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Aftershocks of the 16 September 2015 M8.3 Illapel earthquake in central Chile were recorded for a period 
of one year by the Chile-Illapel Aftershock Experiment (CHILLAX) seismic network. An initial catalog of 
about 100,000 events was generated by a novel automated picking algorithm that combines an auto-
regressive detection/onset estimation method with some recently developed windowing techniques. We 
combine arrival times of P and S waves from about 9,000 of the best recorded of these events with 
relative arrival times of teleseismic P waves and phase delays of Rayleigh waves recovered from ambient 
noise to generate a three-dimensional image of P and S wavespeeds in that part of the Andean margin 
located beneath the network. Hypocenters of aftershocks located in the final model appear to be grouped 
into four distinct zones: two lower parallel zones that dip about 20◦ to the east, an upper, highly active 
zone that dips about 30◦ to the east, and a diffuse zone of smaller events located between this upper 
zone and the surface. Nearly all of the events with M > 4 are located at the bottom edge of the 
highly active zone and define a plane dipping about 26◦ to the east. Most of these events have almost 
identical thrust mechanisms and are separated from the lower zones by a steep gradient in increasing 
wavespeeds. The lower end of the upper zone, at about 55 km depth, is marked by another velocity 
gradient dipping to the west that bounds the diffuse shallow activity and projects to the surface west 
of the high Andes. We postulate that the triangular region delimited by these two high wavespeed 
gradients is a subduction wedge, generated by the removal of material from the leading edge of the 
upper plate by subduction erosion, and subsequently underplated back on to the overriding plate at 
depth. This model explains many of the features we observe in the seismicity and wavespeeds and is 
consistent with geologic observations of uplift and extension in this part of the Chilean coastal margin. 
Characteristics of this wedge, such as its shape and the lack of correlation with the coeval back-arc 
tectonic setting, suggest that high Andes are not directly coupled with the behavior of the subduction 
interface.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Aftershocks of large earthquakes generally are presumed to be 
caused by asperities or other sources of residual strain on the 
mainshock rupture surface, and analyses of these events typically 
focus on how strain is released on that surface. Moreover, the rate 
of aftershock activity is usually significantly higher than that of 
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the ambient background, which allows an extensive dataset to be 
recorded by a short-term seismic network. Hence, in addition to 
investigating the mainshock, aftershock surveys provide rare op-
portunities to illuminate the tectonics of the region in which the 
mainshock occurred.

The 16 September 2015 M8.3 Illapel earthquake ruptured along 
the boundary between the Nazca and South American plates be-
tween about 30◦ and 32◦S (Fig. 1). It extended about 140 km 
eastwards from the trench and from the near surface to about 50 
km depth (Tilmann et al., 2016). The double couple component of 
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Fig. 1. (a) Map of the study region. Positions of magmatic fronts between the Jurassic and the early Miocene, determined by the westernmost extent of corresponding plutonic 
rocks outcrops (based on Parada et al., 1988), are shown as N-S oriented grey lines with their age in m.y. and period/epoch indicated. Yellow region delimits the main rupture 
area of the Illapel earthquake (Tilmann et al., 2016). The rupture length of the 1943 Ovalle earthquake is shown with a red line. (b) Oblique view to the north of the Altos de 
Talinay region bounded by the black trapezoid in (a) showing the main normal/vertical faults along which core basement rocks uplifted, as shown by marine terraces (e.g., 
Saillard et al., 2009). These terraces temporarily deflected the paleo-Limari river (dashed blue line) into Tongoy bay. The river has since reoccupied its original channel (solid 
blue line) to the sea. (c) Simplified geological cross-section along line A–A′ in (a) locating features referred to in the text. Offshore structure and geology are after Becerra et 
al. (2016), while onshore geology is modified from the compilation made by Rodriguez et al. (2018). (For interpretation of the colors in the figure(s), the reader is referred 
to the web version of this article.)
the CMT solution1 indicates a low angle thrust dipping 19◦ to the 
ENE with a rake of 83◦ . The hypocentral depth is about 22 km, 
and most of the moment release occurred offshore between the 
coast and the trench. Nevertheless, that part of the rupture zone 
between about 20–50 km depth, along with the ambient seismic-

1 https://earthquake .usgs .gov /earthquakes /eventpage /us20003k7a #moment -
tensor.
ity of the subduction zone to depths of 120 km, extended beneath 
the entirety of Chile to its border with Argentina. Within a few 
days of the Illapel earthquake, seismologists from the Departa-
mento de Geofísica (DGF) at the Universidad de Chile installed 
a network of 16 short period seismometers above the rupture 
zone beneath Chile (Fig. 2). In mid-November 2015, an interna-
tional team (Chile/US) replaced this short period network with 20 
broad band sensors (Guralp CMG-3T) that operated for a period of 
about one year. This combined network, referred to as the Chile-

https://earthquake.usgs.gov/earthquakes/eventpage/us20003k7a#moment-tensor
https://earthquake.usgs.gov/earthquakes/eventpage/us20003k7a#moment-tensor
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Fig. 2. Map of the Norte-Chico region with elevations shaded and contoured at 1000 m intervals. Stations of the CHILLAX network are indicated by yellow triangles. The 
location of the main rupture zone of the Illapel mainshock as determined by the USGS Earthquake Hazards Program (https://earthquake .usgs .gov /earthquakes /eventpage /
us20003k7a /finite -fault) is shown by a large red diamond. The black bar at 31◦S delimits the cross sections shown in Figs. 3, 4, S6, and S7. Locations of the 9,000 local 
earthquakes used in this study shown by filled circles with colors corresponding to depth as indicated in the palette at the top of the figure. A projection of the Juan 
Fernandez Ridge to the east of the trench is plotted as a gray bar. Dashed lines show isodepths of the top of the slab determined by Anderson et al. (2007).
Illapel Aftershock Experiment (CHILLAX), recorded an average of 
300 events per day in the vicinity of the Illapel rupture zone.

The Illapel earthquake appears to be a repeat of the 1943 M8.3 
Ovalle earthquake, although the 1943 event may have been sig-
nificantly smaller in magnitude (Tilmann et al., 2016). The Illapel 
rupture and aftershocks are bounded to the south by the inter-
section of the Juan Fernandez Ridge (JFR) with the trench, which 
also marks the northern end of the rupture zone of the 2010 
M8.8 Maule earthquake. Of particular interest to this study, this 
area is considered to be one of the better examples of a sub-
duction erosive margin (e.g., von Huene and Scholl, 1991), due to 
the progressive landward migration of the magmatic front and the 
lack of deformed sediments associated with an accretionary prism 
(e.g., Rutland, 1971). For the most part, inferences about the struc-
ture controlling the subduction erosion processes have come from 
active seismic experiments that image the upper 20 km of the 
seismogenic zone near the trench. In contrast, megathrust earth-
quakes and their aftershocks rupture to depths of about 60 km, 
and so provide an opportunity to investigate the potential role of 
deeper structures in these processes through passive seismic in-
vestigations.

Here, we analyze data from the CHILLAX deployment in 
a joint inversion of local and teleseismic body wave arrival 
times with phase velocity dispersion curves of fundamental mode 
Rayleigh waves to generate three-dimensional images of P and 
S wavespeeds within the subduction wedge. We combine those 
images with hypocenter locations and focal mechanisms to illu-
minate the properties of subduction wedges in an erosive mar-
gin.
2. Geotectonic background

The Illapel earthquake occurred within the north central or 
“Norte Chico” part of the Chilean margin (∼29–32◦S; Fig. 1). Dur-
ing Devonian times, Norte Chico was part of the passive margin 
of western Gondwana. Sedimentary deposition along this margin 
took place over a long period of time (over 50 m.y.), and these 
deposits were accreted to the continental margin when subduc-
tion began in late Paleozoic times (Rebolledo and Charrier, 1994;
Willner et al., 2008). The remnants of this accretionary complex 
now appear along the coast in sparse outcrops of the Choapa Meta-
morphic Complex (CMC).

Since Jurassic times, one of the main features of the geolog-
ical evolution of this region has been the eastward migration 
of the magmatic arc (e.g., Rutland, 1971; Aguirre et al., 1974;
Kay and Mpodozis, 2002) from near the current coastline to the 
current Pacific-Atlantic drainage divide (Fig. 1a). Between Jurassic 
and Early Cretaceous times, the margin was characterized by the 
development of back-arc extensional basins, partially inverted and 
shortened during Late Cretaceous and the Paleocene times (e.g., 
Mpodozis and Ramos, 1990; Charrier et al., 2015). The Eocene pe-
riod marked a revival of extensional tectonics, inverted in the Early 
Miocene and propagated to the east, forming the La Ramada fold 
and thrust belt near the international boundary (see Charrier et al., 
2015, and references therein). Subsequently, the Andean deforma-
tion front migrated rapidly eastward to its current position east of 
the Pampean Range, about 800 km from the trench, forming what 
has been termed a broken foreland basin.

https://earthquake.usgs.gov/earthquakes/eventpage/us20003k7a/finite-fault
https://earthquake.usgs.gov/earthquakes/eventpage/us20003k7a/finite-fault
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The recent evolution of this area is characterized by uplift and 
vertical/normal faulting along the coast coeval with exhumation in 
the Andes (Rodríguez et al., 2018). Active seismic imaging of off-
shore geology also shows pervasive normal faulting, the sense of 
which is mainly antithetic to subduction near the trench, and with 
different polarities near the coast, with some structures showing 
gentle tectonic inversion (Becerra et al., 2016). Marine terraces pro-
vide evidence of rapid uplift of the coast during the Quaternary, 
which deflected the paleo-Limari river into Tongoy bay (Fig. 1). The 
Limari river has since been recaptured by its original outlet to the 
sea.

Currently, the oceanic Nazca plate subducts beneath the conti-
nental South American plate along the Norte Chico margin at a rate 
of 63 mm/yr in a N81◦E direction (e.g., Kreemer et al., 2014). In the 
southern part of this region, the upper part of the subducting slab 
beneath Chile appears to dip at about 20◦ before becoming sub-
horizontal near 100 km depth beneath Argentina (e.g., Mulcahy 
et al., 2014). This Pampean “flat slab” region is aligned with the 
JFR, which, because aseismic ridges are generally less dense than 
normal oceanic lithosphere, is often cited as the cause of the flat-
tening. The arrival of the JFR at the trench in the late Miocene co-
incides with the extinction of arc volcanism in this region. The JFR 
is also believed to be responsible for the eastward age-migration 
of adakitic volcanism (e.g., Kay and Mpodozis, 2002), the uplift of 
the Pampean Range with a deformational front nearly 800 km east 
of the trench, and the local absence of the Central Depression, the 
forearc basin that is well-developed north and south of this region 
(e.g., Jordan et al., 1983). Instead, the Norte Chico region is phys-
iographically characterized by two orographic belts, the Coastal 
Cordillera and the Andes, divided by a decrease in elevation that 
has been interpreted as a proto-Central Depression (proto-forearc 
basin) (Farias et al., 2008).

The Norte Chico lacks a significant frontal accretionary com-
plex, and the sedimentary column in the neighboring trench over 
the Nazca plate is either absent or very thin (e.g., Becerra et al., 
2016) (Fig. 1). This lack of sediment has been ascribed to long-
term aridity that limited erosion and transport of sediment into 
the trench since at least Miocene times (Carretier et al., 2013;
Rodríguez et al., 2018). Alternatively, subducting seamounts on the 
oceanic slab may have caused frontal subduction erosion (e.g., von 
Huene et al., 2004). A third possibility is that the JFR has acted as a 
barrier to the northward transport of sediment in the trench (von 
Huene et al., 1997).

While flat slab subduction associated with the JFR is often in-
voked to explain various evolutionary features of the Andes, cer-
tain Andean developments preceded the arrival of the JFR in the 
late Miocene. In particular, the frontal magmatic arc migrated to 
the east with respect to the previously developed arc in Norte 
Chico since Jurassic times. This magmatic arc migration has been 
attributed to a protracted removal of material from the edge of the 
continent by forearc subduction erosion (Rutland, 1971).

3. Data and analysis

The seismograms used in this study were recorded by the 
20 station CHILLAX seismic network (Fig. 2). Both short period 
and broad band stations recorded autonomously and continuously 
at 100 samples per second on each of three components for a 
period of about 14 months. We note that the CHILLAX deploy-
ment largely overlaps the 37 station OVA99 deployment of three-
component short period seismometers conducted by DGF and the 
French GéoAzur laboratory between November 1999 and January 
2000 (Marot et al., 2013). We attempted a joint analysis of the 
CHILLAX dataset with body wave arrival times from an OVA99 
catalogue made available to us. However, the results are not sig-
nificantly different from those we obtained from an independent 
analysis of the CHILLAX data. For that reason, and partly because 
we could not verify the provenance of uncertainty estimates of the 
arrival times the OVA99 catalogue, we report only on the analysis 
of the CHILLAX dataset here.

3.1. Local earthquake catalog generation

We created an aftershock catalogue for the CHILLAX deploy-
ment using a software package written expressly for this purpose 
by one of the authors (Roecker) called the Regressive ESTimator 
(REST), the details of which may be found in the supplementary 
material. REST locates events via grid search, and hence includes 
only those hypocenters that occur within a specified model vol-
ume. In the case of CHILLAX, we define that volume to be between 
28◦–31◦S, 72◦–68◦W, and from the surface to 120 km depth. Pro-
cessing of the entire continuous dataset resulted in about 100,000 
events located within the model with about 250,000 P and 200,000 
S arrival times. From this initial catalog we chose a subset based 
on the following criteria: (1) maximum azimuthal gap of 180◦
(to ensure that all events are located within the aperture of the 
recording stations), (2) no fewer than 12 associated phases, (3) 
no fewer than 2 associated S arrivals, (4) a residual threshold per 
phase that is the maximum of 1 s and 5% of the total travel time, 
and (5) a maximum standard deviation of all associated residuals 
of 0.80 s. Application of these criteria to the original CHILLAX cata-
log resulted in a refined dataset of about 9,000 events that includes 
108,000 P and 101,000 S arrival times.

Despite the fact that much of the main shock rupture occurred 
outside of the CHILLAX network, our exclusion of any event lo-
cated outside the aperture of the stations recording that event is 
motivated by the potential influence of (unmodeled) lateral hetero-
geneity on their location estimates. Tests with real and synthetic 
arrival times suggest that the anticipated steep gradient to higher 
wavespeeds west of the network, related to the transition from 
continental to oceanic crust and mantle, can cause hypocenters 
to be mislocated deeper by 10–20 km. Comparisons of teleseismic 
and local event depths for hypocenters east of the network suggest 
a similarly profound influence of unmodeled heterogeneity (Comte 
et al., 2016), although the nature of this heterogeneity to the east 
is presently unknown. As our ignorance of these wavespeed vari-
ations could lead to gross misinterpretation of trends observed in 
hypocenters as well as the images they produce, we excluded ar-
rivals from hypocenters east of the CHILLAX network.

We also use REST to estimate polarities of P wave first motions 
and use these with the FOCMEC algorithm2 (Snoke, 2003) to de-
termine a range of possible double couple mechanisms. For this 
dataset we used unity weighting with a maximum of one polar-
ity error allowed. We require events to have polarities reported by 
at least 17 stations, meaning that any mechanism shown here is 
consistent with at least 16 reported polarities. Emergent arrivals 
(defined as 1 < SNR < 5) were included only if a suitable solution 
could not be recovered with impulsive arrivals (SNR > 5) alone. 
Mechanisms with multiple solutions without a consistent dip angle 
(within a range of 60◦) were eliminated outright, and the remain-
der subjected to visual inspection. A total of 550 mechanisms were 
generated in this fashion (Table S1), of which 378 used only impul-
sive arrivals.

3.2. Arrival times from events at teleseismic distances

Relative arrival times of 480 P arrivals from 67 events that oc-
curred at distances of 30◦–90◦ during the time of the CHILLAX 
deployment were generated using a cross-correlation technique 

2 Package URL: http://www.iris .edu /pub /programs /focmec/.

http://www.iris.edu/pub/programs/focmec/
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similar to that described in Li et al. (2009) and VanDecar and 
Crosson (1990). These times are inverted jointly with the other 
types of observations using a technique similar to that described 
in Roecker et al. (2017).

3.3. Rayleigh wave dispersion curves from ambient noise

Continuous data from the ∼12 month broad band phase of 
the CHILLAX deployment were used to generate phase dispersion 
curves for fundamental mode Rayleigh waves from ambient noise. 
The preprocessing steps follow those described in Bensen et al.
(2007) and Comte et al. (2016). Day volumes are cross-correlated, 
and then stacked using a phase weighted filtering approach simi-
lar to that of Baig et al. (2009), with the difference that we use a 
continuous rather than discrete S transform. Dispersion curves are 
generated using an algorithm based on that described by Ekstrom 
et al. (2009) using Aki’s spectral formulation (Aki, 1957). Outliers 
are suppressed by generating phase velocity maps with the raw 
observations and then integrating the delay times between station 
pairs. These integrated times then constitute the observations we 
use to determine wavespeeds.

3.4. Joint inversion

The procedure used to jointly invert arrival times from locally 
recorded P and S body waves with relative arrival times of P waves 
from teleseismic events and phase delays of fundamental mode 
Rayleigh waves from ambient noise is virtually identical to that de-
scribed in Comte et al. (2016) and Roecker et al. (2017). To briefly 
summarize: a 3D model is specified on a grid within a section 
of a spherical (geocentric) Earth. The forward problem for travel 
time computation uses the eikonal equation solver described in 
Zhang et al. (2012). Rayleigh wave phase delays are computed us-
ing the locked mode technique of Gomberg and Masters (1988). 
The inverse procedure consists of expanding the expressions for 
the observations (arrival time or phase delay) in a Taylor series 
and keeping the first (linear) term, using the chain rule as needed 
to generate expressions for sensitivity to hypocenter, Vp, and ei-
ther Vs or the Vp/Vs ratio. The resulting series of equations is 
solved using LSQR (Paige and Saunders, 1982) with a single reg-
ularization term. Each observation is weighted in accordance with 
its expected uncertainty. Sensitivities for variables of different di-
mensions (e.g. hypocenters and wavespeeds) are scaled to have 
approximately the same order of magnitude in values. Models are 
iteratively perturbed until the reduction in the variance of resid-
uals is insignificant. The results shown here are obtained after 12 
iterations.

4. Results

4.1. Starting model

We construct a starting model combining Vs determined from 
surface wave dispersion and a Vp/Vs of 1.757 determined from a 
Wadati plot of Tp vs Ts – Tp for the entire set of body wave arrivals 
(Fig. S1). Sensitivities of phase delays were too small to allow rea-
sonable variations in Vp to be resolved. To mitigate possible bias 
on the results due to a particular 1D starting model, we performed 
inversions with two models adapted from the literature. The first 
is based on the results of Marot et al. (2014), whose investiga-
tion was at a latitude similar to that of this study, although over 
a much larger range of longitude. The second is based on results 
from a part of northern Chile studied by Comte et al. (2016). Each 
of these starting models converged to similar 1D models (Fig. S2), 
and we used each of these 1D models as starting models for the 3D 
inversion. The difference between the two sets of results is minor 
and the difference in variance of the fit to all types of observations 
used (surface waves, local P and S and teleseismic P body waves) 
is less than 2%.

4.2. Progressive joint inversion

Because of differences in sensitivities and uncertainties, it can 
be advantageous to add different types of observations progres-
sively rather that inverting them all together at the outset (e.g., 
Comte et al., 2016; Roecker et al., 2017). In this case, however, 
we found that the best results were obtained by inverting all data 
types together, principally due to the relative sparseness of the 
available intra-station paths for ambient noise tomography. Allow-
ing the surface wave observations to adjust the 3D model as an 
initial step led to development of artifacts in the deeper structure 
that are not required by the body waves and that subsequently 
persist throughout the iterative process. Hence, while we do not 
explicitly suppress these features, they affect only a small percent-
age of the surface wave dataset and generally are diminished in 
the joint inversion to the point of insignificance.

The overall variance reduction in residuals for the entire data 
set is on the order of 32%, and, with the exception of the tele-
seismic P arrivals, is close to that percentage for each individual 
type of observation. Surprisingly, the teleseismic P arrivals did not 
have a significant impact on the final model: the fit to those times 
is nearly the same whether they are included in the inversion or 
not. Thus, the signal in the teleseismic P arrivals is adequately ex-
plained by heterogeneity in the upper 90 km depth.

4.3. Tests of resolution and robustness

We performed a suite of tests to determine the resolution capa-
bilities of our data set, following procedures used by Comte et al.
(2016). These include standard checkerboard and model recovery 
tests wherein synthetic data are calculated in hypothetical mod-
els, contaminated with noise, and subjected to the same analysis 
as that used for the real data. The results (Figs. S3–S6 and accom-
panying discussion in the Supplementary Material) suggest that, 
in general, our observations are capable of resolving wavespeeds 
in volumes on the order of 20 km in dimension from the surface 
to about 90 km depth, within a region roughly corresponding to 
a right triangle with the bottom of the seismic zone as the hy-
potenuse.

Uncertainties in hypocenters and wavespeed due to noise in the 
data are estimated by contaminating synthetic data sets with ran-
dom noise at a level anticipated for the observations. Results of 
these tests suggest that hypocenters are uncertain to within 2 km 
in any direction and wavespeeds to about ±0.2 km/s.

We typically invert for Vp and Vp/Vs rather than Vp and Vs, 
on the assumption that, when dealing with null, or at least re-
duced, observations for either Vp or Vs in any part of the model, 
the ratio between the wavespeeds is more likely than either Vp or 
Vs themselves to be preserved. To test the implications of this as-
sumption we compare results obtained from inverting for Vp and 
Vs with those from inverting for Vp and the Vp/Vs (Figs. S3–S6 
in the Supplementary Material). We find that in some cases (the 
checkerboards) using Vs or Vp/Vs gives practically the same result, 
but in others (the recovery test) the use of Vp/Vs gives a more ro-
bust and accurate result (Fig. S6). Because the recovery test is a 
closer representation of the actual inverse problem, we focus on 
the model generated from Vp and Vp/Vs here.

4.4. Earthquake locations

Hypocenters are relocated at every iteration of the joint in-
version. Because of the aperture constraint on location quality, 
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artificial “edges” appear in the hypocenter plots where these 
bounds, which correspond approximately to the coast and the 
Chile–Argentina border in the high Andes, are exceeded (Fig. 2). 
Hence, this data set does not include the areas of highest moment 
release to the west or the flat slab region beneath Argentina to 
the east. Nevertheless, the hypocenters retained after inversion are 
well positioned to investigate the nature of the subduction wedge 
beneath Chile in the study region.

In map view (Fig. 2) the distribution of hypocenters appears 
fairly uniform as a function of latitude, decreasing in density from 
the shallower rupture-related activity in the west to deeper ambi-
ent background activity in the east. Viewed in cross section (Figs. 3
and S7), one can distinguish four distinct zones for these locations 
(Fig. S8). Starting with the deeper events (zone 4 in Fig. S8), there 
is a plane of seismicity between 60 and 100 km depth that is sep-
arated from the remainder by a 10–15 km wide region of little 
to no activity. This feature was previously identified in the lit-
erature (e.g. Marot et al., 2013) as the lower plane of a double 
seismic zone. At depths greater than about 55 km, the upper part 
of the double seismic zone (zone 3 in Fig. S8) appears as a well-
defined plane. Both upper and lower planes dip about 20◦ to the 
east. The seismicity above the upper plane at depths between 30 
and 55 km (zone 2 in Fig. S8) represents by far the highest rate of 
activity that occurred after the main shock; nearly 75% of all the 
events recorded by CHILLAX are located in this region. Remarkably, 
most of this highly active zone appears to be distinct from the up-
per plane of the putative double seismic zone, particularly in the 
sections south of 31◦S (Fig. S7). Where the seismicity in zone 2 
displays a preferred orientation, it appears to dip about 30◦–35◦ to 
the east, or some 10◦–15◦ steeper than the double seismic zone. 
The fourth zone of seismicity (zone 1 in Fig. S8) is a diffuse distri-
bution of seismicity extending up from the “high aftershock rate” 
region of zone 2 to the surface.

4.5. Focal mechanisms

In the context of the four zones described above, the 550 fo-
cal mechanisms determined here reveal some general patterns that 
provide clues as to what they represent. Mechanisms in the upper-
most (zone 1) and lowermost (zone 4) zones both show predom-
inately normal faulting (Figs. 4a and 4h). Those in zones 2 and 
3 (Figs. 4b–4g) are a mixture of thrust and normal events that 
requires additional parsing. We note that the largest magnitude 
events (M > 4) are confined to a fairly narrow and well-defined 
planar region at the bottom of zone 2 and the top of zone 3 
(Figs. 4f and 4g), and are nearly all thrusts with similar mecha-
nisms. The events located in the dense cloud of activity in zone 2 
above this plane (Figs. 4b–4e) tend to be smaller in magnitude and, 
as magnitude decreases, more likely to be associated with normal 
faulting. Similarly, the mechanisms for events below this plane in 
zone 3 (Fig. 4g) are more likely to show normal faulting, as are all 
the events in this zone that occur down dip of zone 2 at depths 
greater than about 60 km (Figs. 4g and 4h).

4.6. Wavespeed model

To first order, the wavespeed model determined by the joint 
inversion (Figs. 3 and S7) is simple. Viewed in cross section, the 
main features are two prominent gradients in both Vp and Vp/Vs 
associated with the lower boundaries of hypocenter zones 1 and 2. 
While these gradients are not sharp (because they integrate struc-
ture along path, arrival time inversions generally do not yield clear 
distinctions between sharp interfaces and gradual gradients), the 
east dipping gradient coincides with the boundary between zones 
2 and 3, while the west dipping gradient bounds the eastern extent 
of the bulk of crustal seismicity in zone 1. These two gradients in-
tersect at a plane associated with the larger events at about 55 km 
depth (dashed lines in Fig. 3) and, with the surface, bound a tri-
angular prism. The Vp/Vs ratio within this prism (1.73) is on the 
low side, increasing to 1.78 outside of the prism. Vp/Vs decreases 
slightly from 1.78 in the upper part of the double seismic zone in 
zone 3, to 1.76 in zone 4. Finally, although Vp and Vs are both 
slightly lower than normal mantle in the region above the seis-
mic zone at depths greater than about 60 km, that area appears to 
have no significant Vp/Vs anomaly.

5. Discussion

5.1. The rupture surface and upper plate faulting

The interface between a subducting oceanic lithosphere and an 
overriding continent is often taken to correspond to the shallowest 
ambient seismicity, as these events are presumed to be associated 
with the colder subducting plate. For example, in their study of 
seismic activity in this region, Marot et al. (2014) chose to draw 
the plate boundary above that part of the seismic zone referred to 
herein as zone 2, implying that the top of that zone corresponds 
to the rupture surface of the Illapel earthquake.

The significantly higher rate of aftershock activity in the upper 
part of zone 2 is consistent with a genetic relation to the main 
shock. However, associating these events with a main shock rup-
ture surface is problematic. For example, the shallow depth and 
steep dip (35◦) of this zone of aftershocks require a convoluted, 
non-planar interplate surface if all these aftershocks are construed 
to have occurred along or beneath the interplate contact (Fig. 3). 
The Illapel main shock centroid is not co-planar with the surface 
defined by the zone 2 aftershocks. A second issue is the compli-
cated mix of thrust and normal focal mechanisms in the upper part 
of zone 2, along with the somewhat steep (40◦–50◦) dips of the 
eastward dipping plane of thrust events in this zone (Figs. 4b–4e
and S9). A third complication is the location of much of this zone 
within a low wavespeed channel above – and increasingly shallow 
as one moves south – a steep gradient that presumably delimits 
the higher wavespeeds of the Nazca plate (Figs. 3 and S7).

To develop a hypothesis that is consistent with this combina-
tion of locations, mechanisms, and wavespeeds, we first note that 
nearly all of the larger aftershocks (those with M > 4) are located 
near the interface between zones 2 and 3 and define a narrow 
plane dipping about 26◦E. A projection of this trend to the west is 
close to the mainshock centroid and the dip is close to that of the 
main shock mechanism (22◦). This plane is also collocated with 
the east-dipping gradient in wavespeeds (Figs. 3 and S7), suggest-
ing that it corresponds to a contrast in lithology. Finally, almost all 
of the aftershocks with mechanisms in this plane are thrusts with 
nearly identical nodal planes. Hence, we infer that this plane is 
the rupture surface, or, equivalently, the region between the Nazca 
and South American plates where intraseismic elastic strain was 
released during the Illapel megathrust earthquake. Consequently, 
the smaller events in the upper part of zone 2 occurred within the 
South American plate. Because the geotherm of a passive South 
American plate should not allow brittle failure except near the 
rupture surface, we infer that the earthquakes in zones 1 and 2 
more likely occurred within (relatively cold) material derived from 
the subducting Nazca plate and accreted onto the South Ameri-
can plate at depths between ∼20–55 km. The complex patterns 
in the focal mechanisms in zones 1 and 2 are consistent with the 
complex deformation one would expect in an accretionary envi-
ronment.

We propose that the east dipping gradient in wavespeeds rep-
resents the pro-side of a subduction wedge (e.g., Malavieille, 1984;
Brandon, 2004), with the subduction point (or S-point) located 
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Fig. 3. EW cross sections of Vp, Vp/Vs and hypocenters at 31◦S. White circles locate hypocenters within ±20 km NS of 31◦S. Colors correspond to wavespeeds and ratios as 
indicated in the palettes to the lower right of each panel. The region of largest moment release (centroid) of the Illapel main shock shown as the black star to the left of the 
sections. Dashed lines outline the pro- and retro-sides of the proposed subduction wedge. Red triangles are projections of the CHILLAX network onto this section. A vertically 
exaggerated profile of the topography appears above each section with elevations in meters as indicated. (Left) Vp. The thin contour interval is 0.1 km/s, thick contours are 
1 km/s and correspond, from top to bottom, to 6, 7, and 8 km/s. (Right) Vp/Vs ratio. The thin contour interval is 0.005, the thick contour corresponds to Vp/Vs = 1.75.
where the high rate of activity abates at about 55 km depth 
(Fig. 5). The S-point corresponds to the downdip limit of elas-
tic coupling along the plate boundary, i.e., the transition between 
frictional and non-frictional interplate slip. In this case, the up-
per plate east of the wedge would act as a backstop for most 
of the eroded downgoing material attached to the top subduct-
ing plate (e.g., Willett et al., 1993; Beaumont et al., 1996). In fact, 
along the Chilean subduction margin, the retro-shear zone often 
presents seismicity emerging from the slab at 50–60 depth (Farias 
et al., 2010). The west dipping wavespeed gradient, which bounds 
the diffuse seismicity in zone 1 and which can be traced from the 
near surface to a point near the proposed S-point, would thus rep-
resent the retro-side of the subduction wedge. The preponderance 
of normal faulting in zone 1 is consistent with free surface exten-
sion in the top of the wedge as accreted material is underplated.

The predominant dip to the east of fault planes for thrust 
events in zone 2 (Fig. 4), steepens from about 30◦–40◦ at the base 
of zone 2 to 40◦–50◦ for the shallower (and smaller magnitude) 
events (Fig. S9), suggesting a change in deformation style from a 
decollement setting to distributed out-of-sequence splay faulting. 
The slight misalignment of the decollement fault planes with the 
inferred dip of the zone 2 base (26◦) suggests that this part of 
the plate boundary may be imbricated by the splays. An uneven 
boundary could explain why there appears to be more activity in 
the upper part of zone 2 than along the rupture surface. Seismic 
activity within the upper part of zone 2 is evident in the ambi-
ent background (e.g., it is clearly seen in the hypocenters shown 
in Marot et al., 2014), but the rate significantly increased after 
the Illapel earthquake. This suggests that elastic strain accumulates 
along faults within the lower part of the wedge as part of the in-
traseismic cycle and is released as brittle failure. In the context of 
a plate margin dominated by subduction erosion, this hypothesis 
implies that a significant volume of the margin’s leading edge – 
now subducted to depths of at least 30–55 km – is still largely 
coupled to the downgoing Nazca slab.

5.2. Corroboration with surface geology

Our proposed subduction wedge model fits well with several 
features observed in the surface geology, particularly those that 
document uplift and extension. The eastern or retro side of the 
subduction wedge is a west-dipping ramp that emerges about 
180 km east of the trench, near the topographic break related 
to the front of the retro-side of the Andes (Figs. 3 and 5). The 
surface of the subduction wedge is characterized by a monoton-
ically east-dipping homocline with older rocks located along the 
coast. The offshore region, corresponding to the pro-side, exhibits 
normal faulting and a small frontal accretionary complex. Normal 
faulting in this region is related to rapid uplift of marine terraces 
since about 2 Ma, suggesting strong basal accretion and thus a high 
static coefficient of friction on the thrust (Saillard et al., 2009).

The epicentral region of the 2015 Illapel earthquake coincides 
with the highest elevations along the coast and the steepest slopes 
of the Chilean margin offshore. The lack of a continental fore-
arc basin in this region suggests an overlap between the Andean 
and Coastal wedges. The trailing edge of the Andean wedge, about 
10 km east of the topographic boundary between the wedges, 
is also part of the homocline, suggesting that the Coastal wedge 
has been incorporating a part of the retro-side of the Andes since 
Miocene times.

The eastward tilting of the retro-side has been acquired mainly 
since Jurassic times, as recorded by sequential gentle angular un-
conformities among Mesozoic–Cenozoic deposits (Fig. 1c), long be-
fore the proposed arrival of the Juan Fernandez ridge in this area 
in late Miocene and before the flat slab subduction that now char-
acterizes this part of the margin (e.g., Kay and Mpodozis, 2002). 
The east-dipping homocline at the retro-side is a first-order fea-
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Fig. 4. EW Cross sections of focal mechanisms determined for the Illapel aftershocks. The longitudinal limits of each section are the same as those in Fig. 3. Panels show 
mechanisms in Zones 1–4 as indicated in the lower left corner. Because of the large number of mechanisms from Zone 2, they are binned by magnitude range as indicated. 
In each panel, small gray crosses locate all of the events used in the tomography, yellow circles are those events for which reasonable focal mechanisms could be determined. 
Mechanisms are back projected into the northern half of the focal sphere. Red, blue, and green circles and mechanisms correspond to normal, reverse, and strike-slip faulting, 
respectively. Earthquake magnitudes are indicated by the diameters of the mechanisms as shown in the upper right corner of each panel.
ture along the Chilean Coastal Range and is observed at many 
subduction complexes, such as in the western series of the Great 
Valley Group bounding the Franciscan complex in California (e.g., 
Dickinson, 2002). Therefore, we interpret the Coastal Range as a 
subduction complex, with both frontal and basal accretion ex-
pected to occur in the upper plate.

Neotectonic activity is documented in this area for several nor-
mal to vertical faults. The Altos de Talinay (Fig. 1b), above the 
patch of maximum slip, corresponds to a block bounded by an-
tithetic normal faults cutting marine terraces that exhibit a rapid 
uplift since the Pleistocene (Saillard et al., 2009). The Limari river 
(Fig. 1) was deflected to the north due to the topographic bar-
rier created by this uplift. As evidence of neotectonic activity, 
the Limari river has recaptured its original course directly to 
the sea, becoming a detachment-limited channel near its outlet 
(Fig. 1b).
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Fig. 4. (continued).
5.3. Implications of the wedge for subduction erosion and Andean
tectonics

Our results suggest that most of the aftershocks of the Illapel 
rupture occurred on out-of-sequence splay faults in the upper 
plate. However, the type of splay faulting we envision is quite dif-
ferent from that typically expected in an accretionary wedge set-
ting. In-sequence thrusting structurally decreases the topographic 
slope in the tapered tip of the wedge by transferring mass from 
the footwall to the hanging wall. In this case, extension within the 
wedge is shallow and a result of gravitation collapse and spreading. 
Instead, out-of-sequence splay thrusting in the upper part of the 
wedge transfers material from its footwall allowing the subducting 
plate to drag it downward in nappe-like fashion (Fig. 6). As it ap-
proaches the S-point, much of this material is accreted back onto 
the overriding accretionary complex. Additionally, rather than grav-
itational spreading, extensional tectonics in the uppermost part of 
the wedge occurs in response to underplating due to basal accre-
tion. These shallow normal faults accommodate surface uplift in a 
manner often displayed along the Chile-Peru erosive margin (e.g., 
Saillard et al., 2009).
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Fig. 5. Interpretation of the structural architecture of the continental margin in the Illapel region. Upper panel: As a reference background, color contours represent W-E 
variations in Vp/Vs at 31.5◦S (Fig. S7b) and solid circles show hypocenters within ±20 km of this section. Lower panel: Minimum, mean and maximum elevations along 
W–E oriented profiles of topography within ±20 km of 31.5◦S. The onshore Coastal wedge coincides with an east-dipping monocline that is bounded to the west by a 
Late Paleozoic accretionary complex (Choapa metamorphic complex shown in Fig. 1). The normal faults in this complex are related to Zone 1 seismicity and accommodate 
uplift as free surface extension resulting from thickening of the wedge, similar to axial stretching in a growing anticline. Deeper thickening is related to Zone 2 seismicity 
and occurs as a compressive stacking of crustal slices transported downward from the edge of the wedge to the S-point. Offshore normal faults are caused by gravitational 
adjustment after tectonic erosion of the Coastal wedge. The recycling of eroded mass at and above the S-point leads to the highest elevations of the Coastal wedge being 
located directly above it.
This splay faulting mechanism contrasts with the “sandpaper” 
or “saw-tooth” effect of seamount subduction often invoked for 
subduction erosion, in that, while material is removed from the 
upper plate in discrete “chunks”, this basal erosion is not nec-
essarily instigated by irregular structure (such as a seamount) 
on the subducting plate. The accretion of material back onto 
the upper plate perhaps takes place as a succession of down-
going crustal nappes that induce the development of an anticli-
nal stack at the S-point, as suggested by sandbox experiments 
with high basal friction (e.g., Konstantinovskaya and Malavieille, 
2011).

This wedge model has several first-order implications for An-
dean tectonics. First, geochemical data and mass balance indicate 
that some fraction of the material eroded from the upper part 
of the wedge will be carried into the mantle with the downgo-
ing slab rather than accreted to the overriding plate (e.g., Kay 
and Mpodozis, 2002; Goss et al., 2013; Kay et al., 2014). Hence, 
if the wedge, and by implication the position of the S-point, is 
to remain stationary, the upper plate necessarily will move to-
wards the trench so that material from the forearc basin area 
beyond the retro limit of the wedge will replenish it, thus extin-
guishing the contemporaneous magmatic arc and forming a new 
one (Fig. 6). This type of process has been suggested by numer-
ical modeling on a sediment starved trench (van Dinther et al., 
2012), and is consistent with the sequential pinching out to the 
east of Mesozoic sequences disposed with mild unconformity over 
an east-dipping homocline along the Coastal Range (Fig. 6). The 
eastward migration (i.e., younging) of the magmatic arc itself since 
Mesozoic times is also well documented (e.g., Aguirre et al., 1974;
Parada et al., 1988). Indeed, evidence that the arc has been mi-
grating to the east despite alternating stages of compression and 
extension in the back-arc region since at least the Early Mesozoic 
suggests that subduction erosion is the governing mechanism for 
this migration. We note that this scenario stands in contrast to sce-
narios that invoke subduction coupling as the primary mechanism 
for Andean uplift. Considering that the Andes result mainly from 
back-arc shortening due to the underthrusting of the South Ameri-
can lithosphere (e.g., Isacks, 1988), our results additionally suggest 
that there is no direct connection between the development of the 
subduction wedge and the Andean wedge.
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Fig. 6. General schema for tectonic erosion in a subduction margin. (a) Initially (time t0), a subduction wedge is formed by internal shortening rather than by accretion. 
Basal friction will increase the taper and form an out-of-sequence splay fault on the upper plate forming a nappe (n1). The nappe is then transported downward with the 
subducting plate at time t1. Forearc deposition (1) occurs over the retro-side of the wedge and beyond (zoom box). (b) Patterns of deformation produced by the downward 
transport of nappe n1, producing counterclockwise paths for wedge particles. Strain ellipses are shown as references for modes of deformational within the wedge (based 
on our results shown in Fig. 5 and on van Dinther et al., 2012). The gap left by the nappe induces the gravitational spreading of the wedge tip, incorporating part of the 
forearc to the structural lid at the rear of the wedge. This forearc-arc advance produces the relative migration of arc rocks and the establishment of a new magmatic arc. 
(c–d) Wedge evolution in stages of nappe emplacement t1, t2 (stage not included in detail) and t3 including surface erosion. Gravitational spreading prevails in the wedge 
tip as material is extracted by subduction erosion. Nappes stacking at and above the S-point thicken the wedge, inducing uplift and free surface extension. An increase 
of the retro-side slope produces continuous unconformities (u1–u3) with forearc deposits (1–3) that in the rear of the wedge overlay unconformably either forearc, arc or 
back-arc deposits (zoom boxes). Between each stage, the upper plate, including arc rocks, migrates towards the trench as forearc subduction erosion occurs from the wedge 
tip. Back-arc deformation is not present, consistent with its lack of correlation with magmatic arc migration. The slope of the lower plate slope remains constant through 
time.
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5.4. The slab below the subduction wedge

The lower part of the double seismic zone in zone 4 (Fig. 3), 
and the predominance of normal faulting within it (Fig. 4), was 
previously noted by Marot et al. (2014) and seems unambiguous. 
Less clear is the definition of the upper part of the double seismic 
zone in zone 3, at least at depths shallower than 60 km. In several 
of the cross sections of seismicity (Figs. 3 and S7) it appears as 
though the upper part of the double seismic zone lies in a region 
distinct from the rupture surface at the base of zone 2 seismicity. 
We note that this upper part of the double seismic zone lies in 
the middle of a region of high Vp/Vs, suggesting that these earth-
quakes may be related to slab dehydration.

The “mantle wedge” above the seismicity at about 50–60 km 
shows a decrease in Vp and Vs and a slight increase in Vp/Vs in 
a manner consistent with serpentinization as seen, for example, 
in northern Chile (Comte et al., 2016). These values are similar to 
those seen south of 21◦N in northern Chile by Comte et al. (2016)
and by analogy would correspond to about 30% serpentinization 
below the S-point.
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