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a b s t r a c t

Between 33�e36�S, the Nazca plate subducts below South American plate with an angle of ~30�, and it is
seismically active until ~200e280 km depth. At 33.5�S, the seismicity decreases drastically at 120 km
depth, just below the volcanic arc. In this paper, we studied a pair of associated earthquakes located in
the area where the frequency of seismicity changes. The hypocenters of the Mw ¼ 6.4, June 16th, 2000
and Mw ¼ 5.7 January 7th, 2003 earthquakes were found nearby, adjacent to the oceanic Moho, closely
associated with each other. The slip on the plane of the 2000 event produced Coulomb stress changes on
the fault plane of 2003, both westward dipping, with a variation from ~1 bar near the hypocenter of the
latter to ~0.1 bars in the deepest part of the plane. The two earthquakes combined process describes a
normal focal mechanism, which cuts through the crust and breaks the mantle, reaching depths of ~40 km
below the Moho.

The composed fault plane of the 2000 and 2003 events corresponds to a west-dipping normal fault
with strike and dip consistent with those of the outer ridge faults. Thus, these events could be related to a
preexisting fault originated in that environment reactivated at depth.

The slip on the composed fault plane is consistent with the bending produced by the slab pull.
Dehydration could be associated to these events.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The studied earthquakes are placed along the northern segment
of normal subduction of the Nazca plate below the South American
plate, at approximate 33.5�S latitude. In this area, there is a
noticeable decreasing of the Nazca intraplate seismicity below
120 km depth (Fig. 1a and b). To the north of this segment, the
Nazca plate flattens at 100 km depth and continuous visible below
the South American plate by registered seismicity (Anderson et al.,
2007). Southward of 34.5�S seismicity continues without a sharp
decline (Spagnotto, 2013; Anderson et al., 2007). Considering the
lack of seismicity below 120 km depth, the goal of this work is to
understand the seismicity behavior located just where this change
niversidad Nacional de San
tina.
otto).
occurs. Two quakes situated at that point were processed and
analyzed to advance in this issue (at 33.8�S).

The Mw ¼ 6.4, June 16th, 2000 and Mw ¼ 5.7 January 7th, 2003
intermediate earthquakes, located at 33.895�S, 70.344�W and
33.775�S, 70.304�W respectively were analyzed (Fig. 1a). We found
that these earthquakes are closely related to each other with both
hypocenters located near the oceanic Moho (Fig. 1b). The former
breaks the oceanic subducted crust, increasing the Coulomb static
stress around ~1 bar in the area where the rupture of the latter
began. The rupture of the second event was entirely developed in
the oceanic mantle, cutting up to 40 km in depth.

We calculated mechanisms and depths from waveform inver-
sion and obtained the slip distribution using direct modeling. In the
second procedure a new depth, magnitude and focal mechanism
according to the lower RMS (Root Mean Square) adjustment of all
waveforms, were obtained.

For the 2003 earthquake, the fault plane was defined by after-
shocks (Figs. 2 and 3), previously determined byMarot et al. (2012);
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Fig. 1. Regional seismicity. a) Plan view. EHB catalog seismicity: black and White circles correspond to Nazca and South American plate events, respectively. Big black dots are the
2000 and 2003 earthquakes analyzed here. Focal mechanisms are from CMT catalog. These are shown by lower hemisphere projections with dark colors indicating compressional
quadrants. Straight dash lines limit the proyected area for AB cross-section (straight black line). The small rectangle at the lower right corner shows the Nazca plate morphology by
Cahill and Isacks (1992) e light lines- and Anderson et al. (2007) e dark lines. b) AB Cross-section: EHB catalog seismicity: black and White circles correspond to Nazca and South
American plate events, respectively. Star is the place where the 2000 and 2003 earthquakes occur. Lines show continental and oceanic Moho and upper limit of subducted Nazca
plate.
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while for the 2000 earthquake, we defined the fault plane by as-
sociation with the 2003 earthquake.

2. Tectonic environment

The Nazca plate is subducted beneath the South American plate
at a rate of 6.7 ± 0.2 cm/yr, with a N78� E direction, as constrained
by GPS measurements along the ChileePeru oceanic trench
(Kendrick et al., 2003). The subduction area is seismically and
tectonically characterized by along-strike variations in slab dip
angle (Barazangi and Isacks, 1976; Jordan et al., 1983; Cahill and
Isacks, 1992). In the segment between 28� and 32�S, the subduc-
tion angle is subhorizontal, while to the south of these latitudes the
angle of subduction is ~27� (Cahill and Isacks, 1992; Anderson et al.,
2007). The earthquakes studied are placed along the transitional
zone between subhorizontal and normal subduction segments
(Fig. 1a).

Seismicity associated with subduction of oceanic plates can be
classified accordingly to the affected area into: outer rise,
underthrusting, intermediate, and deep zones (Kearey et al., 2009).
The outer rise earthquakes are related to normal faults generated
by the oceanic plate bending mainly (Fig. 1b). Along these faults,
fluids could penetrate into the mantle up to at least 7 km (Fisher,
1996; Grevemeyer et al., 2005; Contreras-Reyes et al., 2007;
Contreras-Reyes and Osses, 2010), and even deeper up to 30 km, as
suggested by stress maps carried out by Faccenda et al. (2009). The
underthrusting zone corresponds to the interplate seismogenic
zone, where the biggest earthquakes are produced by movement
along the mega thrust fault (Fisher, 1996). The intermediate
earthquakes in a subduction environment have been related to slab
pull forces and dehydration processes of the slab (Kirby et al., 1996;
Meade and Jeanloz, 1991; Hacker et al., 2003; Jung et al., 2004; Jung
et al. 2009). Jiao et al. (2000) and Ranero et al. (2003) propose the
reactivation of preexisting normal faults of the slab at intermediate
depths.

Ranero et al. (2005), analyzing the oceanic bathimetry, classified
the preexisting faults in the Nazca plate along the Chilean coast.
Three mechanisms that produce normal fault populations are



Fig. 2. Slip distributions for the 2000/06/16 and 2003/01/07 quakes. Strike/dip/rake are 201/29/-91 and 199/38/-79 respectively. In light gray 2003 aftershocks and in gray 2000
aftershocks. Dash lines are morphology of the subducted plate obtained from Nacif (2012).
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documented: (i) faults related to seafloor spreading fabric, striking
~145� for the latitudes of this study; (ii) bending faults subparallel
to the trench; and (iii) faults parallel to the Juan Fern�andez ridge,
striking ~60�. During subduction, conjugated normal faults of these
three populations, dipping ~60� both to the east and west, suffer a
clockwise ~30� rotation along a horizontal N-trending axis,
becoming subvertical and subhorizontal at depth respectively
(Fig. 1b). Warren et al. (2008) document that from 40 to 100 km
depth, earthquake ruptures can exist along both subhorizontal and
subvertical faults. However, deeper than 100 km depth, reactivated
planes are preferably subhorizontal (Warren et al., 2008).
Fig. 3. Cross-section showing spatial organization of the 2000/06/16 and 2003/01/07 earth
aftershocks. In violet earthquakes obtained from Nacif (2012). Calculation of Coulomb stress c
fault 199/38/-79 (2003 quake). (For interpretation of the references to color in this figure l
3. Methodology

Focal mechanisms and slip distributions with Teleseismic Body-
Wave Inversion Program (Kikuchi and Kanamori, 1991, 1982;
Kikuchi et al., 1993) were obtained. KikuchieKanamori method
uses P-waves and S-waves from teleseismic distances between
~20� and 90�. This software describes the seismic source as a
sequence of point sources with one or various focal mechanisms
(Kikuchi and Kanamori, 1991). The point sources are determined
iteratively by matching between observed records and synthetic
ones. The software uses a moment tensor to describe each point
quakes, its aftershocks, and ruptures. In brown, 2003 aftershocks, and in green 2000
hange using earthquake source 2000 with strike 201, dip 29 and rake �91 and receptor
egend, the reader is referred to the web version of this article.)
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source. It is based in linear combination of six elementary moment
tensor. The advantage of this system is that allow to obtain moment
tensor generally, deviatric or double couple (using all elementary
moment tensor or some of them). In the inversion, the hypocenter
(latitude, longitude, depth and origin time), rupture velocity and
source duration are fixed. The time arrival in the stations is calcu-
lated using Jeffreys and Bullen velocity tables. The software permits
to put a shift if the arrival is offset (Kikuchi and Kanamori, 2003).

To calculate the Green's functions, the software uses a velocity
model for the region of the earthquake and another for the stations.
The Green function is calculated for an initial depth. To obtain the
depth that best fits, we repeated the inversion with different initial
value. The same proceeding were made for other fix parameters
such rupture velocity and temporal function (Kikuchi and
Kanamori, 2003).

Slip distribution KikuchieKanamori software is based on
method of Hartzell and Heaton, 1983. This takes a rectangular
plane, representing the fault plane, for fixed values of strike, dip,
and dimension. This plane is gridded, and the amount of slip and
the time history of slip at each grid point are determined. Since the
fault plane and the rupture front speed are fixed, the inversion
remains stable. The rake angle is constrained between ±45� of the
prescribed rake angle. A smoothness constraint can also be
imposed and maximum rupture velocity is fixed. In every seismic
station, the response of each point source is calculated as the sum of
all cell, whit their respective delays (Kikuchi and Kanamori, 2003).
The initial fault plane in slip distributions was obtained from
inversion and the CMT solutions of 2000 and 2003 earthquakes,
and then the best fit of the two solutions in each case was chosen.
We resolved slip distributions in both fault planes.

We performed point-source inversions using broadband body
waveforms (vertical P and transverse S) downloaded from IRIS Data
Management Center (USA). The stations used in each case are
indicated in Figs. 4 and 5. The localizations used as input for these
inversions are: (1) For the 2003 earthquake, the one obtained by
Marot et al. (2012), and (2) for the 2000 earthquake, we chose the
most consistent results for the localization. For (2) the value
is �33.895�S, �70.344�W,112 km. This is the PDE epicenter shifted
towards WeSW equally to the 2003 earthquake changes in the
localization obtained by Marot et al. (2012) respect to the PDE
catalog.
Fig. 4. a) Inversion for the 2000/06/16 earthquake using Kikuchi and Kanamori Software. H
pass filter: 0.002 Hz low-pass filter: 0.4 Hz. RMS 0.4189.
We used between 80 and 100 s for the time of records with
high-pass filter: 0.002 Hz and low-pass filter: 0.1 Hz in the in-
versions. In slip distributions we used 80e120 s and low-pass filter
0.4 in the first earthquake (Fig. 4) and 0.25 in the second (Fig. 5). We
converted to ground displacement with a sampling time of 0.5 s.

We used Jeffreys and Bullen (1958) velocity model for each re-
ceptor station, and Nacif (2012) velocity model for near-source
structure. Table 1 shows the focal mechanisms, depths, rupture
area, stress drop, maximum slip, rupture velocity, and temporal
function obtained.

During the implementation of the inverse method, we evaluate
the RMS at depths between 100 and 150 km and chose the lowest
value. This allows us to obtain reliable depth values. For the 2000
earthquake, the initial depth of 128 km was modified to 110 km
with the inverse modeling, and to 110e115 with the forward
modeling performed to obtain the slip distribution. For the 2003
quake, the initial depth of 113 km was reduced to 108 km with the
inverse method, and 113 km with the forward modeling.

The time function used in the inverse method was modified in
order to obtain a minimum RMS. In all cases, the shape of the
temporal function that best fits the results is a triangular function.
Source durations were 13 s and 15 s for the 2000 and 2003 events
respectively. These results are considered a bit high for earthquakes
of magnitude Mw ¼ 5.7 and Mw ¼ 6.4 respectively, if they were
located on the upper crust. However, Frolich (2006) shows that the
source duration versus the seismic moment for earthquakes deeper
than 100 km has slightly longer time periods.

Moreover, the inverse method allows the maximum rupture
velocity to be obtained. In the study case, the 2000 and 2003
earthquakes yielded rates of 1.9e2.0 km/s and 2.9 km/s, respec-
tively. Both of these values are consistent with the results of Xia
et al. (2004). These authors use mimic earthquakes to estimate
the velocity of rupture Vr of the S wave velocity between 0.3 and
0.9.

Coulomb static stress changes were calculated using Coulomb
3.2 software (Toda et al., 2005; Lin and Stein, 2004).

4. Results

Width and length of slip distributions for the 2000 and 2003
events, obtained by forward modeling, imply anomalously large
igh-pass filter: 0.002 Hz. Low-pass filter: 0.1 Hz. RMS 0.4443. b) Slip distribution. High-



Fig. 5. a) Inversion for the 2003/01/07 earthquake using Kikuchi and Kanamori Software. High-pass filter: 0.002 Hz low-pass filter: 0.01 Hz. RMS 0.7649. b) Slip distribution. High-
pass filter: 0.002 Hz low-pass filter: 0.25 Hz. RMS 0.5755.
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areas of 342 and 864 km2. This also occurs for the area estimated by
Marot et al. (2012) of the 2003 event, which varies from 240 to
400 km2. These values are larger than the 60 km2 calculated by
Wells and Coppersmith (1994) for crustal earthquakes. This sug-
gests a different rheological rupture behavior for these
intermediate-deep earthquakes when compared to crustal
earthquakes.

To calculate the static stress drop, we used Ds ¼ cMo/LA, where
Mo is scalar moment, L, fault length, A, area obtained from slip
distributions and c, constant (c ¼ 3.5) that considers the fault ge-
ometry (Frolich, 2006).

Frolich (2006) compiled and compared studies from various
authors, and showed that the static stress drops vary from 50 to
1000 bar for intermediate and deep earthquakes of magnitude
Mw > 6.3. The differences between the values depend mainly on
fault dimensions. Static stress drops up to 200 bars are reported for
earthquakes of magnitudes lower than 6. For the 2000 crustal
earthquake, 48 bars are closed to these values, but 0.2 bars for the
2003 mantle earthquake, suggests a different rupture behavior.

The software calculates area and maximum slip (Table 1)
depending on an assumed rigidity value. We used 65 � 109 Pa
corresponding to the mantle at 100 km depth (Masters et al., 1995).
Waveform inversion allows us obtaining the general moment
tensor, specifying isotropic and CLVD (Compensated Linear Vector
Dipole) components. The most commonly reported percentage of
Table 1
Focal mechanisms for the 2000 and 2003 earthquakes from CMT catalog, and obtained w
maximum slip, and temporal function obtained in this work.

Date Focal mechanism (strike/dip/rake Aki and Richards, 1980 convention)

CMT source Inversion solution Solution wit
RMS in slip

2000/06/16 219/33/-67
11/60/-105
Mw ¼ 6.4

Depth
109 km

201/29/-88
19/61/-91
Mw ¼ 6.38

Depth
110

201/29/-91
15/58/-86

2003/01/07 199/28/-70
356/64/-100
Mw ¼ 5.7

Depth
113 km

182/43/-85
355/47/-94 Mw ¼ 5.98

Depth
108 km

199/38/-79
With CMT S
isotropic component for intermediate deep earthquakes is about
~10% or less but it is never equal to zero (Kawakatsu, 1991, 1996).
The 2000 earthquake presents 6% of CLVD and 15% of isotropic
component and the 2003 earthquake presents a 3% of CLVD and 13%
of isotropic component. Kubas and Sipkin (1987) analyzed the CLVD
components in earthquakes of subducted Nazca plate, reaching a
minimum value of 6% and a maximum value of 16%. Particularly,
Kubas and Sipkin (1987) studied the 15th December 1983 earth-
quake which is located very close to the 2000 and 2003 quakes and
it has a value of 1% de CLVD. These low values of isotropic and CLVD
percentages suggest that during these seismic events there is little
volumetric changes and the faults behave predominantly as dou-
ble-couple.

5. Discussion

For the Mw ¼ 5.7, 7th January 2003 earthquake, Marot et al.
(2012), studying the distribution of aftershocks, suggested that
the activated fault plane dips to the west. Therefore, to obtain the
slip distribution on this plane we chose the nodal plane dipping
west from the three following focal mechanism: (1) the one ob-
tained in our inversion, (2) the one got through CMTcatalog and (3)
the one proposed by Marot et al. (2012). The slip distribution that
best fits the aftershocks is the one obtained using the CMT mech-
anism, which prompts us to select it as the best solution for the
ith inversion and slip distributions. Rupture areas and velocity, static stress drops,

Rupture
area (km2)

Static stress
drop (bar)

Maximum
slip (m)

Rupture
velocity
(km/s)

Temporal
function (s)

h minimum
distribution

Depth
105 km

342 48 0.75 1.9 to 2 13

olution
Depth
108 km

864 0.2 0.1 2.9 15
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earthquake (Fig. 2). In the slip distribution, the largest release of
energy is concentrated in two areas along the fault plane. The
determined aftershocks are located in one of these zones (Fig. 2).
The slip distribution from the mechanism obtained by Marot et al.
(2012) is not consistent with the aftershocks.

The increased stress produced by the 2000 earthquake (Fig. 3)
explains the aftershock activation of the 2003 earthquake, reaching
values of 1 bar near the epicenter, declining to 0.1 bars in the
deepest part of the fault plane. The eastward dipping nodal plane of
the earthquake focal mechanism only generates less than 0.1 bar
stress variations in a small area of aftershocks; hence it cannot
explain the 2003 earthquake activation.

The fault plane area in the first event with Mw ¼ 6.4
(21� 24 km2) accounts for only ~58% of the second event area with
Mw ¼ 5.7 (24 � 36 km2), which might imply that at intermediate
depths the rheological conditions for the rupture in the oceanic
mantle might be significantly different of those in the corre-
sponding subducted crust.

The aftershocks of the two events are mainly related to areas of
moderate to small slip on the activated fault planes, since they are
located among areas of maximum slip (Fig. 2). The 2000 rupture
develops from the bottom to the top through the entire crust, while
the 2003 rupture develops inversely across in the mantle.

In the 2000 reactivated fault plane, the L/W > 1 ratio (L¼ length
of the fault plane along the strike, W¼ fault plane width along dip),
while for the 2003 reactivated plane, L/W < 1 (~0.7). Crustal con-
tinental earthquakes, present L/W ratios of L z 1 or L > 1. This
difference can be explained by a rheological discontinuity at depth
that would stop the downward rupture (Scholz, 1994; Triep and
Sykes, 1997). In this sense, the 2003 event in the oceanic sub-
ducted mantle behaves as a rheological unbounded earthquake.

We propose that both earthquakes are related since: i) their
hypocenters, at 108 km and 110 km depth (Table 1), are close to the
Moho and nearly underneath the 100 km contour line (Fig. 2). ii)
the strikes of both fault planes are almost the same (201� and 199�,
Table 1) to tangent to the equal depth lines (Fig. 1a) obtained by
Nacif (2012). The 2000, 2003 ruptures are up dip and down dip
respectively. We suggest that the stress change produced by the
2000 rupture in the oceanic subducted slab crust would have
activated the 2003 rupture across the mantle below about 18
months later. The combined process represents, as a whole, a
rupture from the subducted oceanic crust towards the upper
mantle. In particular, Marot et al. (2012) propose a reactivation of a
preexisting fault, 145� strike, corresponding to those generated in
the Pacific Mid-ocean ridge (Contreras-Reyes et al., 2007; Kopp
et al., 2004; Ranero et al., 2005).

However, the mechanisms obtained, with 201� and 199� trends,
tangents to the line of 100 km depth of to the subducted Nazca
plate, suggest the reactivation of an outer rise fault. This is sup-
ported by the fact that dips of the fault planes for the 2000 and
2003 earthquakes, were 56� and 65� westward dipping, respec-
tively, considering that the plate has a slope of 27�. Therefore these
values are more likely consistent with the dips of normal faults
originated in the outer rise at these latitudes (Ranero and Sallares,
2004; Ranero et al., 2003, 2005).

6. Conclusions

The hypocenters of the 2000 and 2003 intermediate depth
earthquakes, both located near the oceanic Moho, are found close
to each other, being the ruptures up dip and down dip respectively.
The spatial location of the hypocenters, their respective aftershock
distributions, and the associated Coulomb stress changes, show
that the slip on the west-dipping fault plane of the 2000 event
increased the normal stress on the west-dipping fault plane of the
2003 event, with a variation range for this earthquake from ~1 bar
near its hypocenter to ~0.1 bar in the deeper part of the plane. The
2003 rupture occurred 18 months after the occurrence of the 2000
earthquake. The combined process of both earthquakes describes a
normal rupture mechanism, which cuts throughout the crust and
into the mantle reaching ~40 km depth below the Moho.

Fault planes of the 2000 and 2003 rupture processes, striking
201� and 199� and dipping 29� and 38� respectively, describe a
compound normal fault whose location and geometry suggest an
origin in the outer ridge.

The parameters obtained, such as velocity and areas rupture,
time function and isotropic-CLVD components, shed light on the
dynamics of the ruptures at 120 km depth, where seismicity
vanishes.
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