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several centuries of the earthquake record in this area. This heterogeneity is
uch as changes in rupture mode from magnitude N8 events during one century
other time periods, as well as unusual tsunami events. There is also an apparent
quake rupture and subducting plate complexity in this region. Significant
bducting Nazca plate, including fracture zones and ridges such as the large Nazca
itude earthquakes have occurred in the region of ridge subduction, but no
ptured through these features into adjacent regions, suggesting that these
egment the margin. Other features, such as fracture zones and variable sediment
, appear to influence earthquake behavior over a wide range of magnitude scales.

Upper plate features such as crustal faults also lead to heterogeneous earthquake behavior. Here I provide an
overview of seismicity along the margin since 1850 in the context of the subduction zone structures. This
includes great earthquakes such as the 1906 Ecuador and 1960 Chile events. I also present results showing
increased rupture complexity in moderate magnitude earthquakes that can also be linked to certain Nazca
Plate features.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Along the South Americamargin, the Nazca Plate subducts beneath
the South American Plate, causing volcanism, deformation, and
shallow seismicity (e.g. Pilger, 1984; Cahill and Isacks, 1992). This
latter product of subduction is the topic of this review. Many
earthquakes with magnitude N7.5 have occurred at the interface
between the subducting Nazca and overriding South American plates
during the 20th and 21st centuries (Fig. 1). Historical records back to
the 1500s suggest additional great (MN8) earthquakes along this
margin. In fact, much of the margin has broken in great earthquakes
with the largest earthquake on record to date, the 1960 moment
magnitude (Mw) 9.5 rupture zone, anchoring the southern portion of
the margin. In addition, there are cases of fairly rare events along the
Peru margin, namely the 1960 and 1996 tsunami earthquakes.
Tsunami earthquakes, seen in a few other subduction zones as well,
are characterized by slow rupture and tsunami larger than expected
for the earthquake size (Kanamori, 1972) and may be related to
rupture in weak sedimentary materials in the shallow portion of the
subduction zone (e.g. Kanamori and Kikuchi, 1993; Satake and
Tanioka, 1999). Other slow velocity earthquake processes are been
ll rights reserved.
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noted along the margin, including significant afterslip following the
1995 Mw 8.1 Antofagasta earthquake (Pritchard and Simons, 2006).

Clearly there is evidence of heterogeneity with the earthquakes
themselves. There is also complexity inherent in the geologic structure
of the Nazca and South American plates. Features such as seamounts,
ridges, fracture zones, and variable sediment supply enter the trench.
In addition, there are various upper plate features such as transverse
faults and forearc basins observed along the South American Plate.
These types of features are observed in subduction zones around the
globe, and there are many suggestions that these features affect large
earthquake occurrence (e.g. Ryan and Scholl, 1993; Scholz and Small,
1997; Spence et al., 1999; Kodaira et al., 2000; Husen et al., 2002; Bilek
et al., 2003; Song and Simons, 2003; Wells et al., 2003). In the case of
South America, many large earthquakes occur in the regions where
these large Nazca Plate features, such as the Nazca Ridge, enter the
trench.

Not only do the earthquake locations correlatewith the presence of
large subducting features, these bathymetric features, once in the
seismogenic portion of the megathrust zone, may influence details of
seismic moment release and slip during individual earthquakes. The
linkages between these features and earthquakes include concentra-
tion of slip in the areas of where subducting features have been
imaged or inferred at depth, thus acting as asperities, or concentration
of slip away from these features, thus acting as barriers to rupture.
These can bemanifested in the patterns of slip distribution on the fault
ican subduction zone: Review of large earthquakes, tsunamis, and
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Fig. 1. Overview map of South American subduction zone with significant earthquakes
from the 20th and 21st centuries. Earthquake locations (triangles) and magnitudes are
based on sources within the text. Red triangles show locations of the 2 tsunami
earthquakes that occurred off of the Peru coast. Bathymetry from Smith and Sandwell
(1997) and convergence rate from Kendrick et al. (2003). Also included are earthquake
locations (black circles) and focal mechanisms (gCMT) for the moderate magnitude
earthquakes analyzed in this study. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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plane and complexity in the moment release history throughout an
individual rupture. These features may also act to limit rupture areas
for individual events. In addition, presence or absence of weak, low
velocity trench sediment can also affect earthquake rupture, resulting
in slower rupture velocities or even aseismic slip. This connection is
described for several subduction zones around the world (e.g. Cloos,
1992; Scholz and Small, 1997; Kodaira et al., 2000; Husen et al., 2002;
Bilek et al., 2003), and South America is no exception. The 2001 Mw
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
subduction zone complexity, Tectonophysics (2009), doi:10.1016/j.tecto
8.4 Peru earthquake provides one example of a subducting fracture
zone influencing the earthquake rupture, acting as a barrier early in
the rupture but breaking later (within 100 s) in a high slip event
(Robinson et al., 2006). In this case, the subducted feature acts as both
a barrier and an asperity during a single event.

An important question is how other subducting and upper plate
features influence earthquakes along South America to produce
seismic heterogeneity and segmentation. This review article addresses
this question by presenting a description of significant and notable
events along the margin in the context of the heterogeneous margin
architecture. As an overview to past large earthquake characteristics, I
present a north to south review of significant earthquakes along the
margin. This overview is followed by new analysis of rupture
complexity in moderate magnitude events along South America as
compared to subducting features as well as a review of various
conditions and processes that might link together the heterogeneous
structure and seismicity.

2. Significant earthquakes

Almost the entire length of the South American margin has
ruptured several times in the past few centuries, as detailed in
historical accounts that date back to the 1500s. Several authors have
already provided rupture descriptions and historical accounts for
events pre-1900s (e.g. Lomnitz, 1970; Kelleher, 1972; Beck and
Nishenko, 1990; Comte and Pardo, 1991; Lomnitz, 2004). Here I
review the significant earthquakes along the margin from 1850 to
2007, beginning in the north with the 1906 M 8.8 event in Ecuador
and extending to the 1960 Mw=9.5 Chile earthquake in the south
(Fig. 1). More details about the ruptures are also provided throughout
the text and figures (Figs. 2–4), most of which are derived from
literature estimates based on a variety of datasets (primarily wave-
form inversion, aftershock patterns, and intensity reports).

Along the northern extent of this margin (3°N to 10°S), few
earthquakes greater than M 8 are present in catalogs. Two areas of
note are in northern Ecuador and northern Peru (Fig. 2). Along
northern Ecuador and Colombia, the largest subduction zone earth-
quake occurred in 1906 (January 31, Mw∼8.8). This event ruptured a
section of ∼500 km with significant directivity to the northeast
(Kanamori and McNally, 1982). The epicenter is north of the
subducting Carnegie Ridge, and estimates of the rupture extent
suggest most of the slip occurred away from this ridge (Kanamori and
McNally,1982). Since 1906, this segment of themargin continues to be
active, although earthquakes in the 20th century were smaller
magnitude and ruptured smaller areas than seen during 1906. For
instance, the 1942Mw=7.8 earthquake ruptured the southern portion
of the 1906 zone (Fig. 2) and the central and northern portions
ruptured during earthquakes in 1958 and 1979 (Kelleher, 1972;
Kanamori and McNally, 1982). This change in rupture mode, from
dominantly big earthquakes to smaller magnitude events that
ruptured only portions of previously ruptured areas, is not unique to
Ecuador, as it is also noted in central Peru and in other subduction
zones around the world such as Nankai, Southwest Japan (e.g. Ando,
1975; Cummins et al., 2002).

The northern Peru margin is also host to fairly rare events,
specifically two tsunami earthquakes, that are different from
the seismicity along other parts of South America. Tsunami earth-
quakes fall into a class of earthquakes that generate large tsunami for
the size of the earthquake and typically have long rupture durations
(e.g. Kanamori, 1972). The 1960/11/20 earthquake occurred in the
northern Peru segment between the Carnegie Ridge to the north and
the Mendaña Fracture Zone to the south (Figs. 1, 2) where few great
earthquakes have occurred in the past. Pelayo and Wiens (1990)
determine the rupture history and seismic moment of this event and
compute an Mw of 7.6, significantly higher than the Ms value of 6.75
estimated previously. This event is also notable for the very long
ican subduction zone: Review of large earthquakes, tsunamis, and
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Fig. 2.Map of Ecuador and northern Peru showing rupture areas (ellipses) and epicenters (black circles) for the significant earthquakes discussed in the text. The 1906 (black dashed)
and the 1942 rupture estimates are from Collot et al. (2004). The 1960 tsunami earthquake rupture area is estimated from results of Pelayo andWiens (1990), and the 1996 tsunami
earthquake rupture area is from Ihmle et al. (1998).
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rupture duration ∼110–130 s. Pelayo and Wiens (1990) describe the
related tsunami as not particularly anomalous when considering their
revised size estimate, but that the very long source duration of 110–
130 s leads to the discrepancy in the initial magnitude estimates, as
the initial Ms value was determined using 20 s period waves,
insufficient for an event with such an anomalously long duration.
Pelayo and Wiens (1992) estimate a rupture velocity of ∼1 km/s for
Fig. 3.Map of central Peru showing earthquake epicenters (black circles) and rupture estimat
on this study, with the rest of the rupture areas compiled from Beck and Ruff (1989), Com
(white) indicate rupture extent based on intensity reports and other historical data.
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this Peru tsunami event (as well as a few others in other subduction
zones), much slower than the 2.5–3.5 km/s rupture velocities
observed for more typical earthquakes. All of the tsunami earthquakes
had similar long durations, shallow depths, and near-trench epicen-
ters, leading Pelayo and Wiens (1992) to propose shallow rupture
through the weaker, less rigid material of the accretionary prism in
order to explain the tsunami earthquake characteristics. This model
es (ellipses) for the significant earthquakes discussed in the text. The 2007 area is based
te and Pardo (1991), Swenson and Beck (1999), and Spence et al. (1999) Dashed lines

ican subduction zone: Review of large earthquakes, tsunamis, and
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Fig. 4.Map of Chile showing showing earthquake epicenters (black circles) and rupture
estimates (ellipses) for the significant earthquakes discussed in the text. The 2007 area
is based on this study, with the rest of the rupture areas compiled from Kelleher (1972),
Beck et al. (1998), Spence et al. (1999), Carlo et al. (1999), and Campos et al. (2002).
Dashed lines (white) indicating rupture extent are based on intensity reports and other
historical data.
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for tsunami earthquakes is used to explain other more recent tsunami
events as well, such as the 1992 Nicaragua and the 2006 Java events
(e.g. Kanamori and Kikuchi, 1993; Ammon et al., 2006).

A few hundred kilometers south of the 1960 tsunami earthquake,
another tsunami earthquake occurred off the Peru coast in 1996. The
1996/02/21Mw=7.5 event also had a long duration of ∼50 s, shallow
rupture with a centroid depth of 7 km, and slow rupture velocities of
1–2 km/s (Ihmle et al., 1998). Unlike the 1960 tsunami event, the 1996
earthquake occurred in the region of complexity on the subducting
plate in the form of the Mendaña Fracture Zone. Ihmle et al. (1998)
determine moment release history of this event and suggest that the
rupture did not cross the fracture zone, with the significant moment
release to the north of the fracture zone. Thus this can be considered a
case where the fracture zone may have acted as a barrier for rupture.

Within central and southern Peru, several large to great earth-
quakes have occurred throughout the historical recordwith apparent
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
subduction zone complexity, Tectonophysics (2009), doi:10.1016/j.tecto
changes in the rupture style and size of earthquake. Beck and Ruff
(1989) examine several of the M 8 events, specifically the 1966/10/
17, 1940/05/24 (although this magnitude may be lower, at anM 7.8),
and the 1974/10/03 underthrusting earthquakes on the subduction
interface (Fig. 3). Using waveform modeling techniques, they
determine moment release histories, define asperities for each
event, and use these high slip zones to describe segmentation of
the margin that is connected to subducting plate features. The
Mendaña Fracture Zone (north) and the Nazca Ridge (south)
segment this portion of the margin (Fig. 1), with no event in their
study showing evidence of rupture across either of these features.
However, they, as well as Beck and Nishenko (1990), note that the
pre-20th century earthquakes ruptured much larger (andmultiple in
some cases) segments, with much larger magnitudes (MN8.5). Thus,
the style of rupture appears to have changed along central Peru over
the earthquake cycle, with the 20th century events breaking as small
area, smaller magnitude events rather than in larger scale pre 20th
century events.

The southern boundary of the central Peru segment is the
subducting Nazca Ridge (Beck and Ruff, 1989). This feature, a region
of thick, low density material likely from the Easter Island hotspot
(Pilger, 1981), has been subducting beneath the South American plate
since ∼8 Ma, with estimates of ∼1000 km of this feature already
subducted (von Huene and Lallemand, 1990; von Huene et al., 1996).
Ridges such as the Nazca Ridge were once considered to be aseismic,
with the buoyant ridges acting to modify the subduction process such
that great earthquakes were unlikely to occur (Kelleher and McCann,
1976). However, events in 1942 and 1996 both occurred along the
plate interfacewhere of the Nazca Ridge subducts. Based onwaveform
analysis of available P waves, Swenson and Beck (1996) suggest a
complex rupture for the 1942/08/24 earthquake (Mw 7.9–8.2) with
significant rupture propagation to the south and moment release
away from the Nazca Ridge.

The 1996/11/12 Mw=7.7 earthquake occurred in this same area.
Swenson and Beck (1999) determine slip patterns for the event,
finding that much of the moment release occurred ∼90 km southeast
of the epicenter, away from the Nazca Ridge contact with the
overriding plate. Their rupture area does overlap with a large portion
of the 1942 rupture area. Spence et al. (1999) also analyze seismic
waveforms for this event to compute moment release and relocate
aftershocks, showing that 45% of the moment release occurred along
the ridge contact south of the crest. Relocations of aftershocks show
the majority occurred within the ridge area, even north of the
epicentral zone (Spence et al., 1999). This result suggests that the
ridge can act as a high slip zone during rupture, although there is some
debate as to how much of the ridge area actually ruptured. In either
model however, it does appear that rupture did not cross through the
crest of the Nazca Ridge.

The final pre-2007 earthquake of interest along the Peru margin
is the 2001/06/23 Mw=8.4 underthrusting event. Various authors
(e.g. Giovanni et al., 2002; Bilek and Ruff, 2002) use teleseismic
broadband recordings of the earthquake to determine moment
release history and asperity distribution along the fault, resulting in
a fairly consistent pattern with one subevent of moment release near
the epicenter and a larger one ∼130 km southeast of the epicenter. The
largest aftershock (Mw 7.5) occurred on 2001/07/07 at the southern
end of the largest mainshock asperity. These events are significant in
that they fill in roughly one-half to two-thirds of the rupture area from
the 1868 M 8.8 event. These events also provide additional evidence
for a change in rupture style along this margin, with the older events
characterized by larger magnitude, multi-segment ruptures while the
20th and 21st century earthquakes have occurred along smaller
segments of the fault plane, producing smaller magnitudes.

The 2001 Peru event is also notable because of the suggestion of a
subducting feature acting as a barrier during rupture. Robinson et al.
(2006) use seismic waveform inversion techniques to model slip on
ican subduction zone: Review of large earthquakes, tsunamis, and
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Table 1
2007 earthquakes.

Event
(YYYY/MM/DD)

Origin
time

Latitude
(°)

Longitude
(°)

Depth
(km)

Mw Focal
mechanism

2007/08/15 23:40:57 −13.39 −76.60 39 8.0 324/27/64
2007/11/14 15:40:50 −22.25 −69.89 40 7.7 358/20/98

Hypocentral information from the NEIC catalog, and focal mechanism information
(strike/dip/rake) from the global Centroid Moment Tensor catalog.
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the fault through time. Their detailed slip history at various time steps
during rupture shows a down-dip barrier of ∼6000 km2 that acted to
retard slip, leaving it initially unbroken. Approximately 50 s after the
start of rupture, this barrier began to slip and induce slip around it,
producing the dominant moment release and slip for the event. The
location of the seismically determined barrier corresponds to
bathymetric highs in the region of the subducting Nazca Fracture
Zone. Thus Robinson et al. (2006) linked this barrier and resulting
rupture complexity to a bathymetric high associated with the
subducting Nazca Fracture zone.

Similar to the earthquake history in Peru, great earthquakes have
also broken much of the along-strike extent of the Chile margin since
1868 (Fig. 4). The most recent great earthquakes occurred in
northernmost Chile during 1868 and 1877. These events, both
estimated as ∼M 8.8, broke large sections of the margin but without
significant overlap (Kelleher, 1972). The 1868 event has an epicenter
estimated within Chile at 18.5°S, 70.35°W but dominantly ruptured
northward into Peru reaching approximately 16°S (Comte and Pardo,
1991). Much of this area within southern Peru re-ruptured during the
two 2001 events discussed above. The 1877 event appears to have an
epicenter near 21°S, 70.25°W based on estimates of intensities (Comte
and Pardo, 1991), with bilateral rupture extending from ∼19°S to 23°S,
south of the 1868 rupture area.

This southern rupture boundary of the 1877 event is adjacent to,
but does not overlap the 1995/07/30 Mw=8.1 Antofagasta earth-
quake. This earthquake ruptured the subduction thrust from 10–
50 km depth (Delouis et al., 1997), suggesting a complete rupture of
the seismogenic width in this area (Tichelaar and Ruff, 1991). Delouis
et al. (1997) compute stress changes as a result of the 1995 event,
suggesting a loading of the 1877 region. Based on their analysis of the
rupture and the first day of aftershocks, Delouis et al. (1997) suggest
that the surface peninsula (Mejillones Peninsula) on the overriding
plate is linked to the plate interface, as it acted as a barrier that kept
the rupture from entering the 1877 rupture zone. Aftershock locations
also indicate a sharp boundary beneath this peninsula.

Additional complexity is apparent in the Antofagasta zone, as
Pritchard and Simons (2006) use InSAR, seismic, and geodetic data to
determine that aseismic slip occurred between 1995–1996 beneath
the Mejillones Peninsula. They postulate that variable slip behavior,
from normal coseismic fast slip during the 1995 earthquake to slow
afterslip, may be tied to trench sediment variations along this margin
(Schweller et al., 1981). Using a similar argument to that made for
slow rupture of tsunami earthquakes, Pritchard and Simons (2006)
suggest that the thicker trench sediments off of the Mejillones
Peninsula allow for aseismic (or slower velocity) slip, and they predict
that very little slow slip would occur where no trench sediment is
subducted. The test of this prediction awaits better long term
geophysical monitoring along the entire Peru–Chile margin.

Moving south of the Antofagasta region, other great earthquakes
have occurred in 1922, 1943, 1906, and 1960 (Fig. 4). Beck et al. (1998)
determine the rupture process for several of these large earthquakes
in their study of historical earthquakes along central Chile. The 1922/
11/11 event (Ms 8.3–8.4) was the most complex of the set of great
earthquakes in central Chile, with 3 patches of moment release along
the subduction thrust. In contrast, the 1943/04/06 M 8.3 event had a
relatively simple rupture history with one main moment release or
slip patch on the fault. Beck et al. (1998) also estimate a smaller
magnitude of 7.9 for this event. The 1906/08/17 event (M 8.5)
occurred off the coast of Valparaiso, Chile. Estimates of the rupture
extent come from measurements of coastal uplift and regional
intensity reports (Kelleher, 1972; Lomnitz, 2004). Little information
about the complexity of rupture is available, unfortunate given its
location in the area of the subducting Juan Fernandez Ridge. The
1985/03/03 Mw=8.0 earthquake ruptured this segment with a
primary slip patch centered in the epicentral zone near 33°S and a
smaller slip patch ∼100 km to the south (Mendoza et al., 1994). The
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
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1928/12/01 event (Ms=8.0) occurred south of the 1906 and 1985
events with a relatively simple rupture and onemain patch ofmoment
release on the plate interface (Beck et al., 1998).

The final significant earthquake along western Chile is the largest
earthquake in history, the Mw=9.5 of 1960/05/24. Using various
datasets, including sea-level and elevation changes, Plafker and
Savage (1970) provide estimates of the rupture extent and slip
distribution for this event. Barrientos and Ward (1990) use
additional datapoints to improve on the previous slip estimates,
producing a revised slip distribution with several distinct patches of
moment release and slip along the 900 km long rupture segment.
Interestingly, they also suggest a connection between subducting
fracture zones and earthquake rupture area, as their estimated
northern rupture boundary corresponds to the subducting Mocha
Fracture Zone and the southern end abuts the Guamblin and Darwin
Fracture Zones.

3. 2007 earthquakes: connection with subducting features

The previous section provides an overview of the literature for
events along this margin from the 1850s to 2001. Two large events
occurred during 2007 with MwN7.5 that are clearly worthy of
discussion in the context of large and great earthquakes along the
margin. These events (Table 1) are also interesting in the context of
historical rupture mode as well as with connections to subducting
ridges. This section describes the seismic waveform analysis used to
produce new slip distributions and moment release histories for the
2007 events.

Because these earthquakes are of large magnitude, the slip
distribution and moment release patterns are extended such that a
point source description of moment release is not sufficient, and the
waveforms should be modeled to deal with finite fault effects. For this
study, I compute the seismic moment, source time function, and slip
distribution on the fault plate using a body wave finite fault inversion
(Kikuchi and Kanamori, 1991, 2006) that incorporates both P and SH
waves recorded at teleseismic (30°bepicentral distanceb90°). This
inversion technique allows me to model the earthquake as multiple
point sources along a defined fault plane in order to fit synthetic
seismograms to the data. The focal mechanism is held fixed, and for
both cases I use the solution from the Global Centroid Moment Tensor
(gCMT) catalog (Dziewonski et al., 1981; http://www.globalcmt.org).
A trapezoidal time function is also used, with tests of a range of
durations performed to find the best fit for the synthetic seismograms.
A layered velocity model is used for these events that incorporates a
water layer (1 km) for the offshore Peru event, followed by a 15 km
thick crustal layer of 6.5 km/s and a mantle layer of 8.1 km/s for both
events. The synthetic seismograms are then computed with the
simple velocity model, geometric spreading, constant attenuation
factors, and distribution of subevents on the fault plane. The observed
and synthetic waveforms are compared, with the lowest computed
misfit between each pair leading to the optimal solution of moment
distribution on the fault plane. Inversion details specific to each event
are provided below.

The best-fit inversion results for the 2007/08/15 Mw=8.0 Peru
event includes 23 waveforms, 13 P waves and 10 SH (Figs. 5, 6). The
fault plane is defined by a grid that extends 390 km in the x-(or along-
ican subduction zone: Review of large earthquakes, tsunamis, and
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Fig. 5. Source time function and seismograms for the 2007/08/25 Peru earthquake. Source time function result from the inversion (top) shows little moment release within the first
minute of rupture, followed bymajority of moment release between 60–120 s. Inversion parameters and results are also included. Focal mechanism is very similar to that of the global
CMT catalog. Bottom: Seismograms for the P and SH waveforms are shownwith their station name, azimumth, and wave type (gray solid) and synthetic seismograms are shown in
the dashed lines. Timescale for the seismograms is 120 s.
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strike) direction, 180 km in the y-direction along the fault defined by
the National Earthquake Information Center (NEIC; http://www.
earthquake.usgs.gov/regional/neic) hypocenter and gCMT focal
mechanism, with grid spacing of 30 km in both directions. The y-
direction is in the downdip direction, and the grid parameters
employed for this event result in a search for subevents between 10
and 80 km depth. The source time function component for each grid
point is made up of overlapping triangle functions 6 s in length
staggered by 4 s each. Finally, the seismic moment at each grid point is
converted to slip using a rigidity of 60 GPa.

The source time function for the 2007/08/15 Peru event provides
the time history of moment release, indicating relatively low
amplitude moment release for the initial 65 s of rupture, followed
by the main moment release between ∼65–100 s (Fig. 5). The seismic
moment determined here (Mo=1.2×1021 Nm, Mw=8.0) is compar-
able to the gCMT solution (Mo=1.1×1021 Nm) determined with
longer period waveforms. Pulses of moment release apparent in the
source time function (Fig. 5) correspond to the main patches of slip on
the fault plane (Fig. 6), with a large amount of slip near the epicenter
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
subduction zone complexity, Tectonophysics (2009), doi:10.1016/j.tecto
located north of the subducting Nazca Ridge. An additional broad zone
containing a large amount of slip extending the full downdip width of
the prescribed fault zone is found adjacent to the ridge. Also note that
the slip for this event occurred between the segments that broke
during the 1974 and 1996 earthquakes, without significant overlap
into either zone. This is the northern flank of the Nazca Ridge where
some of the 1996 aftershocks occurred (Spence et al., 1999), and it
appears that the 2007 event fills a gap left since the 1687 rupture.
However, the 2007 event did not produce enough slip (only a few m)
to account for the roughly 20m of slip that would have accumulated in
this segment since 1687.

The same inversion technique is used for the 11/14/2007Mw=7.7
event along the Chile margin. For this case, 18 P and 17 SH waveforms
were used in the inversion, with an overall resulting seismic moment
of 4.8×1020 Nm (gCMT Mo=4.8×1020 Nm). Grid parameters are
different than those used for the Peru event, with a 200 km along-
strike, 120 km downdip lengths and 20 km grid spacing. This change
was based on aftershock information defining the likely rupture area.
The depth range sampled by this grid is 18 km to 55 km below
ican subduction zone: Review of large earthquakes, tsunamis, and
.2009.02.037
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Fig. 6. Resulting slip distribution for the 2007/08/25 Peru earthquake. Color scale indicates amount of slip (cm) on fault plane. Star is the epicenter of the earthquake, and white
circles are aftershocks within 24 h of the event, scaled by size. Note that most of the significant slip occurred in the patch between the 1974 and 1996 rupture zones, and the largest
slip occurred in the epicentral area. The high slip epicentral area is also to the north of the subducting Nazca Ridge, although the secondary region of significant slip is more directly in
the region of the subducting ridge. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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seafloor. Source function parameterization is the same as for the Peru
event. The resulting source time function differs from the Peru event
with the majority of moment release early, within the first 60 s of
rupture (Fig. 7). The resulting slip pattern indicates a ∼100×100 km
area of slip, with 2 main patches located near the epicenter and
approximately 60 km south of the epicenter (Fig. 8). The main slip
patch occurred in the region of the subducting Iquique Ridge.
Additionally, this event ruptured a segment north of the 1995
Antofagasta rupture, and filled in the southernmost portion of the
1877 earthquake zone. Stress transfer calculations (Delouis et al.,
1997) suggest a loading of this segment by the 1995 earthquake, thus
it is not unusual that this segment was the first of the 1877 zone to re-
rupture. However, this event is another example of the change in
rupture mode seen throughout the margin.

4. Along-strike rupture variations using moderate magnitude
events

The previous sections describe earthquake rupture patterns and
heterogeneity in earthquakes of magnitude N7.5. However, many of
the same interactions between subduction zone structure and earth-
quakes are likely relevant to smaller magnitude earthquakes as well.
In some cases, the smaller magnitude earthquakes can provide more
insight into along-strike heterogeneity because of their increased
frequency relative to theMN7.5 events. Thus, in this section, I address
along-strike heterogeneity as observed with moderate magnitude
events (5.5NMwN7.1) that occurred along the margin by determining
rupture histories for these events and comparing them to along-strike
tectonic features.

Events in this earthquake subset have epicentral locations and
focal mechanisms consistent with seismicity on the subducting plate
interface (Fig. 1). Locations are based on the NEIC catalog locations,
and focal mechanisms are based on solutions in the Global Centroid
Moment Tensor (gCMT) catalog. The catalog search includes years
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
subduction zone complexity, Tectonophysics (2009), doi:10.1016/j.tecto
1990–2007 to maximize data quality, and the resulting dataset
consists of 19 events along Peru–Ecuador and 28 events along Chile
(Tables 2 and 3).

The analysis of moderate magnitude events (Mw 5.6–7.1) is
somewhat simpler than required for the larger magnitude events
where finite fault effects are important. For this set of events, I use a
relatively simple deconvolution process (Ruff, 1989b; Ruff and Miller,
1994) that assumes a point source for the earthquake rupture to
extract the source time function from the seismic waveforms. This
provides information about the moment release history through time
during each earthquake.

The method used here involves computing synthetic Green's
functions for each event at each station using the gCMT focal
mechanism solution and a velocity model with a water layer over a
half space (P wave velocity of 6.0 km/s). I deconvolve the observed P
and SHwaves by the Green's functions generated for a range of depths
to find a source time function at each depth. The preferred depth and
time function are selected by minimizing the misfit between the data
and synthetic seismograms. Seismograms selected for analysis were
recorded at teleseismic distances, using at least 8 stations in order to
provide adequate azimuthal coverage around the focal sphere. From
the resulting best-fit source time function, I measure the rupture
duration as the time of the major moment release including the start
time to termination of the pulse containing the majority of moment
release, disregarding the later small amplitude oscillations that may
be due to inaccuracies in the Green's functions. An example of a Peru
earthquake (2002/04/21Mw 5.9, Fig. 9) provides the best fit synthetic
seismograms computed at a depth of 22 km and the resulting source
time function, highlighting the duration of 7 s. The range of depths
used for this event is 10–40 kmwith intervals of 2 km between trials.
In some cases, such as this one, no suitable SH waves were identified
with appropriate levels of signal to noise and only P waves are used.
SH waves are included in 13 Peru events and 14 Chile events. The
event in Fig. 9 is one of the smaller earthquakes in the dataset, but one
ican subduction zone: Review of large earthquakes, tsunamis, and
.2009.02.037
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Fig. 7. Source time function and seismograms for the 2007/11/14 Chile earthquake. Format is the same as for Fig. 5. Time for the seismograms is 100 s.

Fig. 8. Slip distribution for the 2007/11/14 Chile earthquake. Color scale indicates slip in cm on fault plane. One day aftershocks are also plotted (white circles, scaled by magnitude).
The high slip for this event was also near the epicenter. Slip for this event did not extend into the 1995 Antofagasta rupture zone (epicenter shown by triangle), but did fill in the
southern portion of the 1877 rupture zone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Peru–Ecuador event information.

Date
(MM/DD/YY)

Origin
time

Latitude
(°)

Longitude
(°)

Mw Depth
(km)

Duration
(s)

STF
peaks

09/02/90 04:26:48 −0.14 −80.28 6.2 17 3 1
07/01/91 13:32:41 −15.88 −75.01 6.0 12 8 2
05/16/92 20:57:59 −13.67 −76.11 6.0 40 4 1
01/19/95 15:05:03 5.05 −72.92 6.5 21 3 1
10/03/95 01:51:23 −2.75 −77.88 6.8 20 10 1
03/28/96 23:03:49 −1.04 −78.74 6.0 19 3 1
04/27/96 08:40:41 2.37 −78.34 6.2 14 5 1
08/05/96 21:39:16 −2.00 −81.00 6.3 7 9 2
11/13/96 02:41:39 −14.84 −75.69 6.1 22 3 1
11/13/96 12:32:09 −15.47 −75.41 5.9 11 7 2
11/14/96 12:54:02 −15.32 −75.47 5.6 9 5 2
12/16/96 01:46:38 −0.24 −80.73 5.5 6 6 2
08/04/98 18:59:18 −0.55 −80.41 7.1 21 14 1
09/28/00 23:23:43 −0.22 −80.58 6.4 12 8 4
06/26/01 04:18:31 −17.75 −71.65 6.7 26 4 1
07/07/01 09:38:43 −17.54 −72.08 7.6 15 26 3
04/21/02 22:24:07 −5.78 −81.03 5.9 22 7 2
10/20/06 10:48:56 −13.46 −76.68 6.7 25 6 1
02/24/07 02:36:23 −7.01 −80.49 6.4 27 5 1

Hypocentral information from the NEIC catalog. Depth, duration, and STF (source time
function) peaks are results based on analysis described in the text. Duration is raw
duration measured from the source time function.

Fig. 9. Source time function determination for event 2002/04/21 (Peru,Mw=5.9). Left
panel shows source time function for a depth of 22 km. Shaded area is the duration (7 s)
for the majority of moment release to occur for this event. Right panel shows the
seismograms (black solid) for each station used in the analysis with station name and
azimuth provided. Synthetic seismograms created for this event are shown in gray
dashed lines for each station.
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with high signal to noise ratio to allow for reasonable deconvolution
and error results.

The final dataset of source parameters (hypocentral information,
magnitude, depth, and rupture duration) is provided for both regions
in Tables 2 and 3. As one theme for this review is to examine along-
strike heterogeneity, I use these parameters to compare with features
on the subducting plate. One simple comparison can be made simply
in the locations of events with respect to subducting features. Based
on the NEIC locations, there are more events in areas of subducting
Table 3
Chile event information.

Date
(MM/DD/YY)

Origin
time

Latitude
(°)

Longitude
(°)

Mw Depth
(km)

Duration
(s)

STF
peaks

08/02/90 05:24:09 −31.62 −71.70 6.0 9 6 2
11/04/92 21:32:38 −31.57 −71.57 6.0 30 3 1
03/19/93 01:48:05 −26.74 −70.97 5.9 9 6 2
07/11/93 13:36:21 −25.30 −70.17 6.6 49 2 1
07/30/95 21:05:48 −23.55 −70.61 6.1 7 9 4
08/02/95 00:14:09 −23.23 −70.68 6.0 25 3 1
08/02/95 16:27:33 −23.43 −70.57 5.7 19 3 1
11/01/95 00:35:33 −28.91 −71.42 6.6 21 6 1
11/21/95 18:17:05 −33.33 −71.95 5.7 5 9 1
04/19/96 00:19:31 −23.94 −70.09 6.6 49 2 1
07/03/96 16:48:28 −23.38 −70.40 5.9 6 11 5
03/09/97 11:43:43 −29.82 −71.15 6.1 38 3 2
07/06/97 09:54:00 −30.06 −71.87 6.8 22 9 4
07/06/97 23:15:20 −30.16 −71.86 5.7 7 4 2
07/25/97 06:47:03 −30.46 −71.91 6.0 21 3 1
07/27/97 05:21:29 −30.52 −71.86 6.3 20 5 2
11/03/97 19:17:34 −30.74 −71.22 6.2 41 1 1
01/12/98 10:14:08 −30.99 −71.41 6.6 27 9 3
07/29/98 07:29:24 −32.32 −71.28 6.4 46 2 1
09/29/99 18:01:31 −30.74 −71.99 6.0 12 1 1
01/08/00 11:59:21 −23.17 −70.12 6.4 42 6 2
01/07/01 10:18:20 −33.44 −72.23 5.9 8 8 3
05/23/02 15:52:15 −30.75 −71.20 6.0 46 3 1
06/18/02 13:56:22 −30.81 −71.12 6.6 54 2 1
06/20/03 13:30:41 −30.61 −71.64 6.8 35 7 2
04/30/06 19:17:17 −27.01 −70.96 6.7 7 10 4
04/30/06 21:40:58 −27.21 −71.06 6.7 15 9 4
10/12/06 18:05:58 −31.30 −71.33 6.5 29 6 1

Hypocentral information from the NEIC catalog. Depth, duration, and STF (source time
function) peaks are results based on analysis described in the text. Duration is raw
duration measured from the source time function.
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Carnegie and Nazca Ridges in the north as well as in the area of the
Challenger Fracture Zone in Chile as compared to adjacent, smooth
plate regions (Fig. 1). As this dataset is only a subset of all the
underthrusting earthquakes along this margin, limited in time and
magnitude extent as well as by the analysis results, a simple count of
event numbers is not a particularly robust correlation. However, this
limited dataset is useful because of the additional parameters, such as
duration and rupture complexity, computed for each event, as these
will be more indicative of the role of subduction zone complexity on
earthquake rupture.
Fig. 10. Normalized source duration as a function of event depth for the moderate
magnitude events analyzed here, with Peru–Ecuador events (gray circles) and Chile
events (open squares). Durations are scaled by Mo. Error bars indicate the range of low
misfit depths and difficulty in picking time function pulse termination. Overall trend of
decreasing normalized duration with increasing depth is similar that found in previous
studies (Bilek et al., 2004).
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Fig. 11. Along-strike variation in source time function complexity as measured by number of peaks divided by the duration. Within the Ecuador–Peru portion of the margin, the
earthquakes occurring opposite the Carnegie and Nazca Ridges have higher than average complexity than seen in the other portions of the margin. Although average complexity
along Chile is higher than in Peru–Ecuador, no correlation is observed between complexity and subduction of the Iquique and Juan Fernandez Ridges. Few events are located in areas
of subducting fracture zones.
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Variations in rupture duration within the subduction zone may
indicate variable physical parameters within the fault zone that act to
reduce the rupture velocity. However, duration comparisons are only
useful if they are scaled by earthquake size, as larger earthquakes will
take longer to rupture than smaller ones. Because of the magnitude
range of this dataset, I scale the durations by the cube root of the seismic
moment, normalized by the moment of an Mw=6.0 event (e.g.
Kanamori and Anderson, 1975; Houston et al., 1998). Previous efforts
to examine scaled source duration with depth have used this method
(e.g. Bilek et al., 2004), and results from events here are similar to those
found in the previous work. For events all along themargin, normalized
source duration decreases with depth (Fig. 10). This result is similar to
previous global studies (e.g.Bilek et al., 2004)where the authors suggest
this decrease can be explained by slower rupture velocities due to lower
rigidity of the shallow interface materials.

Of note though is the change in behavior in the Chile dataset,
where there is a steep decrease in duration with depth to about 15–
18 km, followed by a more constant trend. This depth corresponds to
the range where Sallarès and Ranero (2005) suggest a change in
physical properties of the material along the Antofagasta portion of
the subduction zone, in the region of some of the earthquakes in this
study. They observe seismic velocities in this region that suggest
Fig. 12. Schematic diagram of the shallow subduction zone where heterogeneity is likely to
Various subducting features, such as seamounts and ridges, likely enter the subduction zone
that likely influence this region include variable sediment thickness as seen along this mar

Please cite this article as: Bilek, S.L., Seismicity along the South Amer
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declining pore fluid pressure and less upper plate fracturing, which
would likely increase strength or friction at these depths. This might
produce faster rupture velocities for earthquakes at these depths, thus
giving the shorter durations seen deeper along the plate interface at
depths N18 km. This process may not be limited to this one section of
the margin, as the depth dependent behavior seen here is consistent
with the Peru events as well, although further study of the seismic
velocity structure all along the margin would be needed to confirm
this.

The along-strike character of normalized duration is variable. The
longest duration events along the northern sections occur on the
southern flanks of the Carnegie and Nazca Ridges, although the 2nd
longest duration occurs for an event near 5°S, away from obvious
subducting features but within 100 km of the 1960 tsunami
earthquake zone. Trench sediment thickness is high in this region
(Schweller et al., 1981), providing a possible link to slow ruptures in
the area. But additional datapoints would be desired before a stronger
interpretation of this connection could be made. Along Chile, the
longest durations occur in the Antofagasta region near 23°S and near
34°S. The long duration events near the Antofagasta region might be
linked to the same processes leading to aseismic slip in that area noted
by Pritchard and Simons (2006).
exist, as well as possible causes of heterogeneity, modified from Bilek and Lay (2002).
and act to change the frictional conditions within the seismogenic portion. Other factors
gin, as well as variations in pore fluid pressure and fault zone composition.
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Because several of the larger magnitude earthquakes showed
evidence for increased complexity near some subducting features,
such as the 2001 Peru earthquake, it is instructive to examine
complexity in the smaller earthquake catalog as well. Complex source
time functions can be linked to heterogeneous fault slip (asperity
distribution), as discussed by Lay et al. (1982) in several global
subduction zones and in the references cited above for specific South
American events. Several other authors link heterogeneous slip in
subduction zone earthquakes with specific features on the subducting
plate acting as asperities or barriers (e.g. Cloos, 1992; Husen et al.,
2002; Bilek et al., 2003; Robinson et al., 2006).

For this catalog of moderate magnitude earthquakes, it is not
possible with the analysis presented above to examine variations in
the moment release or slip computed on the fault plane. The useful
parameter for these events then will be the complexity of the source
time function itself. Here I define a measure of complexity based on
the number of peaks in the source time function. Raw values of the
number of peaks identified in each source time function are given in
Tables 2 and 3. However, simply counting the number of peaks is not a
sufficient measure, as longer duration time functions tend to have
more peaks over the rupture duration. Here I compute a normalized
peak for each earthquake by taking the number of peaks observed
divided by the duration of moment release. Larger values for
normalized peaks would indicate a higher degree of complexity.

Earthquakes along the Peru margin show increased complexity in
regions of large scale subducting features such as the Carnegie and
Nazca Ridges (Fig. 11). Mean complexity for all events along Peru is
0.26, however this value is driven by the events in along-strike bins
around the two major ridges impacting this section of the margin
(0.30 around Carnegie Ridge (1°N to 2°S), 0.32 around the Nazca Ridge
(14.5°S to 16°S). Average complexity in regions not along these ridges
is 0.22. No strong correlation between complexity and regions of the
smaller fracture zones exists. Along the Chile margin, there is overall
higher complexity (mean value of.4), but complexity is not specifically
correlated with large ridge features.

5. Discussion

Catalogs of great earthquakes over the last few centuries and
shorter catalogs of moderate magnitude events suggest that sig-
nificant rupture heterogeneity exists for earthquakes along South
America. For the largest earthquakes, a common pattern is multiple
segment, multiple asperity ruptures, such as in the 1906 Ecuador,1868
Peru, and 1877 Chile events. There is also evidence of rupture barriers
that break during an earthquake rupture, such as in the 2001Mw=8.4
Peru event (Robinson et al., 2006). Finally, there is evidence for slow
slip in or following large earthquakes such as the 1995 Antofagasta
event (Pritchard and Simons, 2006) and tsunami earthquakes along
Peru (e.g Pelayo and Wiens, 1990).

There is also heterogeneity within the smaller magnitude earth-
quakes, at least to themagnitudes as low as 5.5 studied here. Several of
the events within the 20th century have broken as single asperity
events (seen in Ecuador, Peru, and Chile) within the larger rupture
areas from the 1800s and earlier, representing a change in rupture
mode within several of the past great earthquake zones. Most of these
single segment events do not overlap with each other. In addition,
some earthquakes have variations in rupture duration that might be
linked to variations in rupture velocities andmaterial properties along
the fault zone. This includes the tsunami earthquakes along northern
Peru, an area that typically does not have great earthquakes based on
the long historical catalog. This also includes more general observa-
tions of depth dependent duration variations characteristic of
moderate magnitude events along most of the margin. This might
be linked to processes of compaction, dewatering, and/or other
reactions within the fault zone materials that can bring about changes
in strength or fluid pressure (e.g. Moore and Saffer, 2001; Sallarès and
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
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Ranero, 2005). We also see rupture complexity manifest in source
time functions complexity, with higher overall complexity for events
along Chile, but increased complexity along Ecuador–Peru tied to
subducting Carnegie and Nazca ridges.

Seismic heterogeneity could be due to a large number of factors.
Highlighted here are linkages between seismic behavior and physical
structures within the megathrust zone (Fig. 12). In terms of features
tied to the structure of the subducting plate, seamounts, ridges, and
fracture zones are common to oceanic crust around the world that
enters the world's trenches. Within South America, earthquake
asperities or barriers are linked to the Carnegie and Nazca Ridges,
and the Mendaña and Nazca Fracture Zones. Another possible
subducting plate parameter that might influence earthquakes is the
amount of sediment entering the trench. The sediment thickness in
the trench axis varies from near 1 km on the sides of the Nazca Ridge,
very little to none between 19–22°S, less than 0.5 km between 22–
30°S, and then much thicker (N1 km) south of 32°S (Schweller et al.,
1981). Variations such as these along South America as well as other
global subduction zones are linked to variations in great earthquakes
as well as the velocity of rupture (e.g Ruff, 1989a; Tanioka et al., 1997;
Pritchard and Simons, 2006).

All of these variations could lead to changes in the frictional
behavior of the megathrust zone, a property that can be difficult to
detect at the surface. Song and Simons (2003) propose examining
gravity anomalies along subduction zones to get a handle on frictional
variations in the seismogenic zone, and correlate earthquake slip and
locations of strongly negative gravity anomalies. Within the 1960
Chile rupture zone, they show that the along-strike rupture extent
correlates with areas where the gravity anomaly becomes strongly
positive and the high slip zones were concentrated in the strong
negative zones. Song and Simons (2003) interpret the gravity
anomalies in terms of the amount of shear traction (normal stress
and more importantly the coefficient of friction) along the mega-
thrust, with strong negative gravity anomalies linked to high shear
tractions (and likely high friction). Their results connect the high slip
zones with the high friction zones within the fault and provide a way
to explore areas of high and low friction on the fault zone with surface
observables.

Along the South American margin, they note positive gravity
anomalies at the rupture endpoints for 1960 Chile as well as in the
Ecuador–northern Peru segment. This is the areawhere few significant
earthquakes have occurred historically except for the anomalous
tsunami earthquakes. Thus they suggest megathrust zone complexity
along the entire South Americanmargin that does correlate with some
aspects of the observed earthquake heterogeneity.

Subuducting plate features are likely not the only structural control of
earthquake heterogeneity. Transverse crustal faults may cause earth-
quake segmentation along Ecuador (Collot et al., 2004). There is also
evidence for upper plate segmentation by faulting to influence
subduction zone earthquake rupture in other regions such as the
Alaska–Aleutian arc (Beck andChristensen,1991; Ryan andScholl,1993).

Other upper plate features that appear to correlate with earth-
quake slip may provide links to processes occurring on the
megathrust. Wells et al. (2003) correlate the presence of forearc
basins with locations of slip during great earthquakes. High slip during
the 1960 Mw 9.5 Chile earthquake occurred in the region of several
forearc basins along that segment of the Chile margin and 5 of the 7
large slip zones involved in the great earthquakes (1940, 1966, and
1974) along central Peru also occurred beneath sections of the Lima
basin (Wells et al., 2003). The correlation between basins and high slip
during great earthquakes may connect to the process of subduction
erosion during coseismic slip. If material is removed during the
earthquake, then the basins would continue to subside through time
as is commonly observed for many of these basins worldwide.
Processes of this removal are still unclear, but this does provide a
link between a coseismic process along the fault and observables at
ican subduction zone: Review of large earthquakes, tsunamis, and
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the surface. The heterogeneous distribution of these basins suggests a
similar heterogeneity in the locations where this erosive process
occurs.

The western South American margin is a good location to examine
significant earthquake and structural subduction zone heterogeneity.
Using the long earthquake catalog at this margin, we can see an
earthquake history that documents changes in rupture behavior. A
more detailed dataset of additional geological and geophysical
parameters, such as geodetic and geologic rates of margin deforma-
tion, that are also important to understand how subduction zone
features can impact the margin architecture. These various datasets
can then be combinedwith the ongoing and historical seismic analysis
for progress towards understanding of how the subduction zone
structure can influence earthquake rupture.

6. Conclusions

In summary, both along-strike and downdip variations in earth-
quake rupture behavior exist along the South American subduction
zone within a wide range of earthquake magnitudes. Changes in the
style of rupture through time is observed throughout the margin over
the several centuries of existing earthquake catalogs. Seismic analysis
of more recent earthquakes suggests complexity in moment release
and slip distribution that can be related to structural variations within
the subducting and overriding plates. As the seismic observations link
to other and new geologic and geophysical observations, our under-
standing of the links between earthquake rupture and subduction
zone structure can only improve.

Acknowledgements

This paper is a result of the special AGU session on South American
Tectonics during Fall 2007. The author thanks the organizers of this
session for a productive and enlightening set of presentations that
influenced this work, as well as 2 anonymous reviewers and the guest
editor (Kukowski) for constructive comments that improved the
manuscript.
References

Ammon, C.J., Kanamori, H., Lay, T., Velasco, A.A., 2006. The 17 July 2006 tsunami
earthquake. Geophysical Research Letters 33, L24308. doi:10.1029/2006GL028005.

Ando, M., 1975. Source mechanisms and tectonic significance of historical earthquakes
along the Nankai Trough, Japan. Tectonophysics 27, 119–140.

Barrientos, S.E.,Ward, S.N.,1990. The1960Chile earthquake— inversion for slip distribution
from surface deformation. Geophysical Journal International 103 (3), 589–598.

Beck, S.L., Ruff, L.J., 1989. Great earthquakes and subduction along the Peru trench.
Physics of the Earth and Planetary Interiors 57 (3–4), 199–224.

Beck, S.L., Nishenko, S.P., 1990. Variations in the mode of great earthquake rupture along
the central Peru subduction zone. Geophysical Research Letters 17 (11), 1969–1972.

Beck, S., Christensen, D.H., 1991. Rupture process of the February 4, 1965, Rat Islands
earthquake. Journal of Geophysical Research 96 (B2), 2205–2221.

Beck, S., Barrientos, S., Kausel, E., Reyes, M., 1998. Source characteristics of historic
earthquakes along the central Chile subduction zone. Journal of South American
Earth Sciences 11 (2), 115–129.

Bilek, S.L., Lay, T., 2002. Tsunami earthquakes possibly widespread manifestations of
frictional conditional stability. Geophysical Research Letters 29 (14),1673. doi:10.1029/
2002GL015215.

Bilek, S.L., Ruff, L.J., 2002. Analysis of the 23 June 2001 M-w=8.4 Peru underthrusting
earthquake and its aftershocks. Geophysical Research Letters 29 (20), 1960.
doi:10.1029/2002GL015543.

Bilek, S.L., Schwartz, S.Y., DeShon, H.R., 2003. Control of seafloor roughness on
earthquake rupture behavior. Geology 31, 455–458.

Bilek, S.L., Lay, T., Ruff, L.J., 2004. Radiated seismic energy and earthquake source
duration variations from teleseismic source time functions for shallow subduction
zone thrust earthquakes. Journal of Geophysical Research-Solid Earth 109 (B9),
B09308.

Cahill, T., Isacks, B.L., 1992. Seismicity and shape of the subducted Nazca Plate. Journal of
Geophysical Research-Solid Earth 97 (B12), 17503–17529.

Campos, J., et al., 2002. A seismological study of the 1835 seismic gap in south-central
Chile. Physics of the Earth and Planetary Interiors 132 (1–3), 177–195.

Carlo, D.L., Lay, T., Ammon, C.J., Zhang, J., 1999. Rupture process of the 1995 Antofagasta
subduction earthquake (Mw=8.1). Pure and Applied Geophysics 154, 677–709.
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
subduction zone complexity, Tectonophysics (2009), doi:10.1016/j.tecto
Cloos, M., 1992. Thrust-type subduction zone earthquakes and seamount asperities: a
physical model for seismic rupture. Geology 20, 601–604.

Collot, J.Y., et al., 2004. Are rupture zone limits of great subduction earthquakes
controlled by upper plate structures? Evidence from multichannel seismic
reflection data acquired across the northern Ecuador–southwest Colombia margin.
Journal of Geophysical Research-Solid Earth 109 (B11), B11103.

Comte, D., Pardo, M., 1991. Reappraisal of great historical eartqhaukes in the northern
Chile and southern Peru seismic gaps. Natural Hazards 4, 23–44.

Cummins, P.R., Baba, T., Kodaira, S., Kaneda, Y., 2002. The 1946 Nankai earthquake and
segmentation of the Nankai Trough. Physics of the Earth and Planetary Interiors 132
(1–3), 75–87.

Delouis, B., et al., 1997. The M-w=8.0 Antofagasta (northern Chile) earthquake of 30
July 1995: a precursor to the end of the large 1877 gap. Bulletin of the Seismological
Society of America 87 (2), 427–445.

Dziewonski, A.M., Chou, T.-A., Woodhouse, J.H., 1981. Determination of earthquake
source parameters fromwaveform data for studies of global and regional seismicity.
Journal of Geophysical Research-Solid Earth 86, 2825–2852.

Giovanni, M.K., Beck, S.L., Wagner, L., 2002. The June 23, 2001 Peru earthquake and the
southern Peru subduction zone. Geophysical Research Letters 29 (21), 2018.
doi:10.1029/2002GL015774.

Houston, H., Benz, H.M., Vidale, J.E., 1998. Time functions of deep earthquakes from
broadband and short-period stacks. Journal of Geophysical Research-Solid Earth
103 (B12), 29895–29913.

Husen, S., Kissling, E., Quintero, R., 2002. Tomographic evidence for a subducted
seamount beneath the Gulf of Nicoya, Costa Rica: the cause of the 1990 Mw=7.0
Gulf of Nicoya earthquake. Geophysical Research Letters 29 (8), 1238. doi:10.1029/
2001GL014045.

Ihmle, P.F., Gomez, J.M., Heinrich, P., Guibourg, S., 1998. The 1996 Peru tsunamigenic
earthquake: broadband source process. Geophysical Research Letters 25 (14),
2691–2694.

Kanamori, H., 1972. Mechanism of tsunami earthquakes. Physics of the Earth and
Planetary Interiors 6, 246–259.

Kanamori, H., Anderson, D.L., 1975. Theoretical basis of some empirical relations in
seismology. Bulletin of the Seismological Society of America 65, 1073–1095.

Kanamori, H., McNally, K.C., 1982. Variable rupture model of the subduction zone along
the Ecuador–Columbia coast. Bulletin of the Seismological Society of America 72
(4), 1241–1253.

Kanamori, H., Kikuchi, M., 1993. The 1992 Nicaragua earthquake: A slow tsunami
earthquake associated with subducted sediments. Nature 361 (8), 714–716.

Kelleher, J.A., 1972. Rupture zones of large South American earthquakes and some
predictions. Journal of Geophysical Research-Solid Earth 77 (11), 2087–2103.

Kelleher, J.A., McCann, W., 1976. Buoyant zones, great earthquakes, and unstable
boundaries of subduction. Journal of Geophysical Research 81 (26), 4885–4896.

Kendrick, E., Bevis, M., Smalley, R., Brooks, B., Vargas, R.B., Lauría, E., Fortes, L.P.S., 2003.
The Nazca–South America Euler vector and its rate of change. Journal of South
American Earth Science 16, 125–131.

Kikuchi, M., Kanamori, H., 1991. Inversion of complex body waves III. Bulletin of the
Seismological Society of America 81 (6), 2335–2350.

Kikuchi, M., Kanamori, H., 2006. Note on teleseismic body-wave inversion program.
http://www.eri.u-tokyo.ac.jp/ETAL/KIKUCHI.

Kodaira, S., Takahashi, N., Nakanishi, A., Miura, S., Kaneda, Y., 2000. Subducted
seamount imaged in the rupture zone of hte 1946 Nankaido earthquake. Science
289, 104–106.

Lay, T., Kanamori, H., Ruff, L., 1982. The asperity model and the nature of large
subduction zone earthquakes. Earthquake Prediction Research 1, 3–71.

Lomnitz, C., 1970. Major earthquakes and tsunamis in Chile during the period 1535 to
1955. Geologische Rundschau 59, 938–960.

Lomnitz, C., 2004. Major earthquakes of Chile: a historical survey, 1535–1960.
Seismological Research Letters 75 (3), 368–378.

Mendoza, C., Hartzell, S., Monfret, T., 1994. Wide-band analysis of the 3 March 1985
central Chile earthquake: overall source process and rupture history. Bulletin of the
Seismological Society of America 84 (2), 269–283.

Moore, J.C., Saffer, D., 2001. The updip limit of the seismogenic zone beneath the
accretionary prism of southwest Japan: an effect of diagenetic to low-grade
metamorphic processes and increasing effective stress. Geology 29, 183–186.

Pelayo, A.M., Wiens, D.A., 1990. The November 20, 1960 Peru tsunami earthquake —

source mechanism of a slow event. Geophysical Research Letters 17 (6), 661–664.
Pelayo, A.M., Wiens, D.A., 1992. Tsunami earthquakes — slow thrust-faulting events in

the accretionary wedge. Journal of Geophysical Research-Solid Earth 97 (B11),
15321–15337.

Pilger, R.H., 1981. Plate reconstructions, aseismic ridges, and low angle subduction
beneath the Andes. Geological Society of America Bulletin 92, 448–456.

Pilger, R.H., 1984. Cenozoic plate kinematics, subduction, and magmatism: South
American Andes. Journal of the Geological Society 141 (5), 793–802.

Plafker, G., Savage, J.C., 1970. Mechanism of the Chilean earthquakes of May 21 and 22,
1960. Geological Society of America Bulletin 81, 1001–1030.

Pritchard, M.E., Simons, M., 2006. An aseismic slip pulse in northern Chile and along-
strike variations in seismogenic behavior. Journal of Geophysical Research-Solid
Earth 111 (B8), B08405.

Robinson, D.P., Das, S., Watts, A.B., 2006. Earthquake rupture stalled by a subducting
fracture zone. Science 312 (5777), 1203–1205.

Ruff, L.J., 1989a. Do trench sediments affect great earthquake occurrence in subduction
zones? Pure and Applied Geophysics 129, 263–282.

Ruff, L.J., 1989b. Multi-trace deconvolution with unknown trace scale factors:
omnilinear inversion of P and S waves for source time functions. Geophysical
Research Letters 16, 1043–1046.
ican subduction zone: Review of large earthquakes, tsunamis, and
.2009.02.037

http://dx.doi.org/10.1029/2006GL028005
http://dx.doi.org/10.1029/2002GL015215
http://dx.doi.org/10.1029/2002GL015215
http://dx.doi.org/10.1029/2002GL015543
http://dx.doi.org/10.1029/2002GL015774
http://dx.doi.org/10.1029/2001GL014045
http://dx.doi.org/10.1029/2001GL014045
http://www.eri.u-tokyo.ac.jp/ETAL/KIKUCHI
http://dx.doi.org/10.1016/j.tecto.2009.02.037


13S.L. Bilek / Tectonophysics xxx (2009) xxx–xxx

ARTICLE IN PRESS
Ruff, L.J., Miller, A.D., 1994. Rupture process of large earthquakes in the northern Mexico
subduction zone. Pure and Applied Geophysics 142, 101–171.

Ryan, H.F., Scholl, D.W., 1993. Geological implications of great interplate earthquakes
along the Aleutian arc. Journal of Geophysical Research 98, 22135–22146.

Sallarès, V., Ranero, C.R., 2005. Structure and tectonics of the erosional convergent
margin off Antofagasta, north Chile (23 degrees 30′ S). Journal of Geophysical
Research-Solid Earth 110 (B6), B06101.

Satake, K., Tanioka, Y., 1999. Sources of tsunami and tsunamigenic earthquakes in
subduction zones. Pure and Applied Geophysics 154 (3–4), 467–483.

Scholz, C.H., Small, C., 1997. The effect of seamount subduction on seismic coupling.
Geology 25, 487–490.

Schweller, W.J., Kulm, L.D., Prince, R.A., 1981. Tectonics, structure, and sedimentary
framework of the Peru–Chile Trench. In: Kulm, L.D., Dymond, J., Dasch, E.J., Hussong,
D.M. (Eds.), Nazca plate: crustal formation and Andean convergence. Memoir. Geol.
Soc. Am., Boulder, CO, pp. 323–349.

Smith, W., Sandwell, D., 1997. Measured and estimated seafloor topography. World Data
Center for Geophysics and Marine Geology Boulder Research Publication RP-1,
poster.

Song, T.R.A., Simons, M., 2003. Large trench-parallel gravity variations predict
seismogenic behavior in subduction zones. Science 301 (5633), 630–633.

Spence, W., Mendoza, C., Engdahl, E.R., Choy, G.L., Norabuena, E., 1999. Seismic
subduction of the Nazca Ridge as shown by the 1996–97 Peru earthquakes. Pure
and Applied Geophysics 154 (3–4), 753–776.
Please cite this article as: Bilek, S.L., Seismicity along the South Amer
subduction zone complexity, Tectonophysics (2009), doi:10.1016/j.tecto
Swenson, J.L., Beck, S.L., 1996. Historical 1942 Ecuador and 1942 Peru subduction
earthquakes, and earthquake cycles along Colombia Ecuador and Peru subduction
segments. Pure and Applied Geophysics 146 (1), 67–101.

Swenson, J.L., Beck, S.L., 1999. Source characteristics of the 12 November 1996 M-w 7.7
Peru subduction zone earthquake. Pure and Applied Geophysics 154 (3–4),
731–751.

Tanioka, Y., Ruff, L., Satake, K., 1997. What controls the lateral variation of large
earthquake occurrence along the Japan trench? Island Arc 6, 261–266.

Tichelaar, B.W., Ruff, L.J., 1991. Seismic coupling along the Chilean subduction zone.
Journal of Geophysical Research-Solid Earth and Planets 96 (B7), 11997–12022.

von Huene, R., Lallemand, S., 1990. Tectonic erosion along the Japan and Peru
convergent margins. Geological Society of America Bulletin 102, 704–720.

von Huene, R., Pecher, I.A., Gutscher, M.A., 1996. Development of the accretionary prism
along Peru and material flux after subduction of Nazca Ridge. Tectonics 15, 19–33.

Wells, R.E., Blakely, R.J., Sugiyama, Y., Scholl, D.W., Dinterman, P.A., 2003. Basin-centered
asperities in great subduction zone earthquakes: a link between slip, subsidence,
and subduction erosion? Journal of Geophysical Research-Solid Earth 108 (B10),
2507.
ican subduction zone: Review of large earthquakes, tsunamis, and
.2009.02.037

http://dx.doi.org/10.1016/j.tecto.2009.02.037

	Seismicity along the South American subduction zone: Review of large earthquakes, tsunamis, and.....
	Introduction
	Significant earthquakes
	2007 earthquakes: connection with subducting features
	Along-strike rupture variations using moderate magnitude events
	Discussion
	Conclusions
	Acknowledgements
	References




