ADVANCING

A7 |
AT soicescience

JGR Solid Earth -0

RESEARCH ARTICLE
10.1029/2020JB020701

Key Points:

« 3D Vp and Vp/Vs models were
calculated using local earthquake
tomography in the region affected
by the 2016 Pedernales, Ecuador
earthquake

« Tomographic images highlight
the heterogeneities of the margin
affected by seamounts and ridges
comprising the oceanic crust

« Carnegie Ridge seems the main
feature controlling the seismic
activity and the offshore extent of
large megathrust earthquakes in the
region

Supporting Information:

« Supporting Information S1

Correspondence to:
S. Leén-Rios,
sergio.leon-rios@kit.edu

Citation:

Leon-Rios, S., Bie, L., Agurto-Detzel,
H., Rietbrock, A., Galve, A., Alvarado,
A., et al. (2021). 3D local earthquake
tomography of the Ecuadorian margin
in the source area of the 2016 Mw

7.8 Pedernales earthquake. Journal

of Geophysical Research: Solid Earth,
126, €2020JB020701. https://doi.
org/10.1029/2020JB020701

Received 4 AUG 2020
Accepted 27 FEB 2021

© 2021. The Authors.

This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided
the original work is properly cited and
is not used for commercial purposes.

3D Local Earthquake Tomography of the Ecuadorian
Margin in the Source Area of the 2016 Mw 7.8 Pedernales
Earthquake

, Andreas Rietbrock®' @,
, Philippe Charvis® ©,
, Mireille Laigle®, Davide Oregioni’,

Sergio Leén-Rios' 2, Lidong Bie', Hans Agurto-Detzel’
Audrey Galve’® @9, Alexandra Alvarado® ©©, Susan Beck®
Yvonne Font?, Silvana Hidalgo® 9, Mariah Hoskins’

Anne Meltzer® ©, Mario Ruiz® 9, and Jack Woollam'

Karlsruhe Institute of Technology, Geophysical Institute, Karlsruhe, Germany, *Université Cote d'Azur, IRD,
CNRS, Observatoire de la Cote d'Azur, Géoazur, Nice, France, *Instituto Geofisico, Escuela Politécnica Nacional,
Quito, Ecuador, *Department of Geosciences, University of Arizona, Tucson, AZ, USA, *Department of Earth and
Environmental Sciences, Lehigh University, Bethlehem, PA, USA

Abstract Based on manually analyzed waveforms recorded by the permanent Ecuadorian network
and our large aftershock deployment installed after the Pedernales earthquake, we derive three-
dimensional Vp and Vp/Vs structures and earthquake locations for central coastal Ecuador using local
earthquake tomography. Images highlight the features in the subducting and overriding plates down to

35 km depth. Vp anomalies (~4.5-7.5 km/s) show the roughness of the incoming oceanic crust (OC). Vp/
Vs varies from ~1.75 to ~1.94, averaging a value of 1.82 consistent with terranes of oceanic nature. We
identify a low Vp (~5.5 km/s) region extending along strike, in the marine forearc. To the North, we relate
this low Vp and Vp/Vs (<1.80) region to a subducted seamount that might be part of the Carnegie Ridge
(CR). To the South, the low Vp region is associated with high Vp/Vs (>1.85) which we interpret as deeply
fractured, probably hydrated OC caused by the CR being subducted. These features play an important role
in controlling the seismic behavior of the margin. While subducted seamounts might contribute to the
nucleation of intermediate megathrust earthquakes in the northern segment, the CR seems to be the main
feature controlling the seismicity in the region by promoting creeping and slow slip events offshore that
can be linked to the updip limit of large megathrust earthquakes in the northern segment and the absence
of them in the southern region over the instrumental period.

Plain Language Summary Using seismic data recorded by the permanent Ecuadorian
network and the large emergency installation after the 2016 Pedernales earthquake, we obtained the
seismic velocity structure together with precise earthquake locations for the coastal Ecuadorian margin.
Our images highlight the heterogeneities of the subduction zone affected by seamounts and ridges
comprising the oceanic crust. These features play an important role in controlling the seismic behavior of
the margin. While seamounts can contribute to the occurrence of intermediate (M ~ 7-7.5) megathrust
earthquakes in the north, the Carnegie Ridge seems to be the main feature controlling the seismicity in
the region by promoting creeping and slow slip events offshore that can be linked to the updip limit of
large megathrust earthquakes in the northern segment and the absence of them in the southern region.

1. Introduction

The subduction margin of Ecuador presents a structural segmentation along strike mainly caused by sub-
ducting topography coming from the oceanic plate (e.g., Collot et al., 2002; Gailler et al., 2007; Marcaillou
et al., 2016). Additionally, the margin hosts a wide variety of seismic behavior including large megath-
rust earthquakes, seismic swarms, repeating earthquakes, and slow slip events (SSE, e.g., Agurto-Detzel
et al., 2019; Font et al., 2013; Rolandone et al., 2018). To the north of the equator, the margin has pro-
duced several large magnitude >7.5 subduction earthquakes in the past (Abe, 1979; Beck & Ruff, 1984; Herd
et al., 1981; Kanamori & McNally, 1982; Kelleher, 1972; Mendoza & Dewey, 1984; Ramirez, 1975; Sennson
& Beck, 1996). South of the equator, just a small number of large subduction earthquakes have been ob-
served (Bilek, 2010; Dorbath et al., 1990; Egred, 1968), with only two Mw > 7.0 events that occurred close
to Bahia Caraquez (Storchak et al., 2013), and seismic activity has been mostly associated with swarms
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Figure 1. Seismotectonic and geological setting. (a) Seismotectonic setting of the study area. Solid blue lines represent the extension of historical earthquakes
in the area. Epicenters of those events are indicated with a black star. Slow slip events, repeating earthquakes, and seismic swarm episodes are also represented
by squares, diamonds, and circles, respectively. 2016 Pedernales earthquake is shown including its epicenter (yellow star), coseismic slip by Nocquet

et al. (2017) (solid green line), and focal mechanism (green beach ball). Distribution of the interseismic coupling by Nocquet et al. (2014). Chingual-Cosanga-
Pallatanga—Puna fault (CCPP) that created the North Andean Sliver (NAS) is represented by a segmented line. (b) Geological context and recording network.
Main formations, sedimentary basins, and faults mapped by Reyes and Michaud (2012) are displayed by coloring forms and solid black lines. Offshore, residual
bathymetry derived by Agurto-Detzel et al. (2019) is shown in solid black line. Permanent Ecuadorian network (RENSIG, Alvarado et al., 2018) and emergency
deployment (Meltzer et al., 2019) are shown in orange and light blue inverted triangles, respectively. Profiles, P1-P10, discussed in this work are plotted in solid
red line. Yellow star represents the epicenter of the 2016 Pedernales earthquake (Nocquet et al., 2017).

(Segovia, 2001; Segovia et al., 2009; Vaca et al., 2009), repeating earthquakes (Rolandone et al., 2018) and
SSE (Chlieh et al., 2014; Collot et al., 2017; Mothes et al., 2013; Rolandone et al., 2018; Segovia et al., 2018;
Vaca et al., 2018; Vallée et al., 2013). The Mw 7.8 Pedernales earthquake occurred in 2016 and was located
in a region previously identified as highly coupled by Chlieh et al. (2014). Nocquet et al. (2017) showed
that an area of about 100 x 40 km* was affected by coseismic slip (see Figure 1a). The associated after-slip
was described by Rolandone et al. (2018) highlighting that areas surrounding the mainshock experienced
postseismic slip and SSE. This phenomenon, where several types of slip behavior are capable of coexisting
during interseismic, coseismic, and postseismic stages, suggests a highly heterogeneous plate boundary.

Although the Ecuadorian margin has been widely studied, there is still no consensus about a regional scale
3D velocity model (3DVM), especially for the coastal area and the marine forearc, where megathrust earth-
quakes pose high seismic hazard. Previous local studies in the Esmeraldas segment (Agudelo et al., 2009;
Gailler et al., 2007; Garcia-Cano et al., 2014), La Plata island (Gailler et al., 2007), and part of the Carnegie
Ridge (CR) (Gailler et al., 2007; Graindorge et al., 2004; Sallarés & Charvis, 2003; Sallares et al., 2005) have
contributed to our understanding of the first-order characteristics of the physical properties of the margin.
On a regional scale, Font et al. (2013) built a velocity model for the forearc by combining geodynamic, struc-
tural, and velocity data, reproducing the slab geometry. Araujo (2016) derived a seismic velocity model and
Moho depth for a larger area based on seismic data from the Ecuadorian permanent network (RENSIG);
however, small-scale structures (e.g., seamounts) that could impact the seismic behavior in the forearc re-
gion were not resolved. Lynner et al. (2020) and Koch et al. (2020) used ambient noise and joint ambient
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noise and receiver function methods respectively to image the coastal forearc but were unable to image the
marine forearc together with the P wave velocity in the region.

Based on the aftershock activity of the April 16, 2016, Pedernales earthquake and the background seismic
activity recorded by our temporary seismic network, which included ocean bottom seismometers (OBSs)
installed along the trench axis (Leén-Rios et al., 2019; Meltzer et al., 2019), we derive a novel 3DVM for
Vp and Vp/Vs together with precise hypocentral locations for the central coastal area of Ecuador. Local
earthquake tomography images the physical properties of the margin which, together with the regional
seismotectonic and geological settings, provide a descriptive interpretation of the major features involved in
the Ecuadorian subduction process. Our findings highlight not only a very heterogeneous margin with sea-
mounts and large bathymetric features within the oceanic crust but also an overriding plate highly affected
by large-scale faults. Finally, we discuss how these structures might contribute to controlling the seismic
activity in the Ecuadorian margin.

2. Tectonic Setting

The Ecuadorian margin is controlled by the subduction of the oceanic Nazca plate beneath the continen-
tal South American plate. This process occurs with an east-west convergence rate of ~47 mm/year (Ken-
drick et al., 2003; Nocquet et al., 2009, 2017; Trenkamp et al., 2002). The margin has been recognized as
highly segmented and mainly erosional (Collot et al., 2002; Gailler et al., 2007; Marcaillou et al., 2016).
The continental forearc is divided by the Chingual-Cosanga-Pallatanga-Puna (CCPP) fault zone (Alvarado
et al., 2016), limiting the North Andean Sliver (NAS) as shown in Figure 1a. In front of the NAS, the Nazca
plate is less than 26 Ma old (Lonsdale, 2005) and subducts at a relative rate of about 46 mm/year (Chlieh
et al., 2014).

Offshore, the study area is characterized by the presence of large bathymetric features such as the aseismic
CR, the Atacames seamount chain, and, farther north, the Yaquina graben interpreted as an extinct rift and
transform fault closer to the trench (Hardy, 1991; Lonsdale, 2005) (see Figure 1b). These significant along-
strike and along-dip structural variations, which might exist at greater depth on the subducted portion of
the plate, may contribute to the diverse patterns of seismicity along strike (Agurto-Detzel et al., 2019; Font
et al., 2013; Gailler et al., 2007). The CR subducts beneath the Ecuadorian trench between latitude ~1°N
and ~2°S (see Figure 1). It is ~280 km wide and 2 km high and is currently subducting in ENE direction.
Residual bathymetry (Figure 1b) derived by Agurto-Detzel et al. (2019) images the rough topography caused
by the CR. The CR was formed by the Galapagos hot-spot (GHS) located about 1,000 km west of the coast-
line of Ecuador. At the northern flank of the CR, a series of seamounts, including the Atacames seamounts,
are subducting beneath the South American plate. Marcaillou et al. (2016) point out that the Atacames
seamounts play an important role on promoting the stable sliding of the updip segment of the seismogenic
zone and controlling the propagation of large subduction earthquakes toward the trench. The thickness
of the oceanic crust varies along strike—from 5 km in the north, close to Esmeraldas (~1°N), to 14 km in
the south (~1°S), reaching its maximum of 19 km beneath the crest of the CR (Calahorrano et al., 2008;
Garcia-Cano et al., 2014; Graindorge et al., 2004; Meissnar et al., 1976; Sallares & Charvis, 2003; Sallares
et al., 2005).

Toward the coast, the current forearc in central Ecuador is the result of subsequent accretion of litho-
spheric material and arc rocks that occurred between the late Cretaceous to the Paleocene/Eocene (Jaillard
et al., 2009; Reynaud et al., 1999). A thin layer of sediments of 500-1,000 m (Jaillard et al., 2000) covers most
of the forearc. Distributed along the coastline, magmatic outcrops have been associated with the Pifion for-
mation (Luzieux et al., 2006; Reyes & Michaud, 2012; Reynaud et al., 1999) which is identified as “the Creta-
ceous igneous basement of western Ecuador” (Reynaud et al., 1999) and extends along the whole study area
up to the CCPP fault to the east. In the Manta area, the San Lorenzo block, a mix of volcanic conglomerates,
appears in conformity with the Pifion formation (Reyes & Michaud, 2012; Reynaud et al., 1999) creating
oceanic terranes. Quaternary sediments cover these as well as other small formations, forming several ba-
sins along the coast such as the Borbon, Manta-Jama, and Manabi basin (see (1), (2), and (3) in Figure 1b).
The local tectonic and seismic activity is controlled by major faults that bound these basins (Agurto-Detzel
et al., 2019; Font et al., 2013; Le6n-Rios et al., 2019; Luzieux et al., 2006; Reyes & Michaud, 2012; Reynaud
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et al., 1999; Soto-Cordero et al., 2020). Reyes and Michaud (2012) updated the coastal geological map for Ec-
uador extending several faults observed at the surface. The main geological structures and faults (Figure 1b)
not only contribute to regional tectonic control but also allow the circulation of fluids within the margin
(e.g., the Jipijapa fault; Segovia et al., 2018).

3. Network and Data Set
3.1. The Seismic Aftershock Network

After the 2016 Pedernales mainshock, a large international collaboration coordinated a rapid response to
install a temporary seismic network (Meltzer et al., 2019). One month after the mainshock, a dense tempo-
rary amphibious network was deployed comprising broadband and short period seismic land stations and
OBS stations along the trench. Figure 1b shows the spatial distribution of the final deployment, including
both temporary and permanent deployments consisting on more than 80 stations, with a station spacing
of approximately 10-30 km. Onshore stations were fully operative from May 2016 to June 2017. Offshore,
OBSs were recording between mid-May and November in 2016.

3.2. Data Set

To extend the catalog prepared to obtain the 1D velocity model (Ledn-Rios et al., 2019), we incorporated ad-
ditional events from the refined earthquake catalog by Agurto-Detzel et al. (2019). Seismicity with My, > 2.5
recorded between May and November 2016 and located in the vicinity (300 X 200 km?) of the temporary
network was included in the 3D inversion process. From this catalog, P and S wave arrival times were man-
ually picked using the Seismic Data eXplorer (SDX) software package (Heath, 2010) that utilizes a modified
hypo71 algorithm for the hypocenter location (Lee & Lahr, 1972). Following the procedures from Agurto
et al. (2012), Hicks et al. (2014), and Leon-Rios et al. (2019), 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 fol-
lowing time uncertainties: Weight 0 (<0.04 s), Weight 1 (0.04-0.1 s), Weight 2 (0.1-0.2 s), Weight 3 (0.2-1 s),
and Weight 4 (>1 s). Events were located using the minimum 1D model and station correction terms from
Leon-Rios et al. (2019). Finally, we accepted 568 events with at least 10 P- and 5 S-phase observations. The
range in azimuthal gap is between 46° and 210° for 549 earthquakes. Close to the trench, in the northern-
most region, we relaxed the restriction for events with an azimuthal gap <230°, as otherwise the earthquake
distribution would have become uneven. The final catalog contains 10,628 P-phases and 9,134 S-phases
with a median azimuthal gap of 123°.

4. Method: Local Earthquake Tomography

Following the procedure detailed by, for example, Husen et al. (2000), Haberland et al. (2009), and Hicks
et al. (2014), we performed a series of iterative travel time inversions to obtain Vp, Vp/Vs, and hypocentral
locations using SIMULPS (Eberhart-Phillips, 1990; Evans et al., 1994; Thurber, 1983, 1993). To compute seis-
mic velocities and hypocentral parameters, the algorithm performs iterative travel time inversions within
a 3D nonregular nodal grid defined by the user. For our inversion, we defined a grid of 200 x 250 x 60 km?
(see Figure S1) with nodes organized in profiles perpendicular to the trench axis. The 1D velocity model
(Leon-Rios et al., 2019; see Figure S2) represents the structure of the margin below a reference station lo-
cated at the coast, approximately where northern limit of the CR subducts. To ensure, this does not bias our
3D results and because of the margin segmentation (Gailler et al., 2017), we followed a graded approach
(e.g., Eberhart-Phillips, 1986; Husen et al., 2000; Roecker, 1993; Thurber et al., 1995, among others) and
invert for a coarse 2D velocity model (2DVM) and precise earthquake localization in two segments located
north and south of the equator. The refined locations and associated travel time observations were merged
for the subsequent 3D inversion. For all stages, damping values were derived by analyzing trade-off curves
(Eberhart-Phillips, 1986; see Figure S3). P wave velocities were initially calculated and then used as input to
perform the Vp/Vs inversion. We applied a staggered grid approach by shifting the coordinate system of the
inversion nodes by a third to improve our lateral resolution as has been previously suggested (e.g., Collings
et al., 2012; Haberland et al., 2009; Hicks et al., 2014). A detailed description of each step is given in the
following sections.
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4.1. Two-Dimensional Modeling

To obtain the 2DVM, we extended our minimum 1D model (Ledn-Rios et al., 2019) along a 2D grid with a
west-east orientation perpendicular to the trench. In depth, the distance between nodes follows the layer-
ing of the minimum 1D model and varies from 2.5 km at shallower layers to 10 km at greater depths (see
Figures S1 and S2). To obtain a spatially even event distribution and to increase the amount of P- and S-on-
sets for the inversion, we augmented the 1D catalog (Leén-Rios et al., 2019) of 227 earthquakes with 222
manually picked events to obtain a catalog of 549 earthquakes (=10 P-onsets, >5 S-onsets, and gap < 210°).
To account for the structural differences between areas located north and south of the equator, we split the
analysis in two sections to obtain robust earthquake locations at this initial stage. For the inversion to the
north (2D-N), we used 317 events with 5,479 P- and 4,559 S-onset phases. For the south section (2D-S), a
total of 232 events containing 4,821 P- and 4,128 S- onset phases were used. Several damping values were
tested to select the best one to perform the inversions (see Figure S3). As to our knowledge, no seismic ve-
locity tomography has been carried out and also an accepted model for the slab geometry is still debated in
our study region, we started with a rough (average nodal spacing of 25 km) 2D model to improve earthquake
locations and to obtain the overall structure of the arc. This was followed by an inversion of a finer 2D grid
(horizontal grid spacing of 15 km equivalent to the stations spacing ~15-20 km) to enhance along-strike
resolution perpendicular to the trench. For both north and south sections, we applied a staggered grid tech-
nique (e.g., Evans & Achauer, 1993; Hicks et al., 2014) by shifting nodes by a third of their minimum spacing
along strike to further improve lateral resolution and to allow the seismic velocities to become independent
of the actual node locations. The resulting averaged Vp models were then used as the new starting models
to invert for Vp/Vs for the north and south cross sections.

4.2. Three-Dimensional Modeling

Using the results from the previous stage, we subsequently calculate a 3DVM. We added 19 additional
events to the northernmost part of our study region and close to the trench to achieve a more even raypath
coverage in this area of the model and therefore relaxed the azimuthal gap to <230° to be able to incorporate
these events. In total, we inverted 568 earthquakes with 10,628 P- and 9,134 S-phases over a 3D grid that
comprises 11 profiles with nodes distributed in a volume with a minimum spacing, of 15, 20, and 2.5 km, for
the x (east), y (north), and z (down) axis, respectively (see Figure S1). Optimal damping value was again de-
termined by trade-off curve analysis (see Figure S3). The Vp velocities were solved using a smooth 2D start-
ing model that incorporates the slab geometry derived in the previous stage (see Figure S4). Subsequently,
we inverted for the 3D Vp/Vs ratios following the same procedure conducted at the 2D modeling stage.

5. Resolution

Although the setting of our amphibious experiment ensures a good recording coverage for the seismicity
(see Figure S5), the irregular distribution of both stations and earthquakes raises the problem of resolu-
tion heterogeneity within the 3D volume. To identify areas that are well resolved and to distinguish them
from areas that are poorly resolved, we conducted several resolution tests. First, following Eberhart-Phillips
(1993) and Eberhart-Phillips and Michael (1998), we inspected critical parameters from the model reso-
lution matrix (MRM). By taking the ratio between off-diagonal and diagonal elements of the MRM, we
derived the spread function (SF; Michelini, 1991; Michelini & McEvilly, 1991; Toomey & Foulger, 1989) to
identify areas with good and poor ray coverage. We also inspected the size and orientation of lateral smear-
ing by contouring the 70% value of the diagonal elements at each row of the MRM (e.g., Collings et al., 2012;
Haberland et al., 2009; Hicks et al., 2014; Toomey & Foulger, 1989). In general, large diagonal elements of
the MRM, small SF, and rounded contour lines around the grid nodes are indicative of well-resolved areas.

Additionally to inspecting the MRM, we also evaluate synthetic reconstruction tests to identify the well-re-
solved areas. We started with a classic tool to explore this matter by performing a checkerboard test (Spa-
kman & Nolet, 1988). This type of analysis helps us to estimate how well resolved are different sizes of
anomalies in our model and how well amplitudes are recovered and therefore helps to determine the mini-
mum resolvable node spacing. Synthetic travel times were calculated using the observations from our final
3D inversion over an alternating pattern of positive and negative anomalies of 5% of the inverted model.
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Different sizes of anomalies (15 and 30 km, see Figures 4 and S8) were tested. Then, the inversion workflow
was applied to recover the original structure. Finally, we evaluated the agreements (dv) between the anom-
alies in the initial and final models.

Furthermore, we performed characteristic model restoring tests to assess the ability to recover features
similar to key ones observed in 3DVM and discussed in greater detail later. We focused on the analysis of a
subducting seamount shaped with a low Vp anomaly and located close to the trench in profiles P4 and P5.
The synthetic model also included a low Vp feature at ~20 km depth, located in P7 (see Figures 4c and S9).
Synthetic travel times were computed and subsequently inverted using the initial 2DVM used at the 3D
modeling stage. To check the dependency of the initial 2D model on our 3D inversion results, we conducted
restoring tests using the 2D-N model and a merged 2D-N and 2D-S model as an initial input for the inver-
sion. For the first case, synthetic travel times were calculated for the 2D-N model projected along the grid
(see Figure S10). For the second test, we inverted our actual travel times data set using a 2D model formed
by the merging the 2D-N and 2D-S velocity parameters (see Figures S11 and S12). In both cases, the inver-
sions were performed following the same workflow as described for the 3D modeling stage. Additionally, a
synthetic test was carried out to assess the restoring capability of our results by using a completely different
approach for representing the model and calculating synthetic travel times. Following Podvin and Lecomte
(1991), we applied a three-dimensional finite difference ray tracer to calculate travel times over a 500-m grid
spacing synthetic models that included the slab geometry and a fast (~7.5 km/s) or slow (~5.5 km/s) Vp
anomaly located offshore, around P4. To incorporate uncertainties in the arrival times, Gaussian noise was
added based on the weighted variance of each phase (0.05 s for P and 0.1 s for S) based on the average esti-
mated picking accuracy of the manual travel time data set. We reproduced the whole inversion workflow, by
starting the inversion using the minimum 1D model (Le6n-Rios et al., 2019) to restore the slab geometry in
the region. Subsequently, travel times were inverted using a coarse grid with only two profiles in the y axis
and followed by the 3D velocity inversion (see Figures S13 and S14).

Finally, to estimate the uncertainties in the velocity determination, we also performed a bootstrap test by
randomly creating 100 subsets of data comprising 80% of the actual catalog which were subsequently in-
verted. We calculated the standard deviation at each node of the grid (see Figure S15) to estimate the errors
of our obtained Vp and Vp/Vs models.

5.1. Model Resolution Matrix

Figures 2 and 3 show the resolution of our 2DVM and 3DVM for both Vp and Vp/Vs. We consider well re-
covered areas when SF < 65% of its maximum value (e.g., Haberland et al., 2009; Hicks et al., 2014). 2DVM
show a well-resolved Vp in both, north and south, segments. The Vp/Vs ratios show a less constrained area,
mainly because of a lower number of S-phase onsets. For our 3DVM, Figure 3 shows a representative sam-
ple of the MRM (Figures S6 and S7 present the resolution obtained for all profiles in cross section and hori-
zontal slices, respectively). From north to south, we observed how the central profiles are better resolved. At
~1°N, in profile 1, the lack of seismicity and data from OBS at this latitude confines the resolution contour
to an area with data coming from a seismic cluster in the upper crust. In contrast, the rest of the profiles
show wider resolution contours. In terms of MRM, the small SF and rounded shape of the resolution ker-
nels indicate well-resolved areas. Although some areas in the marine forearc can show lateral smearing
(P5-Pe6, see Figure S6), it is important to highlight how the resolved areas were increased trench-ward due
to the presence of the OBS. The portion of the marine forearc devoid of OBSs (P1) is not resolved at shallow
depths (<5-7 km). For Vp/Vs (Figure 3), the resolution contours are smaller due to the quality of S-phases
detected, we were able to resolve the central part in all profiles. In terms of smearing, we see a transition in
the shape of the resolution kernels that goes from small in the central part (around 0 km in the x axis) to a
large-elongated shape near the edges, limiting the resolution in these areas (see Figure S6).

5.2. Checkerboard Test

Anomalies of 30 km width (Figures 4 and S8) show well recovered velocities (dv ~ 5%) down to ~40 km
depth. Lateral and vertical extensions of the recovered anomalies show a recovery <2%. For smaller per-
turbations (15 km, Figure 4), areas of good recovery are similar to those from larger anomalies, showing
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Figure 2. 2D model resolution matrix (MRM). Resolution contour estimation for the 2D Vp and Vp/Vs models in the north and south segments. Based on the
MRM analysis, calculation of the spread function is displayed in a red/blue scale. Green lines show the 70% contour for the diagonal elements of the MRM. The
distribution of the nodes in depth follows the layered structure derived in the minimum 1D model (Ledn-Rios et al., 2019; see Figure S2). In a W-E direction,
node spacing is 15 km. Solid black triangles represent the projection of the trench (Collot et al., 2005) and coastline. Finally, inverted triangles are the stations
projected on each profile in a region of +12 km.

a reduction of recovered velocities (dv < 2%) when deeper than ~30 km. We observe a reduction in the
recovering capacity in P1 where the lack of seismicity limits the resolution to a small region at shallower
depths (<20 km) below the coastline. P2 shows a very good recovery reaching dv ~ 4% in its central region
although the edges still show the effects of reduced seismicity. Profiles P4-P8 are completely recovered (dv
~ 5%) in the central areas, reaching good resolution up to the trench. Finally, the southernmost profile P10
also shows well recovered areas although the reduced seismicity in that region reduces the in-depth restor-
ing capacity to <2% down to 20 km.

5.3. Synthetic Recovery Tests

The tests performed with synthetic travel times show a good recovery of different features included in each
characteristic model. For the case of the near-trench low Vp anomalies centered at 5 km depth (Figures 4c
and S9), we observe that P4 is more likely to recover the low Vp by getting values ~5 km/s down to 5 km
depth. P5 restored the reduced velocities (~5.5 km/s) although the Vp = 5 km/s show only a small size
down to 2.5 km depth. In terms of the low Vp anomaly at ~20 km depth in profile P7, the model can recover
the anomaly although with a reduced amplitude.

5.4. Dependency on the 2D Starting Model: 2D-N and Merged 2D-N/2D-S

We explore the dependency of the solution on the starting model by testing two different initial models. In
both cases, we followed the same procedure as for our actual model. For the case of the 2D-N characteristic
model (see Figure S10), we inverted synthetic travel times calculated using the 2D-N model. We observe that
the major features are recovered in almost all profiles, except in those with reduced seismicity correlating
with areas which were already identified as regions of limited resolution. For the second test, we evaluate
the dependency of the solution by merging the 2D-N and 2D-S models. To avoid a sharp velocity contrast at
the interface of the two models, we interpolated the corresponding velocities to generate a smooth starting
model. The merged model was subsequently inverted following the same workflow described for our stag-
gered 3D modeling (see Figures S11 and S12). In general, Vp and Vp/Vs ratios derived using this merging
approach show consistency with the results in our accepted solution. We observe that the main features at
the surface and offshore are well resolved which reinforce the imaging capability of our data set. However,
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Figure 3. 3D model resolution matrix (MRM). Resolution contour estimation for the 3D Vp and Vp/Vs along representative profiles for the northern, central,
and southern parts of the area of study. Based on the MRM analysis, calculation of the spread function is shown by a red/blue scale. Green lines show the 70%
contour for the diagonal elements of the MRM. The distribution of the nodes in depth follow the layered structure derived in the minimum 1D model (Ledn-
Rios et al., 2019; see Figure S2). In a W-E direction, node spacing is 15 km. Solid black triangles represent the projection of the trench (Collot et al., 2005) and
coastline. Finally, inverted triangles are the stations projected on each profile in a region of +12 km. See text for further information.

the along-strike smearing observed parallel to the trench suggests that this strategy can add artifacts to the
solution in areas with reduced seismicity.

5.5. Finite Difference Ray Tracing

The synthetic test based on finite difference ray tracing, and therefore using a completely different approach
of model representation and travel time calculation, suggests a robust model that it is capable to derive: first,
the main 2D features starting from a minimum 1D model (Figure S13), and second, to recover the extent
and amplitudes for both fast and slow anomalies offshore (Figure S14).

5.6. Bootstrap

For this test, we randomly created 100 subcatalogs comprised by 80% of the total events. These subsets of
data were then inverted following the same inversion parameters as described for the 3DVM. We used the
100 resulting models to calculate the standard deviation at each node of the grid. In terms of velocity errors,
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Figure 4. Synthetic recovery tests. Checkerboard test for (a) small, 15 km and (b) medium, 30 km anomalies. Top image show the input model comprised by
alternated positive and negative anomalies of +5% of the inverted model. Bottom images show the recovered velocities along representative profiles for the
northern, central, and southern segments in our region of interest. (c) Restoring test for a seamount represented by low Vp (5.0 km/s) anomalies added in P4
and a low velocity anomaly (6.0 km/s) at 20 km depth in P7. Projection of the synthetic and initial model are shown at the top. The distribution of the nodes in
depth follows the layered structure derived in the minimum 1D model (Leén-Rios et al., 2019; see Figure S2). In a W-E direction, node spacing is 15 km. Solid
black triangles represent the projection of the trench (Collot et al., 2005) and coastline. Finally, inverted triangles are the stations projected on each profile in a
region of +12 km. See Figures S4 and S5 for further details.

we consider the maximum values of the standard deviation and estimate uncertainties ~0.3 km/s for Vp
and ~0.01 for Vp/Vs. The distribution of the standard deviation (Figure S15) is consistent with the well-re-
solved areas observed in the other tests. Finally, we combined the well-resolved areas from all the performed
tests to derive the areas of good resolution highlighted in our accepted model in the following sections. In
general, these areas extend ~130 km eastward from the trench axis and reach down to ~35 km in depth.

6. Results

The following sections describe the results shown in Figures 5-7. Cross sections were produced for 2DVM
and 3DVM (see Figures 5 and 6, respectively). We used slab1.0 (Hayes et al., 2012) as a reference for the
plate interface at depths greater than 15 km and modified the shallower part by using the trench location
from Collot et al. (2005) and our obtained earthquake distribution. Also, horizontal slices for Vp and Vp/Vs
were taken at 2, 5, 10, and 20 km depth to observe velocity changes in depth (Figure 7). The margin shows
Vp/Vs ratios ranging from 1.74 to 1.94 in agreement with Hyndman (1979) and Christensen (1996, 2004)
that suggested typical Vp/Vs values in the upper oceanic crust of 1.78-2.11 depending on the percentage of
serpentine, fluids, or lithology.

6.1. Two-Dimensional Velocity Models

From the resulting 2DVM, we can identify first-order features in both, north and south, segments. Figure 5
shows cross sections for Vp and Vp/Vs where the Vp = 7.0 km/s contour images the geometry of the crustal
part of the downgoing plate. We also observe elevated Vp/Vs ratios (~1.90) located close to the trench. In
the overriding plate, velocity anomalies correspond to major geological structures, such as basins and geo-
logic formations distributed along the margin. North and south profiles in Figure 5 show prominent low Vp
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Figure 5. 2D velocity model. Two-dimensional models for both north (top) and south (bottom), Vp (left) and Vp/Vs (right). Velocities and Vp/Vs ratios are
color coded and isocontours are plotted every 0.5 km/s and 0.05 for Vp and Vp/Vs, respectively. Well-resolved areas are highlighted based on the resolution tests.
Relocated hypocenters are plotted in black circles and grid nodes are shown in black crosses. Yellow star in north, Vp and Vp/Vs, profiles indicates the epicenter
for the 2016 Pedernales earthquake (Nocquet et al., 2017). The distribution of the nodes in depth follows the layered structure derived in the minimum 1D
model (Leén-Rios et al., 2019; see Figure S2). In a W-E direction, node spacing is 15 km. Solid black triangles represent the projection of the trench (Collot

et al., 2005) and coastline. Inverted triangles are the stations projected on each profile in a region of +12 km. Finally, the modified slab interface (see text for
further details) is represented by solid black line.

anomalies (~4 km/s) and alternated distribution of Vp/Vs ratios, with low (~1.75) and high (~1.90) values,
extending eastward at shallow depths. Geologic features associated with these anomalies have been mapped
at the surface by Reyes and Michaud (2012) and will be discussed later. Finally, in terms of seismicity, we
observe that most of the seismicity are located along the slab interface. However, we observe a change from
a more interface-aligned organization of earthquakes in the north to a more dispersed distribution of events
in the south.

6.2. Three-Dimensional Velocity Model

Figures 6 and 7 show our resulting Vp and Vp/Vs 3DVM together with the relocated seismicity, displayed in
horizontal slices and cross sections, respectively. At shallow depths (z = 2 and 5 km, see Figure 6), we image
a prominent elongated N-S feature (P, ~30 x 60 km) along the coastline, having Vp ranging from 5.0 km/s
to Vp = 5.5 km/s. We also observe low velocities (M, Vp ~ 4.5 km/s) south and east of the high Vp anomaly,
suggesting a high velocity contrast at shallow depth in the area. At the same depths (z = 2 and 5 km), high
and low Vp/Vs ratio anomalies (>1.85 and <1.80) are observed at the location of the high (P) and low (M)
Vp regions.

Cross sections in Figure 7 image in detail the uppermost part of the subducting oceanic Nazca plate. By
comparing the depth of the Vp 7.2-7.5 km/s isocontour at ~20 km eastward of the trench, we observe a
thick crust ~15 km which is consistent with previous observations for the Nazca plate thickness (Cano
et al., 2014; Gailler et al., 2007; Sallarés & Charvis, 2003). In terms of Vp/Vs ratios, we find values ~1.90 close
to the trench in profiles P2-P9 (Figure 7).

Close to the trench, a prominent low Vp anomaly (~5.5 km/s) is observed in the oceanic crust. Horizontal
slices at z = 10 km, in Figure 6, show the along-strike extension where three low Vp patches (A1-A3) are
illuminated. Moreover, a detailed inspection of the cross sections (see Figure 7), shows a prominent low Vp
feature of ~20 km wide in P4. Also, this low Vp anomaly shows a broader extension to the south from P5 to
P9. In terms of Vp/Vs, it is also possible to observe an N-S variation in the area where the low Vp anomaly
is described. We image Vp/Vs ratios ~1.75 in P4-P5 that change to ~1.85 from P6 to P9 close to the trench.
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Finally, from the relocated data set displayed in vertical and horizontal profiles, we observed a clustered
distribution mainly organized along the slab interface, as described by Agurto-Detzel et al. (2019), Meltzer
et al. (2019), and Soto-Cordero et al. (2020) but also at shallower depths (<20 km) in the upper crust as dis-
cussed by Ledn-Rios et al. (2019) and Hoskins et al. (2020). Here, we provide a description of the seismicity
distribution observed throughout the 3DVM.

A cluster of crustal seismicity seen in profile P1 occurred in July 2016 along the Esmeraldas segment. Cross
sections in profiles P2-P5 show the seismicity mostly aligned along the slab interface at depths > 15 km.
In contrast, close to the trench in P4, we observe a prominent subvertical organization of events showing a
depth range between 5 and 10 km. Seismicity in profiles P6-P7 appears with a more disperse distribution.
However, it is still possible to identify some clustering close to the trench (~10-15 km depth). P8 shows
clustered activity in the oceanic crust, located ~10-15 km east from the trench. Finally, in profiles P9 and
P10, the observed seismicity is reduced significantly with few events in the slab interface and also clustered
activity in the upper crust with a vertical distribution occurring at shallower depths (~10-15 km) in P9.

7. Interpretation and Discussion
7.1. Upper Plate Crust

P wave velocities in the upper plate crust (UC) can be associated with geological structures described by
Reyes and Michaud (2012) and shown in Figure 1b. Observations from horizontal slices at shallow depths
(z =2 and 5 km) are labeled in Figure 6 relating the high Vp (~5.5 km/s) feature to outcrops of the Pifion
formation (P). The same structure is well imaged in Vp/Vs profiles P4-P6 in Figure 7. This formation is
clearly imaged by relatively low Vp/Vs ratios (1.75-1.80) distributed along the coastline between 0.5°S
and ~0.1°N, and it is part of the oceanic terranes in the overriding plate (Luzieux et al., 2006; Reyes &
Michaud, 2012; Reynaud et al., 1999). We can estimate its lateral extent up to ~25 km. In contrast, at 2 km
depth, we observed an elongated N-S orientated low Vp (M, ~4.5 km/s) body that extends southward. This
feature can be associated with the northern part of a sedimentary basin, namely the Manabi basin (M;
Reyes & Michaud, 2012). The Manabi basin is well identified by a large-scale (~80 x 27 km) NNE high Vp/
Vs (1.85-1.90) anomaly associated with nonconsolidated and hydrated rocks. We also imaged what might
be the basin depocenter by identifying a region of reduced Vp (4.5 km/s) and elevated Vp/Vs ratios (~1.85)
down to 5 km depth (see Figure 6).

The Manabi basin is a large structure that extends for about 200 km along strike and its north-eastern
boundary is controlled by the Jama Fault System (JFS) which separates this basin from the Cretaceous
Pinon formation. The contrasted nature of these formations could be related to the high contrast imaged in
the horizontal slices of both Vp and Vp/Vs models. This fact has been previously described based on station
correction terms from our derived 1D velocity model (Leén-Rios et al., 2019). Moreover, Vp/Vs cross sec-
tions P4-P6 (see Figure 7) highlighted this contrast of Vp/Vs ratios, around 100 eastward from the trench,
up to 5-10 km depth. Collot et al. (2004) and Michaud et al. (2015) have suggested that the JFS extends off-
shore forming an active flower-like fault structure in the marine forearc; however, our model does not show
clear evidence to support that hypothesis. Southernmost profiles P9 and P10 image reduced ratios covering
a large area in the overriding plate. These anomalies can be associated with the San Lorenzo formation
(SL) mapped by Reyes and Michaud (2012—Figure 6) and also observed by Lynner et al. (2020) and Koch
et al. (2020).

Isovelocity contours of Vp ~ 6.0-6.2 km/s in cross sections (Figure 7) also contribute to imaging a tran-
sition zone in the marine forearc at depth above the interplate, which separates a wide deformed, erod-
ed, and fractured trench-ward region of accreted oceanic Cretaceous rocks, with Vp ~ 5.5 km/s, from a

Figure 6. 3D velocity model, horizontal slices. Vp (left) and Vp/Vs (right) horizontal slices at 2, 5, 10, and 20 km depth. Velocities and Vp/Vs ratios are color
coded and isocontours are plotted every 0.5 km/s and 0.05 for Vp and Vp/Vs, respectively. Well-resolved areas are highlighted based on the resolution tests.
Velocity anomalies colocated to surface observations from Reyes and Michaud (2012) and cities referred in text are shown in z = 2 km. Profile and grid nodes
locations are displayed by black solid line and crosses, respectively. Node spacing is 15 km for the W-E direction and 12 km for the N-S direction. Corresponding
slab depth contour is represented by a thick black line. Seismicity is plotted by depth (d) following: d < 5kminz=5km, 5 < d <10 km in z = 10 km, and

d > 10 km in z = 20 km. P, Pifion outcrop; M, Manabi basin; MJ, Manta-Jama basin; SL, San Lorenzo block; JFS, Jama Fault System; CR, Carnegie Ridge; and A,
A1-A3, anomalies described in text.
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deeper more consolidated, less deformed and more mechanically resistant area to the east (Vp > 6 km/s and
depth > 7 km; Cano et al., 2014; Gailler et al., 2007). Following this isovelocity contour (Vp ~ 6.0-6.2 km/s)
along the vertical sections (Figure 7), we observe that in profiles P3-P5, the transition zone is located be-
tween 50 and 60 km eastward of the trench and might be related to the west limit of the Pifion formation
imaged at shallower depths by reduced Vp/Vs ratios (~1.75). As suggested by Wang and Bilek (2011) and
Marcaillou et al. (2016), this possible highly damaged frontal zone can prevent seismic rupture to nucleate
at shallow depths on the megathrust fault. The eastern limit of this frontal domain could indicate a major
feature controlling the updip rupture extension of moderate-magnitude megathrust earthquakes such as
the Mw 7.8 in 1942 and the Mw 7.8 in 2016 occurring on the deeper portion of the fault. Similar behavior has
been proposed by Cano et al. (2014) for the northern Esmeraldas region and the Mw 7.7 earthquake in 1958
(see Figure 1a). As the ~50-60 km wide low velocity wedge is directly affected by the subducting plate and
the possible frontal erosion caused by the incoming topography (Dominguez et al., 1998; Sage et al., 2006;
von Huene et al., 2000), it is expected that the accreted volcanic rocks that shaped the oceanic terranes in
the outermost forearc on this region are fluid-saturated, altered, and disaggregated (Cano et al., 2014; Con-
treras-Reyes et al., 2012; Marcaillou et al., 2016). Finally, toward southern profiles (P6-P8), the described
transition zone reduces its extension to less than 40 km (at ~10 km depth) leading to a margin with Vp ~
6 km/s, consistent with the observations made by Gailler et al. (2007).

7.2. Subducting Oceanic Lithosphere

In general, as it is shown in Figure 7, Vp velocities resulting from our 3DVM image a predominant area of
Vp ~ 4.5-7.5 km/s dipping eastward that we associated with mid-oceanic ridge basalts and basaltic lavas
formed at a spreading center that comprise the oceanic crust (White et al., 1992) but also to serpentinized
rocks that contribute to reduce Vp values (Marcaillou et al., 2008). Because of the inherent limitations of
our data set and model, with in-depth grid node spacing of 5 km (down to 30 km depth), we cannot assess
an exact value for oceanic crustal thickness. Considering the isovelocity contour of 7.5 km/s that mimics the
Moho, we have some insights on the downgoing plate characteristics. On average, we observe no significant
changes in oceanic crustal thickness that appears to be around 15 km (see Figure S16). An abnormally thick
oceanic crust has been previously observed by marine seismic experiments (Gailler et al., 2007; Sallares &
Charvis, 2003; Sallares et al., 2005) in the area that is related to the presence of the Carnegie Ridge (previ-
ously identified as CR). Our tomography shows similar velocities for the upper crust from previous studies
(Graindorge et al., 2004; Sallares et al., 2005) and the presence of the CR is on all profiles where the base of
the oceanic crust is resolved from P3 to P9, highlighting its extension under the margin. The CR resulted
from the cooling of mantle melted material originated ~15-20 Myr B.P. by the interaction between the GHS
and the Cocos-Nazca spreading center (Gailler et al., 2007; Lonsdale, 1978; Sallarés & Charvis, 2003), add-
ing material to the lower layers of the oceanic crust and shifting the Moho location to greater depths (see
z =20 km in Figures 6 and 7). Furthermore, looking at the along-strike variations of the 7.5 km/s isovelocity
contour on profiles P4-P7 (see Figure S16), the flattening of the contour at ~40 km from the trench shows
a thinning of the downgoing crust that could be interpreted as the eastern border of the CR or strong vari-
ations of the CR structure (see Figure 8). If indeed we observe the eastern border of the CR, it seems to be
close to the coast, not having reached it yet. This position of the eastern border of the CR is consistent with
the extension of the Malpelo ridge, as both were part of the same ridge (Lonsdale, 1978). Such interpretation
implies a prior process that resulted in the coastal Cordillera uplift such as stripping events at the base of the
forearc crust (Ménant et al., 2020) and/or deep slab folding at depth (Cerpa et al., 2015).

Figure 7. 3D velocity model, cross sections. Three-dimensional models for both Vp (left) and Vp/Vs (right) based on the inversion of a smooth initial 2D initial
model and the refined arrival times calculated in the 2D-N and 2D-S inversions. Results are shown along 10 W-E profiles. Vp velocities and Vp/Vs ratios are
color coded and isocontours are plotted every 0.5 km/s and 0.05 for Vp and Vp/Vs, respectively. Well-resolved areas are highlighted based on the resolution tests.
Location of profiles, P1-P10, is shown in Figure 1. Width for projection of hypocenters and stations is 22 km. Relocated hypocenters are plotted in black circles,
and stations are represented by inverted triangles. Grid nodes are displayed in black crosses and solid black triangles represent the projection of the trench

and coastline. Yellow star in P3 indicates the hypocenter for the 2016 Pedernales earthquake (Nocquet et al., 2017). Modified slab interface (see text for further
details) is represented by solid black line. P, Pifion outcrop; M, Manabi basin; MJ, Manta-Jama basin; SL, San Lorenzo block; JFS, Jama Fault System; CR,
Carnegie Ridge; F6, El Aromo fault; A, A1-A3, anomalies described in text.

LEON-RIOS ET AL.

14 of 21



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020701

extensional faults

consolidated oceanic terranes |
< >
|
1

 fractured and eroded wedge

marine basin

Atacames ‘. Manabi basin

seamounts

Figure 8. Interpretative sketch. Structural synthesis based on the main findings of this work around profiles P4 and P7. UC, upper plate crust; OC, oceanic
crust; OM, oceanic mantle; CR, Carnegie Ridge; JFS, Jama Fault System, with strike-slip displacement indicated by the dot and cross. Vp velocities at P4 and P7
are projected in cross sections. Hypocenters are shown in circles. Black triangles represent the trench axis and the coastline. Inverted triangles indicate station
locations. Yellow star represents the epicenter of the 2016 Pedernales earthquake (Nocquet et al., 2017). Arrows in the front panel indicate the thickness of the
OC. We observe a thinning of the OC at depths ~20-30 km which we interpret as the eastern end of the CR. Vertical scale exaggeration 1:1.5.

In terms of Vp/Vs, we image elevated ratios of ~1.85 dipping eastward, close to the trench. This feature is in-
tersected with Vp/Vs ratios ~1.80 related to the oceanic terranes (see profiles P3-P5 in Figure 7). We observe
differences in the Vp/Vs ratios between north (P2-P5) and south (P6-P10) segments along the downgoing
plate. The CR shows high Vp/Vs ratio anomaly (>1.85) that changes to normal oceanic values when the slab
reaches 10 km depth (P6-P10), associated with seismicity on P7-P9. To the north this feature seems affected
by the low Vp anomaly observed on P3 and P5 and shows a low Vp/Vs value.

7.3. Elevated Vp/Vs Close to the Trench

Our 2DVM (see Figure 5) shows for the north and south segments elevated Vp/Vs ratio contours (>1.85),
illuminating the subducting oceanic crust close to the trench. However, both profiles reach values >1.90
indicating a highly hydrated region close to the trench (Hacker et al., 2003). More in detail, the 3DVM
helps us to identify the areas where these highs in Vp/Vs ratio are located. Horizontal slices, at z = 5 km,
in Figure 6, show two small patches of Vp/Vs ~ 1.85 located at 0° and 0.5°N. Similarly, slice at z = 10 km
images two N-S elongated anomalies of elevated ratios (>1.85) that extend for ~50 km, in the north, and
~100 km in the south, respectively. High Vp/Vs ratios along the trench axis have been observed along other
subduction zones (e.g., northeastern Japan [Nakajima et al., 2001], central Chile [Haberland et al., 2009;
Hicks et al., 2014], and Costa Rica [Bangs et al., 2015]). This feature is associated with the lithology of the
oceanic crust, the presence of fluids from dehydrating subducted sediments (Husen et al., 2000), and a hy-
drated oceanic crust with extensional faults formed before subduction in the outer rise (von Huene, Ranero,
& Vannucchi, 2004a; von Huene, Ranero, & Watts, 2004b).

The central Ecuadorian subduction zone has been described as an erosive margin with a low input of sed-
iments (Collot et al., 2002; Gailler et al., 2007; Marcaillou et al., 2016), and therefore other mechanisms
explaining the elevated Vp/Vs along the trench are needed. Cross sections P4-P5, in Figure 7, suggest a
positive relation between subducting topography and elevated Vp/Vs ratios (>1.85) on the edges of these
features. Moreover, the seismicity distributed with a subvertically disposition of ~10 km length inside the
oceanic crust gives us insights about possible deformed and fractured areas caused either by the collision
of bathymetric features with the overriding plate and/or the reactivation of extensional faults on the Nazca
plate, created by the outer rise bending prior subducting (von Huene & Culotta, 1989; von Huene, Ranero, &
Vannucchi, 2004a; von Huene, Ranero, & Watts, 2004b). In Figure 8, we suggest that the high ratios imaged
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by our Vp/Vs model are also associated with the subduction of bathymetric features, such as the Atacames
seamounts, which cause deformation and generation of weakness areas close to the trench. This process
contributes to high rates of fluids migration by increasing the porosity and permeability on both plates in-
volved. On the other hand, the broader extent of elevated Vp/Vs ratios >1.85 in the southern segment (P6-
P10) are mainly related to the presence of the CR and its sharp topography (Figure S17). This bathymetric
feature and the previously mentioned outer rise bending contribute to a pervasively fractured and highly
hydrated oceanic crust.

7.4. Low Velocities in the Oceanic Crust

Our 3DVM illuminates a highly heterogeneous margin which is largely affected by the presence of topo-
graphic features on the seafloor. Horizontal slices at z = 10 km (see Figure 6) show a prominent elongated
N-S feature (A) with Vp ~ 5.5 km/s located ~10 km eastward of the trench axis. Restoring and resolution
tests in Supplementary Figures 5-8 support the robustness of this intriguing feature. Moreover, the in-
spection of the MRM along strike (Figure S6) show small SF and rounded 70% contour lines indicating a
reduced along-strike “smearing” and therefore a well-resolved area. The along-strike length of this anomaly
(~130 km) is consistent with the incoming bathymetric structures in the area (see Figure S17). Moreover,
lower Vp (~5.0 km/s) anomalies are confined to smaller areas in P4, P6-P7 and P9. These observations
can be complemented by collocating the observed Vp to the imaged Vp/Vs ratios. Horizontal slices in Fig-
ure 6 allow us to estimate the dimension of the observed features by imaging a rounded, ~15 X 25 km2 (at
z = 10 km), low Vp/Vs ratios anomalies (~1.75), located around P4.

Cross sections in Figure 7 help us to discuss the in-depth extension of the observed anomalies. Here, we
focus on P4 which shows a prominent low Vp body (A1, ~5.0-5.5 km/s) at ~20 km from the trench that
it is flanked by two areas with Vp ~ 6.0 km/s on the sides. This feature agrees in shape and location with
the observations described by Marcaillou et al. (2016) who estimated a ~2.5-km high seamount through
an active seismic experiment. It also matches with the residual bathymetry derived by Agurto-Detzel et al.
(2019—see Figure S17). Therefore, we interpret the observed low Vp anomaly as a seamount coming from
the Atacames seamount chain, in the northern edge of the CR, (P4, Vp ~ 5.0 km/s) surrounded by Vp ~
5.5 km/s that could be related to possible thermal anomalies associated with the origin of these structures
and/or possible serpentinization as observed farther north by Marcaillou et al. (2008). The seismicity distri-
bution also contributes to reinforce our interpretation. In P4 (see Figure 7), we observe two vertical clusters
of events suggesting that the flanks of the seamount are under a high stress regime promoting faulting and
seismic stress release. The clustered seismicity allows us to estimate a ~15-20 km lateral extension of this
feature.

In relation to the origin of the observed low velocities, studies in young seamounts have shown that it is
possible to observe low Vp in its structure (e.g., Caplan-Auerbach & Duennebier, 2001; Kopp et al., 2004). In
the case of the Ecuadorian margin, it has been estimated that the Atacames seamounts were created around
~20-15 Myr ago in the GHS (Lonsdale, 1978; Sallares & Charvis, 2003) which fits the young age hypothesis.
Moreover, the erosive margin might have contributed to increasing the pressure along the seamount axis
creating weaker areas in its base leading to the observed reduced velocities.

Further south, the relation between low Vp (~5.5 km/s) and high Vp/Vs (>1.85) suggests a different inter-
pretation for this segment. Between P6 and P8, we observe a broader low Vp (A2-A3, ~5.5 km/s) anomaly
that might correspond to material of the CR. Moreover, the elevated Vp/Vs ratios (~1.85) imaged along
P6-P10 might point to a deeply fractured and highly hydrated incoming CR.

7.5. Structures Controlling the Seismicity

Figures 6 and 7 show the distribution of the seismicity over both Vp and Vp/Vs 3DVM. Although most of
the relocated data sets are distributed along the plate interface, we identified several clusters of seismicity
that can be related to structural features imaged by our 3DVM.

As we mentioned before, in the subducting Nazca plate, between latitudes ~1°N and ~2°S, the Atacames
seamounts and the CR contribute to increase deformation and therefore to creating and/or reactivating
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extensional faults in the Nazca plate. This process, plus the bending of the plate prior subducting that
causes extensional faulting, facilitates the occurrence of clustered seismicity along small-scale faults in the
oceanic crust (see Figure 8). In the case of the Atacames seamounts, its influence on the Ecuadorian margin
can be observed in the bathymetry of the marine forearc (Barnes et al., 2010; Collot et al., 2005; Marcaillou
et al., 2016; von Huene, Ranero, & Vannucchi, 2004a; von Huene, Ranero, & Watts, 2004b) and also inferred
by the seismicity detected at shallow depths in the marine eroded wedge suggesting a highly fractured
region. Subducted seamounts can also act as asperities/barriers at greater depths (>15 km) contributing
to the nucleation and/or cessation of intermediate-magnitude (M 7.5-8.0, Bilek et al., 2003) megathrust
earthquakes (Wang & Bilek, 2011; Watts et al., 2010).

The CR seems to be the main feature controlling the seismicity in the margin between P3 and P10. Several
studies have suggested that ridges may act aseismically and/or promote creep on the megathrust fault ac-
companied with small events (e.g., Wang & Bilek, 2011). For the CR, Gutscher et al. (1999) described how
large earthquakes have not ruptured across this feature. Graindorge et al. (2004) suggested a greater period
of recurrence of large earthquakes in that region in comparison with the northern segment. Recently, Agur-
to-Detzel et al. (2019) also proposed differences on the slip behavior for North and South segments. Based
on the imaged Vp and Vp/Vs models, we suggest that this large-scale marine feature might contribute to
a deeply fractured and highly hydrated oceanic crust promoting the circulation of fluids to greater depths
(~20-30 km). Fluids would change the local behavior on the slab interface from unstable slip to condition-
ally stable (Kodaira et al., 2004) and therefore impede the occurrence of large megathrust earthquakes.
These conditionally stable parts seem also to be favorable for SSE (e.g., Tokai segment in Nankai trench) and
has been described in the area by Rolandone et al. (2018).

In the upper crust, several small- to large-scale faults might have been activated after the 2016 Pedernales
earthquake. The shallow clustered seismicity observed close to the Esmeraldas segment (~1°N, P1) is relat-
ed to crustal extension (Agurto-Detzel et al., 2019; Hoskins et al., 2020) and can be associated with the acti-
vation of the Tanigiie fault (Michaud et al., 2015—see F11 in Figure 1b) which may extend down to ~15 km
reaching a low Vp/Vs rounded-like body (~1.80) capable to produce this type of confined earthquakes. To
the south (~1°S), we observe clustered vertically aligned seismicity, at ~10-15 km depth, in the southern-
most profile P9. Figure 1b helps us to relate these events with the surface projection of the El Aromo fault
(F6) which has been previously described as an active structure by Segovia et al. (2018) and it is well imaged
in our Vp/Vs model by a strong contrast between elevated and reduced ratios (Figure 7).

8. Conclusion

Using the unprecedented rapid deployment that recorded the regular seismic activity together with the af-
tershock sequence unfolded by the 2016 Pedernales earthquake, we built a high-quality data set of manually
picked P- and S-phases, which were used to derive a 3DVM for Vp velocities and Vp/Vs ratios. We imaged
the seismotectonic and geological velocity structure of the central Ecuadorian subduction zone. Velocities
(~4.5-7.5 km/s) in the downgoing plate highlight the roughness of the incoming oceanic crust. Moreover,
the observed Vp/Vs anomalies ranging from 1.74 to 1.95 suggest a heterogeneous and hydrated margin. We
imaged the subduction of long-scale bathymetric features, such as the Atacames seamounts and the CR,
which seems to contribute to the high circulation of fluids, especially close to the trench.

These features also play an important role in controlling the seismic behavior of the margin. We identified
a subducting seamount, from the Atacames chain, with reduced Vp velocities (~5.0 km/s) and Vp/Vs ratios
(1.75) associated with features with young magmatic material. On the other hand, the CR seems to be the
main feature controlling the seismicity in the region, by promoting creeping and SSE caused by fluids mi-
grating from a deeply fractured and highly hydrated oceanic crust. This fact is directly linked to the updip
rupture limit of large megathrust earthquakes in the northern segment and the absence of large megathrust
earthquakes in the southern region over the instrumental period.

Finally, our observations show the relevance of having well-resolved Vp and Vp/Vs models that comple-
ment each other in order to give a full interpretation, especially in highly heterogeneous and segmented
regions such as the Ecuadorian margin.

LEON-RIOS ET AL.

17 of 21



ALt : :

A Journal of Geophysical Research: Solid Earth 10.1029/2020JB020701

AND SPACE SCIENCE
Data Availability Statement
Data available at IRIS website http://www.iris.edu/dms/nodes/dmc/ using the network code 8G (Meltzer
& Beck, 2016), EC (Alvarado et al., 2018) and G (Institut de Physique du Globe de Paris & Ecole et Obser-
vatoire des Sciences de la Terre de Strasbourg, 1982). Data from the emergency deployment XE available
through Regnier et al. (2016). Earthquakes catalog is available through Agurto-Detzel et al., 2019. Model
data are available in the KIT open repository doi:10.5445/IR/1000126350.
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