter, the seismic area considered is 35±5 km
long and 10±2 km wide.

3.2. Focal mechanisms

Earthquake focal mechanisms are obtained from first P-wave po-
larities (minimum 8 readings) using FOCMEC (Snoke et al., 1984).
Only 6 double-couple focal mechanisms (Fig. 3), including the main-
shock, are obtained for events that occurred within the first day after
the main event (Table 2 and Fig. 3). The mainshock focal mechanism
agrees with the solution in the Harvard Centroid Moment Tensor
(CMT) catalog, shown in Fig. 3a, which represents mainly normal
faulting with a slight strike–slip component, a sub-vertical compres-
sional axis (P-axis) and a tensional axis (T-axis) approximately nor-
mal to plate convergence. The aftershock seismicity aligns well with
the 154°-striking and 34°W-dipping nodal plane for the mainshock.
In addition, the azimuth of the aftershock alignment agrees very
well with the slip direction of the mainshock (136°). The aftershocks
mostly show reverse faulting (nos. 2, 4, 5 and 6 in Fig. 3 and Table 2)
with just one normal focal mechanism (no. 3, Fig. 3 and Table 2), and
generally sub-vertical and sub-horizontal P- and T-axes. Not enough
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Fig. 2. Histograms of earthquake frequency and magnitude distribution in January 2003. The mainshock is denoted as a black star. (a) Magnitude distribution relative to the mainshock
(Mw 5.7). (b) Earthquake frequency.
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focal mechanisms were obtained to permit the convergence towards
a reliable stress tensor solution.
4. Discussion

According to an empirical relation between seismic rupture area and
moment magnitude for new normal faults (Wells and Coppersmith,
1994), the rupture area for an event with Mw 5.7 should be ~60 km2,
one order of magnitude less than 240–400 km2, the total area defined
by the aftershock distribution in the present. The 7 January 2003 main-
shock magnitude is thus too low to account for the observed seismic
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mation of the size of the inherited fault plane, and the typical thickness
of a ~40 Ma old oceanic slab is 80 km (Tassara, 2006), then the fault
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surface (Twiss andMoore, 1992) and fallingwithin the dip range of 45°–
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America. Such large faults that penetrate deeply into oceanic lithosphere
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Table 2
Focal mechanism solutions. Number (1) represents the mainshock, (2) to (6) are the aftershocks on Fig. 3. Hypocentral details of the events are in Table 1.

Long Lat Z Ml Strike1 Dip1 Rake1 Strike2 Dip2 Rake2
(°) (°) (km) (°) (°) (°) (°) (°) (°)

(1) −70.304 −33.775 113.0 5.7 26 67 −64 154 34 −136
(2) −70.282 −33.779 112.0 3.4 153 90 66 63 24 −180
(3) −70.316 −33.776 111.0 3.3 2 65 −78 155 27 −114
(4) −70.294 −33.793 114.9 2.6 144 71 60 24 35 145
(5) −70.299 −33.775 114.8 2.7 131 71 69 1 28 136
(6) −70.364 −33.763 110.2 2.4 56 51 34 303 64 135
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4.1. Reactivation of outer rise normal faults

Plate bending models for the Nazca plate indicate that most of the
Chilean outer rise is subject to sharp plate curvature which results in
widespread faulting once the yield strength is exceeded (Contreras-
Reyes and Osses, 2010). Multibeam bathymetry in the outer rise re-
gion of central Chile shows three dominant patterns of structural
damage: (i) reactivated seafloor spreading fabric striking ~145°
(Contreras-Reyes et al., 2008; Kopp et al., 2004; Ranero et al.,
2005); (ii) newly formed tensional bend-faults sub-parallel to the
trench (Ranero et al., 2005); and (iii) fractures parallel to the JFR,
striking ~60° and affecting a broader area of the sea floor than
bend-faults (Kopp et al., 2004; Ranero et al., 2005). The best fitting
mainshock nodal plane and the aftershock distribution strike 154°,
matching the strike of the seafloor spreading fabric.

Seafloor spreading fabric consists of lineaments that affect all ocean-
ic upper crusts and are formed parallel to mid-oceanic ridges, trending
parallel to the magnetic anomalies (Ranero et al., 2005). As the fabric
passes over the outer rise region of subduction zones, it also forms
outer rise faults which are, however, not necessarily parallel to the
trench axis. Offshore central Chile, the seafloor spreading fabric is clear-
ly observed (F3 in Fig. 7 in Ranero et al., 2005), until ~32.5°S where the
JFR's strong fault pattern (parallel to the offshore volcanic edifices)
dominates.

At the outer rise, plate bending creates extensional conjugate faults,
both trenchward- and oceanward-dipping. Warren et al. (2007, 2008)
suggested that most trenchward-dipping faults can be reactivated at
30°

Fig. 4. Schematic EW profile of the dynamical setting of the subduction zone along 33.7°S. Lar
plane, respectively. Outer rise faults are shown by thin blue lines.
intermediate-depths. However, a few examples other than the present
case show that oceanward-dipping faults also can be reactivated. For
example, the tensional Mw 6.7 central Chilean outer rise earthquake of
9 April 2001 and its aftershocks (Clouard et al., 2007; Fromm et al.,
2006) showed two fault dips of ~30°W and 60°E, and was interpreted
as a JFR fault reactivation during its passage over the outer rise. The
intermediate-depth Japanese event of 7 April 2011 (Mw 7.1) shows af-
tershocks limited to the upper 15 km of the slab and defining an area
of 30×30 km2 (Nakajima et al., 2011) with an oceanward inclination
of 60° from the slab surface, and was interpreted as a reactivated hy-
drated pre-existing outer rise fault. The Japanese 1993 Kushiro-oki
(Mw 7.8, 90–110 km depth) and the 2003 Miyagi-oki (Mw 7.1, ~70 km
depth) events generated aftershocks that aligned along 60°-dipping
seismic planes, with a trenchward orientation for the latter seismic se-
quence (Mishra and Zhao, 2004; Nakajima et al., 2009b).

Within the Nazca slab in northern Chile, the intermediate-depth
13 June 2005 Tarapacá earthquake (Mw 7.7; 69.24°W, 20.01°S) af-
fords a very close comparison with our case study, as it is located in
an area with similar subduction angle and slightly older slab age.
The mainshock occurred near the slab surface at ~100 km depth
with normal focal mechanism, and the rupture propagated through
a large part of the slab. It was followed by a sequence of aftershocks
defining a sub-horizontal fault plane of size ~50×40 km2 (Delouis
and Legrand, 2007; Kuge et al., 2010; Peyrat and Favreau, 2010;
Peyrat et al., 2006). This event has also been interpreted as having
ruptured a pre-existing plane of weakness that originally formed as
a consequence of plate flexure at the outer rise. As in the present
ge yellow burst and dark blue line: 7 January 2003 mainshock and the associated rupture
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case, the original dip of the fault plane at the outer rise is consistent
with this hypothesis.

Several earthquakes ofMw>5 occurred in the areawith similar focal
mechanisms and depths as the 7 January 2003 mainshock (Fig. 5). The
16 June 2000 event (Mw 6.4) is one of them and is located close to the
7 January mainshock. Did the 16 June earthquake newly create the
fault that was reactivated 3 yrs later by the January 2003 mainshock?
The NEIC earthquake catalog does not show any aftershock sequence,
linked to the June 2000 earthquake and other events shown in Fig. 5,
that would outline a fault plane transverse to the slab surface, although
its magnitude corresponds to a rupture area of ~240 km2, as observed
for the January seismic sequence (Wells and Coppersmith, 1994). A
fault plane identification and slip distribution by waveform inversion
should be performed for the Mw 6.4 event to constrain the rupture
plane, however, it is out of the scope of this paper. Those similar focal
mechanisms may signify that, since the slab in central Chile is highly
and deeply fractured prior to subduction, it becomes strongly mechan-
ically weakened ~100 km depth by reactivated faults, as observed in
several subduction zones, described previously in this paper.

Fault reactivation at intermediate-depths has been proposed to ac-
count for the similarities in fault orientations and focal mechanisms
with the outer rise fault pattern (Jiao et al., 2000; Ranero et al., 2003).
The tensional nature of the January mainshock agrees with the hypoth-
esis that the central Chilean intermediate-depth subduction seismicity
is controlled by slab pull forces, rather than by slab unbending forces
which predict a compressional state of stress at intermediate-depths
in the upper part of the slab. The aftershock reverse focal mechanisms
are probably related to fault re-equilibration or local variations of the
stress field. The seismic plane is located within or very close to the
southern transition zone of the flat slab to the north, where complex
slab stresses are expected. Normal faulting is predominant at
intermediate-depths all along the Nazca slab (Araujo and Suarez,
1994; Astiz et al., 1988; Pardo et al., 2002). Double Benioff Zones in
northern Chile show downdip tension in the upper plane (Comte and
Suárez, 1994; Reitbrock and Waldhauser, 2004), and the same occurs
in central Chile along the flat part of the slab (Marot et al., in
preparation).
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Fig. 5. Earthquakes with Mw>5 at ~100 km depth in central Chile, from the Harvard
CMT catalog from 1987 to 2011, showing similar focal mechanisms than the 7 January
2003 event (gray). Black triangles denote active volcanoes. Moment magnitude (Mw)
and date of occurrence are referenced above each focal mechanism.
A study of intermediate-depth focal mechanisms in the Middle
America and Tonga-Kermadec subduction zones (Warren et al., 2007,
2008) suggests that outer rise fault reactivation does not occur below
75 km and 100 km of depth, respectively, in these subduction zones. If
reactivation of outer rise faults is a valid interpretation for the present
case and the Tarapacá earthquake sequence (Delouis and Legrand,
2007; Kuge et al., 2010; Peyrat et al., 2006), then reactivation occurs
to depths of at least ~100 km for the central and northern parts of the
Nazca slab.

4.2. Mechanisms of fault reactivation

An important question concerning the intermediate-depth seismic-
ity in subduction zones is the mechanism of frictional sliding at high
pressure. Strong evidence suggests that dehydration reactions can in-
crease significantly the P,T-field where frictional sliding can occur,
and consequently dehydration embrittlement is considered a viable
mechanism for intermediate-depth earthquakes in subducting slabs
(Hacker et al., 2003). Experiments with materials containing only 1%
of fluid produced by dehydrating water-bearing minerals have shown
that frictional sliding can be triggered to P,T-conditions equivalent to
~300–400 km of depth (Jung et al., 2004). There is also some evidence
that the presence of hydrated minerals such as serpentine in the man-
tle is sufficient to reactivate pre-existing fractures to depths of
~180 km even in the absence of dehydration (Jung et al., 2009).

Many observations indicate that oceanic plates and subducting slabs
contain H2O and hydrated minerals. A systematic reduction in seismic
velocities in the crust and upper mantle at the outer rise, shown by seis-
mic wide-angle refraction surveys worldwide, is interpreted as the con-
sequence of seawater infiltration and hydration (Contreras-Reyes et al.,
2007). The depth of the reduced seismic velocities increases towards the
apex of the plate flexure, indicating increased outer rise fault penetra-
tion and plate weakening in this area (Contreras-Reyes and Osses,
2010). Slow crustal and upper mantle P-wave velocities b7 km s−1

measured at the JFR are an indication of rock hydration (Kopp et al.,
2004). The occurrence of circulating fluids at the outer rise, as well as
at depth in the subduction zone, is further confirmed by electromagnetic
(Worzewski et al., 2010), heat flow (Grevemeyer et al., 2005), and grav-
ity (Tassara, 2006) studies. Velocity anomalies related to the presence of
H2O have been observed all along the Peru–Chile trench: offshore Anto-
fagasta (22°S, Ranero and Sallares, 2004); Valparaiso (33°S, Kopp et al.,
2004); Concepcion (38°S, Contreras-Reyes et al., 2008); and Chiloé
(43°S, Contreras-Reyes et al., 2007).

Outer rise heat flowmeasurements between 32.5°–33.5°S yield very
low values of 24–31 mWm−2, and extremely low heat flow values of
12 mWm−2 have been measured at 36°S (Grevemeyer et al., 2005)
compared to a global expected value of ~90 mWm−2 for a crustal age
of ~32 Ma (Stein, 2003). Low heat flow values are indicative of hydro-
thermal circulation systems that cool the upper oceanic lithosphere
via the injection of cold seawater in faults. Similar valueswere observed
in Peru (13°S) and Nicaragua (10°N) (Burch and Langseth, 1981). All
these outer rise regions show pervasive faulting patterns. Thick sedi-
mentary layers over the oceanic basement can reduce the interaction
with ocean water and reduce heat flow variations (Contreras-Reyes et
al., 2007; Grevemeyer et al., 2005). However, the pelagic sediment
cover is only~100 m thick offshore central Chile (Kopp et al., 2004;
Ranero et al., 2005), while fault offsets in the same area are of the
order of 500–1000 m (Grevemeyer et al., 2005), allowing full interac-
tion between the fracture systems and ocean water.

Teleseismic and local seismic tomography investigations from
around the globe reveal a narrow, inclined low velocity layer extend-
ing to ~150 km depths (e.g. beneath Japan, Nakajima and Hasegawa,
2006; Nakajima et al., 2009a), which coincides with the upper slab
boundary and is interpreted as hydrated oceanic crust (Hacker et
al., 2003; Peacock and Wang, 1999). Such seismic anomalies have
been observed in the Pacific slab (e.g. Nakajima et al., 2009a;
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Peacock and Wang, 1999), the Aleutian slab (e.g. Helffrich and Abers,
1997), the Philippines slab (e.g. Hori et al., 1985), and recently in the
Nazca slab as well (e.g. Haberland et al., 2009). At intermediate-
depths below south-central Chile (37–39°S), evidence of hydrated
subducting oceanic crust down to 80 km depth is shown by an in-
clined thin, low Vp layer with P-velocity ~7 km s−1, with seismicity
located mainly inside it (Haberland et al., 2009).

The depth of hydration inside the lithosphere appears to coincide
roughly with the 450°–500 °C isotherm, which is close to the estimat-
ed slab neutral plane (Contreras-Reyes et al., 2008; Seno and
Yamanaka, 1996). As a consequence of bending at the trench, the
upper part of the plate should be in tension above a neutral plane, de-
fining the limit between tensional and compressional stress regimes.
The neutral plane for the Nazca slab, in the vicinity of the JFR, is esti-
mated to be ~30 km from slab surface (Clouard et al., 2007). This
roughly agrees with depth limits of the aftershocks for the 9 April
2001 outer rise event and the 13 June 2005 Tarapacá event (Delouis
and Legrand, 2007; Fromm et al., 2006; Peyrat and Favreau, 2010),
as well as with our present case (Fig. 4). The compressional regime
can be envisaged as providing a barrier for normal fault propagation
(Clouard et al., 2007). In this framework, the rupture that originally
formed the 2003 seismic plane may have been limited to the topmost
35±5 km of the slab by the stress regime.

Because active volcanism is observed vertically above the seismic
sequence, indicating partial melting of the mantle wedge, we propose
that the slab starts dehydrating near 100 km depth, and that the
mainshock results from the dehydration embrittlement of the oceanic
crust. A possible dehydrating candidate at ~100 km depth is lawso-
nite–eclogite, which undergoes continuous dehydration with increas-
ing pressure from ~75 to 300 km depth (Yamasaki and Seno, 2003).

5. Conclusions

The January 7, 2003 Mw 5.7 normal faulting event (70.30°W,
33.77°S; focal depth ~113 km) and its aftershocks define a fault plane
of (35±5)×(10±2) km2 in the top half of the subducting Nazca slab
underneath central Chile, with strike parallel to the seafloor spreading
fabric, dipping ~60° from the slab surface, and cutting the oceanic man-
tle by 35±5 km (Figs. 3 and 4). A comparison with outer rise tensional
events leads to the hypothesis that this and similar seismic sequences at
intermediate-depths in subducting slabs are related to the reactivation
of outer rise faults formed during plate flexure. The spatial distribution
of the aftershocks inside the slab appears to be controlled by the ten-
sional stress regime in the upper part of the slab. The frequent occur-
rence of events with similar focal mechanisms at ~100 km depth
shows that the slab is mechanically weakened at these depths. The pro-
posed triggering mechanism for the January 2003 mainshock is dehy-
dration embrittlement of the oceanic crust.
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