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ARTICLE INFO ABSTRACT

Keywords: On April 16th 2016 a Mw 7.8 earthquake ruptured the central coastal segment of the Ecuadorian subduction
2016 Pedernales earthquake zone. Shortly after the earthquake, the Instituto Geofisico de la Escuela Politecnica Nacional of Ecuador, together
Ecuador with several international institutions deployed a dense, temporary seismic network to accurately categorize the

Velocity model
Subduction zone
Regional moment tensor
Aftershock sequence

post-seismic aftershock sequence. Instrumentation included short-period and broadband sensors, along with
Ocean Bottom Seismometers. This deployment complemented the permanent Ecuadorian seismic network and
recorded the developing aftershock sequence for a period of one year following the main-shock. A subset of 345
events with My, > 3.5, were manually picked in the period of May to August 2016, providing highly accurate P-
and S-onset times. From this catalogue, a high-quality dataset of 227 events, with an azimuthal gap < 200°, are
simultaneously inverted for, obtaining the minimum 1D velocity model for the rupture region, along with hy-
pocentral locations and station corrections. We observe an average Vp/Vs of 1.82 throughout the study region,
with relatively higher Vp/Vs values of 1.95 and 2.18 observed for the shallowest layers down to 7.5 km. The high
relative Vp/Vs ratio (1.93) of the deeper section, between 30 km and 40 km, is attributed to dehydration and
serpentinization processes. For the relocated seismicity distribution, clusters of events align perpendicular to the
trench, and crustal seismicity is also evidenced, along with earthquakes located close to the trench axis. We also
compute Regional Moment Tensors to analyze the different sources of seismicity after the mainshock. Aside from
thrust events related to the subduction process, normal and strike-slip mechanisms are detected. We suggest that
the presence of subducting seamounts coming from the Carnegie Ridge act as erosional agents, helping to create
a scenario which promotes locking and allows seismicity to extend up to the trench, along zones of weakness
activated after large earthquakes.

1. Introduction earthquakes, seismic swarms and slow slip events. During the last
century, the Ecuadorian-Colombian margin has experienced several

The South American subduction zone has a long history of large major earthquakes (Ramirez, 1968; Kelleher, 1972; Abe, 1979; Herd
megathrust earthquakes and in the past decades a variety of different et al., 1981; Kanamori and McNally, 1982; Mendoza and Dewey, 1984;
types of seismicity have been identified, including repeating Beck and Ruff, 1984; Sennson and Beck, 1996). More recently, slow slip
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Fig. 1. (a) Seismotectonic characteristics of the central coastal segment of the
Ecuadorian margin. Inland and seafloor topography was derived by Michaud
et al. (2006). Segmented line shows the Dolores-Guayaquil Megashear that
creates the North Andean Sliver. Bold arrow shows the convergence rate be-
tween the Nazca plate and the North Andean Sliver (ref). Black stars and white
solid lines represent the epicenters and estimated ruptures of the last large
subduction earthquakes occurred along the margin since 1906. Squares, dia-
monds and circles are showing the Slow Slip Events, repeating earthquakes and
swarms sequence, respectively, reported by Rolandone et al. (2018). Inter-
seismic coupling derived by Nocquet et al. (2017) and Rolandone et al. (2018)
is showed in background. Yellow star is showing the epicenter of the 2016 Mw
7.8 Pedernales earthquake. Focal mechanism and coseismic slip contour, in
blue solid line, were obtained by Nocquet et al. (2017). Trench data from Collot
et al. (2004). Purple solid line shows the location of the profile in panel b. (b)
Structural sketch of the Ecuadorian margin showing the main morphological
structures. Figure edited from Jalliard et al. (2000). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

events have been observed (Mothes et al., 2013; Vallée et al., 2013;
Chlieh et al., 2014; Segovia et al., 2015; Vaca et al., 2018; Collot et al.,
2017; Rolandone et al., 2018), in addition to seismic swarms (Segovia,
2001; Segovia et al., 2009; Vaca et al., 2009) and repeating earthquakes
(Rolandone et al., 2018) (Fig. 1).

In 1906 a megathrust earthquake Ms 8.7 (Kelleher, 1972), re-esti-
mated to Mw 8.8 (Kanamori and McNally, 1982) and more recently to
Mw 8.4 (Yoshimoto et al., 2017), ruptured the subduction segment
along central and northern Ecuador and southern Colombia generating
severe destruction which reached up to 100 km inland. The rupture
extent of this earthquake is still under discussion. Whilst Kanamori and
McNally (1982) suggested a rupture of approximately 500 km length,
Yoshimoto et al. (2017) proposed a smaller rupture area mainly located
near the trench. The 1906 earthquake also caused permanent coastal
uplift and generated a destructive tsunami (Ramirez, 1968; Kelleher,
1972; Abe, 1979; Herd et al., 1981; Kanamori and McNally, 1982).
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Subsequently, smaller earthquakes of diverse magnitudes (between Mw
7.0 to Mw 8.2) ruptured with thrust mechanisms, leading to several
authors proposing a segmentation of the subduction zone along the
northern Ecuadorian margin (i.e. Marcaillou et al., 2006; Gailler et al.,
2007). In 1942, a Mw 7.8 earthquake occurred close to the coastal city
of Pedernales affecting an area of ~200km x ~90 km. The epicenter
was located at the southern edge of the rupture region, suggesting that
the event propagated to the NE (Kelleher, 1972; Sennson and Beck,
1996). In 1958, the Mw 7.7 Colombia-Ecuador earthquake (Kanamori
and McNally, 1982) broke a small segment of the 1906 megathrust
earthquake in the offshore portion of the Esmeraldas province to the
North. Like the 1942 earthquake, the 1958 event showed a rupture
propagation in the NE direction (Rothé, 1969; Kelleher, 1972; Mendoza
and Dewey, 1984). Finally, in 1979, the largest event of this series of
major earthquakes occurred close to the Ecuadorian-Colombian border
with magnitude of Mw 8.2 also rupturing in a NE direction along
~230 km of the margin (Herd et al., 1981; Kanamori and Given, 1981:
Beck and Ruff, 1984).

Between the equator and south of the Carnegie Ridge (CR), there
have been few large subduction earthquakes recorded (Egred, 1968;
Dorbath et al., 1990; Bilek, 2010) with only two events of Mw > 7.0
(in 1956 and 1998) occurring close to Bahia Caraquez (Storchak et al.,
2013). However, a high rate of seismicity up to Mw 6.5 has been re-
gistered in this region (Vallée et al., 2013) suggesting that the accu-
mulated stresses are released by different mechanisms than in the
northern segment (White et al., 2003; Agurto-Detzel et al., 2019).
Moreover, the area shows a complex slip behavior, with different types
of seismic activity highlighted in Fig. 1.

The Mw 7.8 Pedernales earthquake occurred in 2016 and led to the
largest earthquake-related loss of life (668, Lanning et al., 2016) in
Ecuador since the 1987, Mw 7.1 Salado-Reventador event, which oc-
curred in the Andean volcanic arc that killed around 1000 people
(Bolton, 1991; Beauval et al., 2010). The 2016 earthquake also affected
the Ecuadorian economy due to widespread destruction of houses, ho-
tels and hospitals (Lanning et al., 2016). One month after the earth-
quake, a dense temporary network (10-30km station spacing) was
deployed in collaboration with the Instituto Geofisico de la Escuela
Politecnica Nacional (IGEPN) and several international institutions
covering the rupture area. Instrumentation included Ocean Bottom
Seismometers (OBS), inland short period and broadband sensors, which
complemented the stations of the permanent Ecuadorian seismic net-
work (Alvarado et al., 2018). The combined array recorded the un-
folding aftershock sequence up to one year after the mainshock. Al-
though large subduction thrust earthquakes are well documented
historically, occurring extensively throughout the entire South Amer-
ican margin, it is only over the last decade that dense monitoring
seismic networks have been deployed to record the aftershock se-
quences of such events. This allows for highly accurate hypocentral
relocations enabling detailed investigations into the physical processes
occurring within the rupture zone.

One of the major limitations in imaging the seismicity distribution
along the Ecuadorian margin is the lack of a robust and well con-
strained velocity model for the area. The unprecedented seismic cov-
erage provided by the international aftershock deployment offers a
unique opportunity to better resolve the velocity structure of this region
with the Pedernales earthquake sequence. The recorded data will im-
prove our knowledge of the seismotectonic structures, such as the CR
and the Atacames seamounts, along with understanding the mechan-
isms that control subduction processes in the area.

Although the Ecuadorian margin has been widely studied, there is
still no consensus on a representative one-dimensional (1D) velocity
model. An improved 1D regional model together with well-located
aftershocks recorded by our dense seismic monitoring network will
provide better constrained seismic velocities in the area and, the
foundation and starting model for future detailed 3D seismic imaging.

Currently, the available velocity models for the Ecuadorian margin
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are usually focused in small areas or have limited resolution due to the
lack of instruments monitoring the offshore and coastal portion of the
country; they are also affected by along strike heterogeneities observed
in the region. At present, the national network of seismographs of the
geophysical institute (RENSIG) from IGEPN uses a five-layer model
(called ASW; for detailed values see Font et al. (2013)) and is used by
the IGEPN for locating tectonic events in Ecuador. It, therefore, results
in large errors in hypocenter location, especially regarding depth of
subduction related seismicity (See Supplementary Material 1). Font
et al. (2013) built an a-priori three-dimensional P-wave velocity model
for the Ecuadorian subduction margin (4° N - 6° S, 83° W - 77° W),
obtained via a joint compilation of marine seismics, gravimetric data,
geological observations and seismicity of the region. The model is an
improvement for the forearc and provides better hypocentral solutions
for the coastal area but has limited capabilities due to the absence of an
S-wave velocity model. Gailler et al. (2007) inverted wide-angle seismic
data to describe deep structures present offshore of the Ecuadorian —
Colombian border. In the same area, Agudelo et al. (2009) also im-
proved the structural model using a combined data set of multichannel
seismic reflection and wide-angle data. Cano et al. (2014) provide a 3D
velocity model encompassing the rupture of the 1958 earthquake. Both
models provide insights about offshore velocities. Further to the south
of our study area, Calahorrano et al. (2008) developed a velocity model
using marine seismic experiments representing the area close to the
Gulf of Guayaquil. However, all three models are located outside of the
Pedernales rupture area and outside the area covered by our temporary
seismic array. Finally, Graindorge et al. (2004) analyzed the velocity
structure in the Carnegie Ridge (CR) area using onshore and offshore
wide-angle data to calculate a two-dimensional model. Although our
array covers a portion of the CR, this model is not appropriate for the
whole area covered by the array due to the anomalous structure of this
bathymetric feature.

Using high quality manually picked arrival times (P and S), we
develop a minimum 1D velocity model for P- and S-wave velocities of
the area affected by the Pedernales earthquake and post-seismic se-
quence. Based on a Monte Carlo-like approach in which we use a set of
5000 randomly perturbed velocity models as starting models for our
inversion, we obtain a new robust minimum 1D velocity model for our
study area. Finally, we analyze in detail the seismicity recorded off-
shore Bahia Caraquez, close to the trench, by determining Regional
Moment Tensors (RMTs) to explore the correlation between the dis-
tribution of the events, the seismogenic contact and possible faults that
might be re/activated due to the mainshock.

2. Seismo-tectonic setting of the Pedernales earthquake
2.1. Structural setting

The Ecuadorian margin is dominated by a convergent regime that
involves the subducting oceanic Nazca plate and the overriding con-
tinental South American plate. This process occurs with a relative
convergence rate of 55mm/yr (Kendrick et al., 2003) in the N8O°E
direction. The margin is highly segmented and mainly of erosional type
(Collot et al., 2002; Gailler et al., 2007; Marcaillou et al., 2016) creating
diverse patterns in seismicity in the subducting and overriding plates as
well as along the plate interface. Broadly, the Ecuadorian territory (1°N
— 3°S) can be divided into three main domains extending inland from
the margin (Jaillard et al., 2000) and our study area comprises mainly
along domain (I) and part of domain (II). The profile A, in Fig. 1b,
shows the marine forearc including a small layer of sediments of 500 m
to 1000 m thick. The coastal region is characterized by the presence of
bathymetric features such as the aseismic CR. The CR (~280 km wide
and 2 km high) is located near the Ecuadorian trench between latitude
0° and 2°S (see Fig. 1a). The CR was formed by the Galapagos hot-spot
located about 1000 km west of the coastline of Ecuador and is currently
subducting in an ENE direction. The marine forearc has a series of
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seamounts such as the Atacames chain which subduct beneath the
South American plate and is inferred to play an important role in the
nucleation of large subduction earthquakes (Marcaillou et al., 2016).
The coastal region shows accreted oceanic terranes from the late Cre-
taceous-Paleogene period. The width of this domain (I) varies long-
itudinally from 50 to 180 km, has low relief with < 300 m altitude, and
is filled with sediments from the Andes, creating several alluvial basins.
The second domain (II) is the Andean chain that involves the Western
cordillera, with deformed rocks from accreted oceanic crust, and the
Eastern cordillera (Cordillera Real) which contains metamorphic rocks
from the Paleozoic to Mesozoic (Litherland, 1994). Both areas are se-
parated with Tertiary to Quaternary volcanic and volcanoclastic rocks
that were deposited in the Interandean Valley. At ~3°S, the Chingual-
Cosanga-Pallatanga-Puna (CCPP) fault zone separates the continental
plate in two (Alvarado et al., 2016), extending throughout the Puna
segment, through the Colombian border and towards Venezuela,
creating the North Andean Sliver (NAS) shown in Fig. 1. In front of the
NAS, the Nazca Plate is < 26 Ma old (Lonsdale, 2005) and subducts at a
relative rate of about 46 mm/yr (Chlieh et al., 2014). More specifically,
if we consider the coseismic slip derived by Nocquet et al. (2017) and
the aftershock activity analyzed by Agurto-Detzel et al. (2019), the area
affected by the Pedernales earthquake extends from Esmeraldas canyon
in the north (~1.5°N), down to La Plata area in the south (~1°S). In this
segment, the depth of the trench varies from 3.7 km in the north to
2.8km at the crest of the CR (Collot et al., 2004) in the south. More-
over, the oceanic crust thickness shows an along strike variation from
5km in the north to 14 km in the south, reaching its maximum of 19 km
beneath the crest of the CR (Meissnar et al., 1976; Calahorrano, 2001;
Sallarés and Charvis, 2003; Sallarés et al., 2005; Graindorge et al.,
2004; Garcia Cano et al., 2014).

2.2. The Pedernales earthquake and its aftershocks

On April 16th, 2016, the Mw 7.8 Pedernales earthquake occurred in
the central coast of Ecuador, close to the city of Pedernales. This esti-
mated event focal depth is 20 km (Nocquet et al., 2017) and the rupture
is characterized as a thrusting mechanism consistent with the mega-
thrust on the plate interface. The Pedernales earthquake ruptured an
estimated area of 100 km x 40 km (Nocquet et al., 2017) and propa-
gated along strike from north to south. Although there are different
rupture areas proposed for the 1906 earthquake (e.g. Kanamori and
McNally, 1982; Yoshimoto et al., 2017), the edges of the 2016 main-
shock appear to coincide with the southern boundaries of the 1906
earthquake. This segment of the subduction zone last ruptured in a Mw
7.8 earthquake in 1942. At the southern limit, the rupture coincides
with the northern edge of the 1998 Mw 7.1 earthquake in Bahia Car-
aquez. The Pedernales earthquake affected an area where large mega-
thrust earthquakes, with magnitudes > 7, occurred in the past. Its oc-
currence correlates with a locked area of interseismic coupling (Chlieh
et al., 2014; see Fig. 1).

3. Network and data processing
3.1. The seismic aftershock network

Immediately after the 2016 Pedernales mainshock, an international
collaboration of several institutions including; IGEPN from Ecuador, the
French Centre d'études et d'expertise sur les risques, 1'environnement, la
mobilité et l'aménagement (CEREMA) and GEOAZUR institutes, Lehigh
University and University of Arizona from the United States and the
University of Liverpool from the United Kingdom, coordinated a rapid
response effort to deploy a temporary seismic array. One month after
the Pedernales earthquake, we deployed a dense temporary seismolo-
gical array of broadband and short period seismic stations equally
distributed inland along the area affected by the aftershocks (Meltzer
et al., 2019). Ocean Bottom Seismometers (OBS) were installed along
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the trench to complement the stations deployed on land. Fig. 2 shows
the spatial distribution of the full array including both temporary and
permanent stations consisting of > 80 stations with a station spacing of
approximately 10-30 km. The RENSIG Ecuadorian network is a mix of
diverse instrumentation including CMG-3ESP, Trillium compact, Tril-
lium 120p, L4C, TSM-1 Strong Motion instruments. The temporary
array consists of: (i) short period Lennartz LE 3D Lite recording at
100 Hz; (ii) intermediate period seismometers CMG-40T recording at
200 Hz; (iii) broadband stations Trillium Compact, Guralp CMG-3T and
STS-2 recording at 100 Hz. The temporary array was fully operative
from May 2016 to June 2017. OBSs were recording between mid-May
to November in 2016, at 100 Hz.

3.2. Data processing

3.2.1. Onset detection

Based on the initial catalogue provided by IGEPN (http://www.
igepn.edu.ec/solicitud-de-datos) with 1677 reported seismic events
between May 15th and August 26th, 2016, we created a high quality
dataset to be used for the 1D inversion process. We first selected
aftershocks with local magnitude (My) > 3.5 located in the vicinity of
the temporary array. From this catalogue, P- and S-wave arrival times
were manually picked for 345 aftershocks using the Seismic Data
Explorer (SDX) software package (http://doree.esc.liv.ac.uk:8080/sdx).
The events were located based on an average 1D velocity model derived
from Font et al. (2013); SDX utilizes a modified hypo71 algorithm for
hypocenter location (Lee and Lahr, 1972). Following the procedures
from Agurto et al. (2012) and Hicks et al. (2014), we assigned pick error
categories, referred as weights, from 0 to 4 to describe the quality of the
selected arrival times. Each weight corresponds to the following time
uncertainties: Weight 0 (< 0.04s); Weight 1 (0.04-0.15s); Weight 2
(0.1-0.2s); Weight 3 (0.2-1 s); Weight 4 (> 15).

Tectonophysics 767 (2019) 228165

Fig. 2. Seismic aftershock deployment. Inverted triangles re-
present the stations installed along the Ecuadorian margin.
Yellow: backbone network including CMG-3ESP, Trillium
compact, Trillium 120p, L4C, TSM-1 Strong Motion operated
by the Instituto Geofisico de la Escuela Politecnica Nacional
de Ecuador (IGEPN). Red: Broadband Trillium compact and
short period Lennartz LE3D Lite instrumentation from the
University of Liverpool, United Kingdom. Blue: intermediate
period CMG-40T and Ocean Bottom Seismometers from
GeoAzur, France. Green: Broadband Guralp CMG-3T and STS-
2 from IRIS PASSCAL deployed by the University of Arizona
and Lehigh University, United States. Most of the instruments
deployed on site were recording at 100 Hz. White star is
showing the epicenter of the 2016 Mw 7.8 Pedernales
earthquake. Coseismic slip contour in red solid line was de-
rived by Nocquet et al. (2017). Inland and seafloor topo-
graphy was derived by Michaud et al. (2006). Trench data
obtained from Collot et al. (2004). (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)

3.2.2. Minimum 1D model

From the manually picked catalogue, we further filter to ensure only
the highest quality events remain for the minimum 1D velocity model
inversion using VELEST (Kissling et al., 1994). We selected earthquakes
with at least 10 P- and 10 S-onset observations and an azimuthal
gap < 200°. In total we obtained a dataset of 227 events with an
average of 21 and 17 P- and S-onset times respectively, which contains
4939 P-phases and 3931 S-phases (See Supplementary Material 2).

To minimize the influence of strong topography changes and avoid
bias due to the depth of the OBSs, we followed the strategy described by
Husen et al. (1999) and Hicks et al. (2014) and set station elevation
equal to zero. Station correction terms therefore account for both, the
relative elevation and the site-specific velocity differences. Station
correction terms were strongly damped (damping = 1000) during the
Vp inversion, allowing for greater initial exploration of the Vp para-
meter space. For the Vs inversion, the damping was decreased
(damping = 20), this allows the station-delay terms to absorb errors
due to the velocity fluctuations near the stations.

We selected five starting models (see Supplementary Material 3) to
cover a wide range of plausible cases: (1) the average model derived
from Font et al. (2013), selected as it covers our entire study area with a
3D regional model, (2) an average offshore model based on previous
studies by Gailler et al. (2007) and Agudelo et al. (2009), and (3-5)
modified versions of the ASW model, used by IGEPN (Font et al., 2013).
For models 3-5, we vary the Moho depth between the range of 40 and
60 km. To cover the entire range of feasible velocity models, we created
1000 random variations of each reference velocity model, sampling
from a uniform distribution with bounds + 0.5km/s of the reference
model velocity. We, therefore, explore 5000 starting models in total,
derived from the five classes of models. From the 5000 starting models,
the P-wave velocity model with the lowest overall misfit to the travel
time picks (RMS 0.335 s) is assumed as our best Vp representation. The
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Fig. 3. (a) Wadati Diagram (Wadati and Oki, 1933) used to compute the observed Vp/Vs ratio using all the available onsets. Red line shows the linear fit for the data
which indicates a Vp/Vs ratio of 1.82. (b) Reduced Wadati Diagram used to remove outliers from onset times picked. |Vp/Vs| > 2_was used as a cutoff value. Solid
red line: y = 0. Segmented red line: y = _ 2_. (c) Reduced ts - tp histogram showing the distribution of picks in terms of its reduced time. Solid red line: y = 0.
Segmented red line: y = _2_. (d) and (e) Density plot for S-wave and P-wave velocity model, respectively, showing the best 200 solutions. Solid blue line shows the
solution with the lowest rms. Gray lines are the perturbation range for each phase. Colorbar indicates thenormalized hit count on each output model. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

density plots in Fig. 3d and e demonstrate how the best 200 solutions
for the inverted Vp and Vs models have a clear convergence towards the
best solution between 7.5km and 40 km depth. The shallowest layers
(down to 7.5km) do also exhibit a convergence towards a minimum
velocity solution, however, due to a lack of events occurring in this
region, the solution shows a slightly wider range of possible velocities.
For the deeper layers (> 40km), absolute velocities cannot be con-
strained due to the lack of data and therefore several cluster of solutions
can be observed. To detect picking outliers and to estimate an average
Vp/Vs ratio for the region, we performed Wadati analysis (Wadati and
Oki, 1933), displayed in Fig. 3a. Onset times show a clear trend for (ts —
tp) as a function of tp, a linear trend fit provides a Vp/Vs ratio value of
1.82. A reduced Wadati diagram was also used to have a better control
on the outliers in our dataset. Onsets greater than 2o from the Vp/Vs
trend were removed (see Fig. 3b). The final dataset of arrival times is
represented in a histogram in Fig. 3c with a mean of ts-tp of 0.01 s and a
variance of 0.70 s

Finally, using our best Vp model and the Vp/Vs ratio (1.82) ob-
tained via Wadati analysis, we built an initial 1D S-wave velocity
model. The inversion for the optimum S-wave velocity model follows
the same procedure as for the P-wave velocity model. We perturbed the
S-wave velocities of the starting model within a range of + 0.5km/s,
creating 1000 models where both P- and S-phases were simultaneously
inverted for. In this step, we fixed the Vp velocities to avoid changes in
the previously obtained Vp model by S-wave observations. The solution
with the lowest RMS (0.303 s) was accepted as our final S-wave model
along with the final set of station corrections and hypocentral locations.
By using a Monte Carlo approach for selecting the starting model, we
mitigate the dependency of the final model from starting model as we
sample a much larger model space.

3.2.3. Regional moment tensors

A significant portion of the aftershocks are related to the megathrust
faulting displaying reverse solutions consistent with the slip of the plate
interface (Agurto-Detzel et al., 2019). We focus our RMT analysis on the
seismicity recorded throughout offshore Bahia Caraquez and Cabo

Pasado which exhibits various faulting mechanisms. In this area, we
observe events distributed close to the trench (5 km-10 km), however,
due to the trade-off between hypocentral depth and origin time, depth
location uncertainties in this region are larger than the average. These
events could, therefore, be located at the interface, in the upper or in
the downgoing plate. To better constrain the focal depth parameter for
events in this region, we calculated RMT solutions for 14 events by
performing a full waveform inversion using the isola package (Sokos
and Zahradnik, 2008, 2013). We analyzed events reported by IGEPN
with local magnitude (M) > 4.0. The location was fixed to the epi-
central locations obtained from our relocation process with VELEST,
and the depth is allowed to vary. Green's functions are calculated from a
simplified version of our minimum 1D model where the shallowest 8
layers are merged into 4 layers (see Supplementary Material 4). Seismic
records were bandpass filtered between 0.04 and 0.09 Hz before the
inversion, and between 4 and 10 broadband stations were used for the
inversion process of each event.

4. Results

Our final minimum 1D model, represented by 12 layers, with P- and
S-wave velocities and the Vp/Vs ratio are given in Table 1 and shown in
Fig. 4. The model is well constrained between 7.5 km and 40 km, where
most of the seismicity is concentrated (see Fig. 4). Although, most of the
ray paths are concentrated in the shallower layers, we observe some
rays down to 40 km depth, which help us to constrain the average of the
oceanic and continental Moho depth. At shallower depths, the lack of
crustal events (< 7.5km depth) means we are not able to obtain reli-
able absolute velocities due to the trade-off with station corrections; at
greater depths (30 km—-40 km) the ray path distribution still shows rays
passing through, however at depths > 40 km the limited extend does
not allow a robust estimation of the average velocities.

The obtained model shows a Vp that fluctuates between 4.45 km/s
and 5.04 km/s, in the top layers (down to 7.5 km). From 7.5 km depth
to 25 km, Vp consistently increases from 6.3 km/s to 6.6 km/s. Between
30 km and 40 km the constant increase of Vp (from 7.37 km/s at 30 km
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Table 1
Minimum 1D model. Absolute velocities and Vp/Vs ratio are listed in terms of
depth.

Depth (km) Vp (km/s) Vs (km/s) Vp/Vs

—-5.00 4.45 2.26 1.97
2.50 4.65 2.32 2.00
5.00 5.04 2.59 1.95
7.50 6.32 2.90 2.18
10.00 6.32 3.42 1.85
15.00 6.64 3.69 1.80
20.00 6.64 3.76 1.77
25.00 6.65 3.80 1.75
30.00 7.37 3.81 1.93
40.00 8.04 4.64 1.73
50.00 8.24 4.64 1.78
60.00 8.45 4.71 1.79

to 8.04km/s at 40km) suggests an area of transition from crust to
mantle. At 40km Vp reaches 8.04 km/s, which can be related with
continental upper mantle velocities. Finally, the absence of data be-
tween 40 km and 60 km depth, does not allow us to resolve the P-wave
velocity, so the resulting values are mainly influenced by our reference
model derived by Font et al. (2013) (see Fig. 4).

Vp/Vs ratio shows a weighted arithmetic mean of 1.82 for the whole
model. In the top layers (down to 7.5 km depth) we find a high Vp/Vs
ratio that varies from 1.97 to 2.18. At 10 km depth, the Vp/Vs ratio
decreases to 1.85 down to 30 km depth where it rises to 1.93. The Vp/
Vs ratio is not well resolved at depths > 40 km as we do not have en-
ough data to constrain that area (see Fig. 4).

Statistics for the inversion also show the robustness of our model.
Arrival time residuals were classified according to the weights de-
scribed in the previous section. Histogram plots in Fig. 5 indicate that
most of the P- (99%) and S- (88%) phase picks are classified between
weights 0 and 1. For high quality P-wave onsets (weight 0 and 1), the
standard deviations of residuals is 0.24 s and 0.26 s, respectively. For
the S phase, the deviation varies from 0.48 s, for weight 0, to 0.52 s for
weight 1. Observations for each station display residuals with a normal
distribution concentrated between —1 and 1s (See Supplementary
Material 5). Overall, the obtained catalogue has a variance of 0.084 2,
which is above the variance based on the accuracy provided by the
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manual picking of 0.027 s® indicating that we are not overfitting our
onset time data.

Our new minimum 1D-velocity model was then used to relocate the
227 manually-picked events (See Supplementary Material 6 for com-
parison with the original locations). To test the accuracy of the resulting
hypocenters, we performed a stability test by randomly perturbing
hypocenters starting locations by between 7.5km and 12.5 km in lati-
tude, longitude and depth. We then relocated the events using our
minimum 1-D velocity model and station corrections. The location of
the recovered seismicity shifts only marginally respect to the original
positions, leading to an estimation of the relocation uncertainties
around 1km in latitude and longitude, and 2.7km in depth (See
Supplementary Material 7). Overall, the relocated seismicity displays
an average error of 1.38 km and 1.57 km for the horizontal and vertical
component, respectively. As hypocentral uncertainty is shown to in-
crease with distance offshore, we separately calculate the location er-
rors for the offshore seismicity. For this data subset, we obtain average
uncertainties of 1.53km for the horizontal axis and 2.15km for the
vertical axis.

The relocated aftershocks are shown in Fig. 6. The seismicity is
distributed between 5-10 km and 100 km eastward of the trench and
between 2 km and 35 km in depth. The most important features are as
follows:

(1) We observe that our epicentral distribution for the analyzed after-
shocks are in agreement with other related studies (e.g. Meltzer
et al. (2019), Agurto-Detzel et al. (2019)). We find that events with
local magnitude > 3.5 are generally distributed outside the co-
seismic slip area of the 2016 Pedernales mainshock and skew to-
wards the trench.

(2) Most of the seismicity along profiles AA’ and BB’ is located along
the plate interface. Slab1.0 (Hayes et al., 2012) is used as a re-
ference in Fig. 6, however a comparison between both Slabl.0
(Hayes et al., 2012) and Slab2.0 (Hayes et al., 2018) is shown in
Supplementary Material 8. The northern profile AA’ demonstrates
the differences between the interface for both models, in the region,
Slab2.0 is relatively deeper than the Slab1.0 interface; the located
aftershocks are distributed between both Slabl.0 and Slab2.0.
These relative changes in extensively used slab models further
highlight the complexities the Ecuadorian margin along strike.
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Fig. 4. Final 1D velocity model showing the absolute Vp
(solid blue line) and Vs (solid red line) velocities, Vp/Vs ratio
(solid orange line) and a histogram of the seismicity dis-
tribution with depth. Dashed area indicates the area where
b our minimum 1D model is unconstrained. Velocity values for
depths > 40 km were derived by Font et al. (2013) and were
included in our initial reference model. (For interpretation of
the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)
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Fig. 5. Histograms for the residuals obtained after the inversion of both Vp and Vs velocities. Plots were classified according to the quality of picks indicated in the
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Weight 4 (> 15). Segmented blue and red lines represent the fit of the data. Standard deviation and number of observation are displayed on the top left corner of each
plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(3) Clustered activity in the overriding plate can be observed in both
northern (AA’) and southern (BB’) profiles.

(4) Profiles AA” and BB’ (see Fig. 6) show that a portion of the after-
shocks reach the trench. This has been demonstrated as a robust
feature due to specific bias testing of the offshore relocated seis-
micity.

Although, the formal locations errors stated before are < 3km in
depth, absolute locations errors can be significantly larger. To identify
whether the events distributed close to the trench are located in the
subducting or the overriding plate, we calculated RMT solutions to
better constrain the hypocenter depth. We focus here on the offshore
seismicity located close to profile BB and calculated 14 RMTs. This is
an area where Agurto-Detzel et al. (2019) reported a single anomalous
strike-slip event at about 10 km depth. Fig. 6 shows the solutions su-
perimposed over the relocated aftershock activity. Additional in-
formation about the waveform inversion fit and comparison with other
MT catalogues are shown in Supplementary Material 9, 10 and 11. We
also compare the difference between depths obtained from the velocity
model inversion and isola. Events with depths between 5 km and 15 km,
based on arrival times, show a small difference in their depth locations
in comparison to the RMT solutions. For the offshore seismicity located
with depths > 15km using travel times, the RMT centroid depths are

shallower than those of the hypocenters (see Table 2 and Supplemen-
tary Materials 12 and 13).

The majority of the aftershock RMTs for the Pedernales segment
exhibit a thrust mechanism related to the subduction interface (e.g.
Agurto-Detzel et al., 2019). However, we also find events that display
extensional and strike slip faulting mechanisms, distributed along the
marine forearc. Table 2 summarizes our results listing the centroid in-
formation, nodal planes, magnitude, variance reduction and double-
couple percentage.

5. Discussion
5.1. Velocity Model

Fig. 4 shows the best 1D velocity model. The histograms show depth
distribution of the aftershock seismicity and help to demonstrate the
resolution of our model at different depths. Although a more in-depth
interpretation requires at least a 2D velocity model, our obtained 1D
velocity model allows us to observe and discuss depth ranges and to
first order the velocity structure with depth. High Vp/Vs ratio obtained
in the shallow layers can be related to hydrated sediments, non-con-
solidated soils and/or fractured oceanic crust (Peacock, 2001; Hacker
et al., 2003a, 2003b; Kato et al., 2010; Pasten-Araya et al., 2018). The
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Table 2

Summary of results for the obtained RMT. Depths calculated based on arrival times inversion were included for comparison.
# Lat (*) Lon (%) Centroid depth (km)  Arrival times depth (km)  Strike Dip  Rake Mag (Mw) Var (%) DC (%) ID Date
1 0.6330 —80.2077 13.00 8.24 196 72 94 4.4 80 82.3 e0 2016-06-06 16:45:08
2 0.2940 —80.5730 2.03 4.42 342 57 -79 5.1 68 89.5 e3 2016-06-01 10:05:16
3 0.3740 —80.4910 14.03 11.91 174 60 65 4.4 86 61.2 e4 2016-05-31 15:48:11
4 0.1295 —80.1691 25.03 25.53 173 84 81 3.3 28 63.8 e5 2016-05-30 05:48:56
5 —0.2000 —80.5770 5.00 18.37 290 54 —66 3.3 13 71.1 e7 2016-06-21 04:40:24
6 -0.2718 —80.6639 16.03 12.54 49 49 164 3.7 13 31.5 e8 2016-06-02 00:18:59
7 —0.1880 —80.6652 16.03 18.99 175 74 74 3.5 44 62.5 e9 2016-06-01 02:12:22
8 —0.4079 —80.9864 14.02 8.14 247 88 177 3.8 45 76.0 el4  2016-07-07 17:10:13
9 —0.4444 —80.9390 8.03 29.99 143 74 -27 3.9 18 99.1 el6  2016-07-08 04:41:34
10 —0.4268 —80.8981 12.03 7.88 316 89 24 4.6 66 55.6 el7  2016-07-08 07:03:48
11 —0.4047 —80.9177 12.03 22.99 316 86 29 4.2 61 43.3 el8  2016-07-08 07:35:15
12 —0.2629 —80.8675 10.03 22.35 324 50 28 4.0 57 10.4 el9  2016-07-10 06:44:34
13 —0.1967 —80.9427 8.03 - 250 80 35 4.2 23 70.0 e25  2016-05-05 16:06:40
14 0.3242 —80.6818 2.03 4.16 318 61 —110 4.7 57 65.9 e27  2016-06-01 15:00:51

values in this section (up to 2.2 at 7.5 km depth) may reflect an upward
migration of fluids coming from the dehydration of sediments sub-
ducting within the Nazca plate. Similar cases have been discussed in
other areas such as northern Chile (Husen and Kissling, 2001), New
Zealand (Barnes et al., 2010), Sumatra (Collings et al., 2012) and Costa
Rica (Bangs et al., 2015). As we are dealing with P- and S- onsets
coming from both OBS and inland stations, in the depth range between
10 km and 40 km, the subduction process of the Nazca plate descending
beneath the South American plate produces an overlapping of velocities
from both plates which do not allow us to address each plate in-
dividually in a one-dimensional model. However, there is a constant
increase in velocities for both P- and S-wave indicating more con-
solidated rocks. We also identify another increase in the Vp/Vs ratio
(Vp/Vs = 1.90) around 30km depth. A change in Vp/Vs ratio at
~30 km depth agrees with the findings of Hacker et al. (2003a, 2003b)
and Bloch et al. (2018) who associated these characteristics with the
dehydration of the subducting oceanic plate. Between 30 km and 40 km

it is not possible to observe a sharp contrast. However, due to the rapid
increase of Vp we suggest a transitional area where the oceanic Moho
could be located. At depths > 40 km, Vp reaches values > 8 km/s that
can be associated with velocities of the upper mantle (Gailler et al.,
2007; Font et al., 2013; Araujo, 2016).

Station correction terms were also calculated in the inversion. Fig. 8
shows the delays obtained for both P- and S-wave onsets. EC16 was
used as a reference station because of its central location along the
array and large number of observations (total = 384, P = 214,
S = 170). For the P-delay times, the standard deviation for all stations
shows that values are concentrated around 0.50s. Delays for the S
phase show a distribution around 0.85s. In both cases, the obtained
values are coherent within the study region following a west to east
change of sign that moves from negative to positive. This change is
mainly associated with two factors: (1) The eastward dipping of the
subducting Nazca plate that produces large residuals in the inversion as
VELEST maps the 2D structure into the station correction terms; (2) the
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variations in topography of the area, from around 3000 m below sea
level at the trench to 700 m above sea level in the coastal range. If we
consider the difference in elevation of the array, a geological inter-
pretation will only be valid for the inland stations as the reference
station (EC16) is located in this area, and the delay in the OBS can
mainly be explained due to the abrupt changes in topography from sea
level to the trench (~4000 m depth).

Taking this into account, the difference in elevation for the inland
seismic stations range from sea level for stations installed close to the
coast to 688 m for the stations deployed at the base of the coastal range.
Station correction terms in Fig. 8, especially for the S-phase, show a NE-
SW variation in sign from negative to positive which might be related
with changes in the geological conditions of the area. Those changes
coincide with the Jama Fault System (JFS) mapped in coastal Ecuador
(Reyes and Michaud, 2012) and can be attributed to differences in the
properties on both sides of the fault. Along the coast, it is possible to
find Cretaceous formations (~89 Ma, Luzieux et al., 2006) with rocks
from the oceanic crust that were accreted onto the margin and could
explain the negative delay in station terms. To the east side of the JFS,
less consolidated formations such as conglomerates, volcanic sediments
and alluvial formations from the Miocene, Pliocene and Quaternary,
respectively, were mapped (Bristow et al., 1977; Cantalamessa and Di
Celma, 2005; Cantalamessa et al., 2007) and can be correlated with the
positive delay observed in our inversion. This difference in the geolo-
gical structures is also consistent with the observation that cities far
from the epicenter (> 100 km) suffered severe damage due to site ef-
fects such as Portoviejo and Chone where the vertical component of
PGA reached up to 1.01 m/s?> and 1.72m/s> (IGEPN, 2016) and the
delay terms for the S-phase calculated were 2.08 s and 2.57 s, respec-
tively. The role of the fault system in the seismicity of the Central
Coastal Ecuadorian margin will be discussed in detail in the next sec-
tion.

5.2. Aftershocks distribution

The majority of our relocated events with local magnitude > 3.5 are
surrounding the coseismic slip area determined by Nocquet et al.
(2017). This type of aftershock distribution concentrated on the updip
part of the rupture has been previously observed in other megathrust
earthquakes along the South American margin such as the Mw 8.8
Maule 2010 earthquake (Rietbrock et al., 2012) and the Mw 8.2 Iquique
earthquake (Ledon-Rios et al., 2016).

The distribution of our relocated aftershocks along the margin are
consistent with the observations from Meltzer et al. (2019), Agurto-
Detzel et al. (2019) that show seismicity streaks aligned perpendicular
to the trench (see Supplementary Material 14). The seismicity dis-
tribution during the interseismic cycle (Font et al., 2013) is similar to
the aftershock sequence of the Pedernales earthquake and suggests that
this behavior could be a regular feature of the Ecuadorian subduction
zone (see Supplementary Material 14).

Cross sections AA’ and BB, in Fig. 6, show that the depth dis-
tribution of the events is consistent with Slabl.0 from Hayes et al.
(2012). While the northern section is in a good agreement with the
projection of the slab at distances > 50 km eastward from the trench,
the southern profile shows seismicity that could indicate a shallower
plate interface (see profile BB’ in Supplementary Material 8). The
subduction of the CR helps to explain this distribution due to the ad-
dition of a more buoyant oceanic crust which causes the raising of the
seismogenic interface zone. This has been previously proposed by
Collot et al. (2004) and Gailler et al. (2007) using active seismic
methods in the forearc region of the Ecuadorian margin.

It is also possible to identify clustered seismicity in both sections,
north and south, that are located in the overriding plate. This type of
activity might be caused by the activation of crustal faults due to
changes in Coulomb stress in the area surrounding the coseismic slip
(e.g. Ryder et al., 2012).
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As previously mentioned, the aftershock seismicity, located in the
northern profile AA’, occurs very close to the trench, up to
~5km-10 km, which we confirmed using the OBS stations offshore.
Usually, seismicity along subduction margins does not extend up to
areas close to the trench axis. Although this phenomena has been pre-
viously observed when an accretionary prism is present in the sub-
duction zone, even in a erosional regime it is uncommon to observe
seismicity with such proximity to the trench (i.e. 2010 Maule, Chile
(Rietbrock et al. (2012); Lange et al. (2012)); 2015 Mw 8.3 Illapel,
Chile (Ruiz et al., 2016); 2014 Mw 8.2 Iquique, Chile (Leén-Rios et al.,
2016); New Zealand (Anderson and Webb, 1994); Japan (Asano et al.,
2011)). This activity might be related to (1) intraplate deformation due
to the bending of the oceanic crust that can causes seismicity in the
subducting slab and/or to (2) the absence of a frontal accretionary
prism that allows the locking of the megathrust to extend up to the
trench, causing seismicity, even at shallow depths.

Finally, the presence of subducting seamounts acting as erosional
agents, helps to create a scenario which might promote locking and
allow seismicity to extend up to the trench along zones of weakness
activated after large earthquakes.

5.3. Deformation in the marine forearc and upper crust

Previous studies by Agurto-Detzel et al. (2019) and Meltzer et al.
(2019) have described the overall deformation caused by the Ped-
ernales earthquake. As we now have developed a robust minimum 1D
model for the area affected by the 2016 mainshock and also manually
determined high precision onset times, we are able to constrain the
hypocentral depths in greater detail. We, therefore, will concentrate our
discussion on the offshore area close to Cabo Pasado (see Fig. 7) and
analyze the deformation in the marine forearc and upper crust based on
the diverse seismicity found in this area. The distribution and me-
chanisms of the 14 calculated RMTs in this study are superimposed over
our event locations in Fig. 6. Thrusting focal mechanisms from the
gCMT catalogues (Ekstrom et al., 2012) are also shown and highlight
the diversity of our obtained solutions.

In profile AA’ we found two events with extensional components (e3
and e27 in Table 2) occurring in the overriding plate. Our RMT solu-
tions agree with the suggestion by Marcaillou et al. (2016) who pro-
posed that seamounts, part of the Atacames chain, could cause the
activation of normal faults in the marine forearc of the overriding plate.
Normal faulting in the marine forearc has been previously observed in
the South American margin (Ruiz et al., 2014), especially in areas
within erosive regime like in central Ecuador, where the overriding
plate contains a small accretionary prism and a fractured, eroded and
hydrated wedge that is easy to break.

Across profile BB’, we observed a clear pattern of strike-slip me-
chanisms distributed along the marine forearc (near the plate interface)
and surrounding the scarps in front of Cabo Pasado. This strike-slip
sequence lasted for two days between the 7th and 8th July 2016. Fig. 7
shows in detail the distribution of those events. This type of seismic
activity in the area has been previously observed by Vaca (2017, fig.
2.7) close to La Plata island (~1°S).

Reactivation of preexisting normal faults in the upper crust after
large megathrust earthquakes has been recently observed in many
subduction zone settings (i.e. Farias et al., 2011, Ryder et al., 2012,
Asano et al., 2011, Kato et al., 2011, Toda and Tsutsumi, 2013). Al-
though normal fault mechanisms are also detected for the Pedernales
aftershock sequence we observe a considerable amount of strike-slip
seismicity that might be related to the following possible causes:

(1) The pattern followed by the strike-slip events is consistent with the
projection of the crest of the CR derived by Pilger (1984) (see
Fig. 7). Around 80 km to the north of the CR, the forearc was af-
fected by the subduction of the Atacames seamounts (Collot et al.,
2005; Marcaillou et al., 2016) causing deformation on the margin
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and creating two scarps of 25 to 40 km wide separated by a shallow
promontory (Collot et al., 2009) (see Fig. 7). This suggests that
subduction of the CR beneath the South American plate might
create large scale deformation and reactivate transform faulting in
the overriding plate.
The location of the offshore Cabo Pasado seismicity is coincident
with a rotational block system proposed by Daly (1989) that ex-
tends along the whole Pedernales segment. This system was created
45 Ma ago in the Mid-Late Eocene because of the rapid convergence
rate between the Nazca and the South American plates. The inter-
action of the two convergent plates plus the presence of a major
shear fault could have caused faulting in the forearc between the
trench and the coast, creating several independent blocks in the
Pedernales segment. Rapid changes in the relative velocities of
these blocks could have caused both faults and blocks to have been
rotated within the bounding shear zones, generating zones of strike-
slip faulting at the edges of each block. These features remained
inactive after the stabilization of convergence from the Late Mio-
cene (~10Ma) to the present day. Possible reactivation of the
strike-slip faults might be related to the occurrence of large mega-
thrust earthquake.

(3) Seismicity is associated with the possible extension offshore of the
Jama Fault System (JFS) that also coincides with the area where the
crest of the CR is located. The JFS could be explained as a large-
scale system that was generated to release the stress accumulated
by the interaction between the CCPP fault zone and the con-
vergence margin. Collot et al. (2004) proposed the JFS as an active
transcurrent fault that extends offshore which was confirmed by
Hernandez et al. (2011) and Michaud et al. (2015). It is possible
that the occurrence of a large megathrust earthquake triggered the
nucleation of seismicity along this fault.
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-80° Fig. 7. Zoom into the offshore Cabo Pasado area,
— where the strike-slip seismicity was detected. Red

‘ circles represent the seismicity relocated in the 1D
inversion. Blue beach balls are the RMT solutions.
Black crosses are the projection of the crest of the CR
derived by Collot et al. (2004). Black solid lines show
the Jama Fault System and its projection off shore
from Collot et al. (2004) and Reyes and Michaud
(2012), and the scarps in the marine forearc. Blue
and yellow stars are the initial and final position of
the Atacames seamounts proposed by Marcaillou
et al. (2016). Gray star shows the epicenter of the
2016 Mw 7.8 Pedernales earthquake. Coseismic slip
contour derived by Nocquet et al. (2017) is indicated
in solid yellow line. Inland and seafloor topography
from Michaud et al. (2006). Trench data obtained
from Collot et al. (2004). Slab 1.0 km depth contours
from Hayes et al. (2012) are shown in gray lines.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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In our opinion, a combination between hypothesis (1) and (3) is
most likely to explain the observed activity because large-scale strike-
slip system as the JFS normally do not extend in one single line but in
several strands, covering an entire region as has been observed inland
for the same system. In addition, the interaction between the CR and
the upper crust where the JFS extends might contribute to the gen-
eration of this type of seismicity. These two factors, in addition to a
large megathrust earthquake, such as the 2016 Pedernales event, could
have provided the conditions to reactivate a strike-slip fault in the
marine forearc. This offshore feature might have an important role as a
barrier for large megathrust earthquakes by absorbing the stress re-
leased during the reverse coseismic and transform it into strike-slip
displacement (e.g. Collot et al., 2004).

Whatever the cause is, the occurrence of seismicity associated with
the reactivation of a strike-slip fault in the marine forearc is a re-
markable observation. Upper crustal activity, related to normal faulting
has been often documented: e.g. Pichilemu in central Chile (Farias
et al., 2011; Ryder et al., 2012) and also in Japan (Kato et al., 2011). It
is therefore interesting to note that strike-slip faults can also be re-
activated and should, therefore, be mapped in order to update the ha-
zards map in the region.

6. Conclusions

We inferred a minimum 1D model for the Pedernales segment based
on the aftershock sequence (M; > 3.5) of the Mw 7.8 Pedernales
earthquake. The velocity structure for both P- and S-phases was ob-
tained after manually picking 345 events recorded by the permanent
Ecuadorian seismic network and a temporary array that includes > 70
inland and marine stations installed one month after the mainshock. P-
and S- arrival times from 227 earthquakes with gap < 200° were
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Fig. 8. Map with station corrections for P- (right) and S- (left) phases obtained after the 1D inversion. Inverted green triangle represents the reference station EC16.
White star is showing the epicenter of the 2016 Mw 7.8 Pedernales earthquake. Inland and seafloor topography from Michaud et al. (2006). Trench data obtained
from Collot et al. (2004). Slab 10 km depth contours from Hayes et al. (2012) are shown in gray lines. Jama Fault System (JFS) trace extracted from Reyes and
Michaud (2012). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

inverted with VELEST to obtain absolute velocities, hypocentral loca-
tions and station correction terms.

The obtained minimum 1D velocity model shows a good resolution
down to 40 km depth constrained with the ray paths and the earthquake
distribution. The area has an average Vp/Vs ratio of 1.82 which varies
with depth that may be related to hydration and serpentinization in the
downgoing plate.

The seismicity is distributed in streaks which align perpendicular to
the trench. Cross sections allow us to identify the seismogenic contact
between the Nazca and South American plates. Shallow seismicity was
observed in both northern and southern segments of the rupture area
suggesting the activation of faults in the overriding plate. Some of the
observed seismicity reached the trench which suggests the absence of a
frontal accretionary prism.

Regional moment tensors were calculated to analyze the source
mechanism of some events offshore. Although the majority of the
events show focal mechanisms consistent with the subduction process,
we also observe extensional faulting in the marine forearc that can be
associated to the subduction of already-mapped seamounts. We also
found strike-slip faulting which might be related to the reactivation of a
strike-slip structure after the 2016 Mw 7.8 Pedernales earthquake that,
in combination with the subduction of the crest of the CR, might cause
the nucleation of the observed seismicity along the marine forearc
margin. The observation of this type of activity suggests the need to
reevaluate the geological structures in the marine forearc and to update
the seismic hazard map for this region including the possible scenario of
a large strike-slip event.
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