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SUMMARY

The Ecuadorian convergent margin has experienced many large mega-thrust earthquakes in the
past century, beginning with a 1906 event that propagated along as much as 500 km of the plate
interface. Many subsections of the 1906 rupture area have subsequently produced M, > 7.7
events, culminating in the 16 April 2016, M,, 7.8 Pedernales earthquake. Interestingly, no
large historic events M,, > 7.7 appear to have propagated southward of ~1°S, which coincides
with the subduction of the Carnegie Ridge. We combine data from temporary seismic stations
deployed following the Pedernales earthquake with data recorded by the permanent stations
of the Ecuadorian national seismic network to discern the velocity structure of the Ecuadorian
forearc and Cordillera using ambient noise tomography. Ambient noise tomography extracts
Vs, information from the ambient noise wavefield and provides detailed constraints on velocity
structures in the crust and upper mantle. In the upper 10 km of the Ecuadorian forearc, we
see evidence of the deepest portions of the sedimentary basins in the region, the Progreso and
Manabi basins. At depths below 30 km, we observe a sharp delineation between accreted fast
forearc terranes and the thick crust of the Ecuadorian Andes. At depths ~20 km, we see a
strong fast velocity anomaly that coincides with the subducting Carnegie Ridge as well as the
southern boundary of large mega-thrust earthquakes. Our observations raise the possibility
that upper-plate structure, in addition to the subducting Carnegie Ridge, plays a role in the
large event segmentation seen along the Ecuadorian margin.

Key words: Crustal imaging; Seismic noise; Crustal structure.

the accreted Ecuadorian terranes are derived from oceanic plateaus

INTRODUCTION and island arcs (e.g. Kerr et al. 1996; Reynaud et al. 1999; Kerr &

The Ecuadorian convergent margin has developed from the per-
sistent subduction of the Nazca Plate beneath continental South
America at a current rate of ~58 mmyr” (e.g. Kendrick et al.
2003). This convergence has led to the formation of the high moun-
tains of the Ecuadorian Andes and the accretion (or the addition)
of many oceanic terranes into the forearc and Cordillera (Fig. 1;
e.g. Kerr ez al. 2002; Jaillard et al. 2004; Luzieux et al. 2006; van
Melle et al. 2008). Previous studies have shown that the majority of

© The Author(s) 2019. Published by Oxford University Press on behalf of The Royal Astronomical Society.

Tarney 2005; Luzieux et al. 2006). These accretionary blocks are
separated by major faults that run roughly parallel to the margin
(Fig. 1).

The forearc region is comprised of several tectono-stratigraphic
regions and has been the focus of many studies (e.g. Jaillard et al.
2004; Kerr & Tarney 2005; Luzieux et al. 2006 and references
therein). We primarily focus here on the forearc. Since the forearc
is heavily sedimented, it is difficult to assess the affinities of the
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Figure 1. Left-hand panel: map of Ecuador showing all stations used in this study (white triangles); approximate aftershock area of the 1906 event (dashed
blue ellipse); simplified aftershock areas of other large (M, > 7.7) mega-thrust events prior to 2016 as estimated by aftershock studies (dashed black ellipses;
Kanamori and McNally 1982; Beck and Ruff 1984; Swenson and Beck 1996); high slip region determined for the 2016, Pedernales earthquake (red patch;
Nocquet et al. 2017); the region of the La Plata SSEs, the deep SSEs, and the PGMZ SSEs (pink ellipses; Vallée ef al. 2013; Rolandone ef al. 2018; Segovia
et al. 2018; Vaca et al. 2018); the location of the 1953 M,, 7.5 event (gold star; International Seismological Centre 2016); the Carnegie Ridge; and major fault
systems CCF: Chongon—Colonche Fault; CTSZ: Chimbo—-Toachi Shear Zone; CPFZ: Calacali—Pujili Fault Zone; JPF: Jipijapa Fault; PJF: Pujili fault system;
PF: Pallatanga Fault system. (right) Map of the tectonic blocks, accreted terranes, and basins in Ecuador that we discuss in this study (e.g. Jaillard ez al. 2009).
Active Holocene volcanoes are shown as red triangles. Slab contours are from Slab2 (Hayes et al. 2018). Cross-sections shown in Fig. 3 are highlighted.

velocity structures beneath the surface. We therefore refer to the
basement that lies beneath most of the modern forearc as the Pifion
terrane (Baldock 1982). The Pifidn terrane is also inferred offshore
in the basement of the margin from 2-D and 3-D seismic refraction
experiments, (Gailler ez al. 2007; Garcia Cano et al. 2014). A large
outcropping of the Pifion terrane (e.g. van Melle et al. 2008) lies in
southern Ecuador and is bounded by the Jipijapa Fault (JPF) and is
associated with the Chongdn-Colonche Cordillera (CCC). The area
associated with the CCC also has several outcroppings of the Cayo
Formation and other mafic basement units. Coastward of the CCC
lies the San Lorenzo block. All of the forearc units were accreted
onto the South American margin between the late Paleocene and the
Eocene (see Luzieux ef al. 2006 and references therein). On top of
the forearc basement blocks are several sedimentary packages with
notable basins in the north and south, the Manabi (e.g. Jaillard ez al.
1995) and Progreso (e.g. Moberly et al. 1982) basins, respectively
(Fig. 1).

Preceding the accretion of the forearc terranes was the addi-
tion of island arc and plateau units that now lie in the Ecuadorian
Cordillera, such as the Macuchi, Guaranda and Pallatanga blocks
(e.g. Kerr & Tarney 2005; Jaillard et al. 2009). These units are lo-
cated adjacent to the modern active arc and have undergone varying
degrees of deformation due to the rising of the Andes. The ma-
jor faults and shear systems in the region are the Pallatanga fault
system (PF) in the south, and the Pujili fault system (PJF) and the
Chimbo—Toachi Shear Zone (CTSZ), which both roughly follow the
emergence of Andean topography and bound accreted Cordilleran
blocks (e.g. Jaillard et al. 2009; Nocquet et al. 2014; Alvarado
et al. 2016).

The Ecuadorian convergent margin has produced several large
recorded seismic events in the past century. In 1906, a M, 8.5-8.8
earthquake ruptured ~500 km of the plate interface, stretching from
southern Colombia to Ecuador (e.g. Kanamori & McNally 1982).
Multiple large (M,, > 7.7) events have subsequently occurred along
that same segment (in 1942, 1958 and 1979; Kanamori & McNally
1982; Beck & Ruff 1984; Swenson & Beck 1996) culminating in
the recent M,, 7.8 16 April 2016, Pedernales earthquake, which
ruptured a similar segment to the 1942 earthquake (Ye et al. 2016;
Nocquet et al. 2017). There appears to be segmentation in mega-
thrust behaviour along the margin, with a southern boundary at
~1° S as determined by aftershock studies for events prior to 2016
(Kanamori & McNally 1982; Beck & Ruff 1984; Swenson & Beck
1996) and rupture patch modelling of the 2016 event (Nocquet et al.
2017). This hypothesized boundary has previously been attributed
to the presence of the Carnegie Ridge acting as barrier to southward
rupture (e.g. Collot et al. 2004; Gailler et al. 2007).

Along the Carnegie Ridge near La Plata island, significant slow-
slip seismic events (SSEs) occurred in 2010, 2013 and again in 2016
following the Pedernales event (Vallée et al. 2013; Rolandone et al.
2018; Segovia et al. 2018). There has also been a series of SSEs
north of the Carnegie Ridge (e.g. Vaca et al. 2018) in the Punta-
Galera-Mompiche-Zone (PGMZ) as well as deeper slow slip events
farther inland both before and after the Pedernales earthquake (e.g.
Rolandone et al. 2018). Several hundred kilometres south of the
earthquake segment boundary, a M,, 7.5 event occurred in 1953 at
~3.5°S (International Seismological Centre 2016), but this event
likely did not rupture much (if any) of the mega-thrust given its size
and likely location in the upper plate (Fig. 1).
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Following the M,, 7.8, 2016 Pedernales earthquake there was a
concerted effort to rapidly deploy seismic instruments along the
Ecuadorian margin. Having a precise understanding of crustal ve-
locity structure in the forearc and Andes will aid in better locating
earthquakes of the aftershock sequence. An international deploy-
ment of seismic instruments was conducted for ~1 yr following
the 2016 event (Meltzer et al. 2019). Combining data from the
temporary international deployment with the permanent Ecuado-
rian national seismic network (RENSIG; Alvarado et al. 2018) and
global seismic networks, we compile a data set that, when interro-
gated with a technique such as ambient noise tomography (ANT),
can image forearc and Cordilleran shear velocity structure in great
detail.

Ambient noise tomography takes advantage of surface wave en-
ergy generated from noise sources to examine shear velocity struc-
ture in the Earth (e.g. Bensen et al. 2008; Lin et al. 2008; Lynner
et al. 2018). From noise-generated surface waves, we can extract
phase velocity measurements for periods from 8- to 40-s between
all contemporaneously operating seismic stations in Ecuador (e.g.
Lynner and Porritt 2017). We then invert phase velocities for Vy,
across our study area. Here, we present ANT shear wave velocity
results for the Ecuadorian forearc and Cordilleran regions. We see
pronounced slow velocity anomalies associated with basins as well
a body of fast velocity material that coincides with the Carnegie
ridge and the southern extent of large mega-thrust earthquakes.

DATA AND METHODS

The international response to the Pedernales earthquake initially
included five broad-band stations from the IG-EPN. A further 29
broad-band (120-s corner period) and 14 intermediate period (40-
s corner period) instruments were later deployed by international
collaborators. In addition to the broad-band and intermediate period
instruments used in this study, several short-period, strong-motion,
ocean-bottom and GPS instruments were deployed as part of the
international response (Meltzer et al. 2019).

We utilize data recorded at broad-band and intermediate period
seismic stations to image variations in shear wave velocities in
Ecuador via ambient noise tomography. We follow the processing
methods of Bensen er al. (2008) to perform our analyses, which
we summarize here. Vertical component day-long waveforms have
their means removed, are detrended, tapered, corrected for station re-
sponse, and whitened. A running-absolute-mean temporal normal-
ization is then applied to each trace in order to remove earthquake-
generated energy. Seismograms are cross-correlated between all
contemporaneously operation stations. Day-long cross-correlations
are stacked to form empirical Green’s functions (EGFs; Fig. S1)
from which phase velocities are measured [Figs 2, S2, S3 and S4;
see Bensen et al. (2008) for further details].

We extract phase velocities from the EGFs using traditional
frequency-time analysis (FTAN; Levshin ef al. 1992). We choose
to use phase velocities instead of group velocities in our ANT in-
versions due to the robustness of their measurements in FTAN.
We analyse periods between 8-s and 40-s ensuring that we do not
extend beyond the corner frequency of the intermediate period in-
struments. This data set includes phase velocity measurements from
over 5800 interstation paths across 11 periods (8, 10, 12, 14, 16, 18,
20, 25, 30, 35 and 40 s) with peak coverage (773 paths) at a period
of 16 s (Fig. S3). We retain only dispersion measurements from
high signal-to-noise ratio (>3) EGFs in our inversions. We exclude
all measurements resulting from station pairs with interstation path
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lengths less than 2 wavelengths. This criterion allows us to avoid
interference from overlapping surface wave energy with precursory
arrivals and to satisfy the far-field approximation. Dispersion results
from interstation distances as low as 1 wavelength have been shown
to be reliable (Luo et al. 2015; Jiang et al. 2016), but we choose to
use the 2-wavelength criterion in order to be confident in our phase
velocity results (e.g. Lynner & Porritt 2017). From the individual
phase velocity measurements, we invert for regional phase velocity
maps (Fig. S4) with a grid spacing of 0.1° by 0.1° (with constant
alpha, beta, and gamma inversion parameters of 300, 150 and 150,
respectively) following Barmin ef al. (2001). Shear velocities are
then inverted from our phase velocity maps on the same grid spac-
ing (Herrmann 2013). We parametrize the shear velocity inversions
using 2-km-thick layers in the upper 50 km, 5-km-thick layers in the
subsequent 80 km and 10-km-thick layers below 130 km. Finally, we
correct for topography by shifting our shear velocity results given
the topography calculated from the ETOPO model for each model
cell (Amante and Eakin 2009).

To ensure that our inverted shear velocity model results are robust,
we tested several different starting models: (1) a ‘mantle-only’ 1-D
model with mantle velocities (4.5 kms™) in the upper 50 km and
AK135 (Kennett et al. 1995) velocities beneath 50 km, (2) a 1-D
model with crustal (3.6 km s!) velocities in the upper 26 km, mantle
velocities (4.5 kms™) to 50 km, and AK135 velocities at deeper
depths and (3) the a priori 3-D ¥V, model from the study of Font
etal. (2013) using a V,,/V ratio of 1.78 (Fig. S5). We show inversion
results produced using the 3-D starting model from Font et al.
(2013) for the remainder of this paper because the starting model
is based upon observations and incorporates significant features we
know are present in the region, such as the subducting slab. We
use the simpler starting models as a check on the robustness of
the results generated using the Font ef al. (2013) model. We only
discuss structures that are present in results derived from, and that
alter, all three starting models since seismic features dictated by the
data should be universally present.

Using an aftershock-focused seismic data set along the coast
can be detrimental to ambient noise based studies due to the preva-
lence of significant earthquake-generated energy and a non-uniform
distribution of noise sources. The bias created by noise sources pre-
dominantly coming from the coast has previously been shown to be
quite small, impacting velocities by less than ~0.6 per cent (e.g.
Compte et al. 2016). Since this is far less than the velocity per-
turbations we observe and interpret in this study, we consider this
bias to be negligible. We address the potential signal contamination
from earthquake-generated energy through the running-absolute-
mean temporal normalization (Bensen et al. 2008) applied to each
seismogram. We throw out all daily traces that have had greater than
10 per cent of their recordings impacted by earthquake-generated
noise. This approach leads to the removal of a significant amount of
data from our cross-correlations when aftershock activity is high.
On average, each station pair used in this study included ~254 d of
data. We have chosen to take this conservative approach in throwing
out low-quality ANT data in order to be confident in attributing the
energy that we do observe to noise-generated sources.

RESULTS

Shear velocity maps inverted from the 3-D starting model of Font
et al. (2013) are shown in Fig. 3, and cross-sections through the
model are shown in Fig. 4. Shear velocity maps and cross-sections
for results using other starting models can be found in Figs S6, S7,
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Figure 2. Phase velocity and ray coverage maps at 10- and 20-s periods. Two slow velocity anomalies are apparent at 10-s period and a fast velocity anomaly
dominates at 20-s. We show slab contours from Slab2 (Hayes et al. 2018) and aftershock events as black circles (Meltzer ef al. 2019). The shaded region

highlights the area with sufficient ray coverage.

S8 and S9. There are two prominent slow velocity anomalies (less
than 3 kms™') present at ~10 km depth, Fig. 3. Between the slow
velocity anomalies lies a region of faster seismic velocities. This
higher velocity material (~3.7 km s™') becomes more pronounced at
~20 km depth (~4.2 kms™"). Farther inland, higher seismic veloc-
ities (~4.0 kms™') are observed beneath the entirety of the forearc
at ~20 km depth. At 30 km and deeper, the boundary between the
fast forearc (~4.3 kms™') and slow Andean (~3.6 kms™'s) crustal
region is striking. The fast forearc material contrasts sharply with
the slower material of the Ecuadorian Andes. This transition is ap-
parent in both the shear (Fig. 3) and phase (Figs 2 and S4) velocity
maps. Since the depth structure of the Moho in Ecuador is not well

constrained [e.g. Arujo 2013], we are unable to say if the lateral
velocity change is related to crustal velocity variations or due to
a transition between mantle material in the forearc and the crustal
root of the Andes.

Our models are well resolved in the region highlighted in Fig. 3
(see Figs S10, S11 and S12). We have good depth sensitivity between
the shallow crust (below ~5 km) and depths of ~40 km with de-
creasing resolution to ~50 km depth. Laterally resolvable features
in our ANT models are on the order of ~75-100 km depending
on ray path density and period. Our models have peak sensitivity
between ~10 and ~30 km depth. Lateral resolution degrades to
~100-125 km at longer periods (those corresponding to depths
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Figure 3. Shear velocity maps at 10, 20 and 30 km depth inverted from phase velocities using the starting model of Font ef a/. (2013). Slab contours from Slab2
(Hayes et al. 2018) are the same as shown as in Fig. 1. We also present isostatic gravitational anomalies across Ecuador (Bonvalot et al. 2012). Aftershock

events are shown as black circles (Meltzer ef al. 2019).

between 30 and 50 km; Figs S10 and S11). We have rapidly dimin-
ishing sensitivity to structures in the upper ~5 km of our model
due to Rayleigh wave sensitivities decreasing towards the surface at
the periods measured in this study (Fig. S12). While there is some
streaking in our models, it is generally orthogonal to the anomalies
we interpret (Figs S10 and S11). Our final model also does a good
job of reducing misfits between the dispersion measurements and a
homogeneous model (Figs S13 and S14).

In addition to traditional checkerboard resolution tests, we also
performed a bootstrap analysis on our tomographic inversions. This
allows us to evaluate which regions of our model are the most
robust. We randomly resampled with replacement our interstation
phase velocity measurements ensuring equal sized data sets. We
then re-inverted for phase velocity maps and shear velocities 100
times following the steps described above. The standard deviation
of our shear velocity models calculated from the bootstrap runs can
be seen in Fig. 5. Our shear velocity models are remarkably well

behaved, with an average standard deviation of less than ~0.2 km 57!
and a peak standard deviation of ~0.5 kms™ in a very restricted
region.

Our interpreted results are further bolstered by the use of multi-
ple starting models. We only discuss velocity features that emerge
from all three starting models, such as the fast forearc velocities at
~20 km depth and the distinct velocity change from the fast forearc
to the slow Cordillera. There are several features that only appear in
models derived from a single starting model that are likely tied to
the initial input, such as the slab in cross-section C—C’ in Fig. 4 that
is likely a remnant of the Font e al. (2013) starting model. We have
chosen not to interpret structures that are not seen across all of our
models, as they may be dependent upon the starting model. Such
features are not necessarily incorrect or artefacts (there is certainly a
slab present), but we have chosen to take the conservative approach
and focus only on the common data-driven velocity anomalies in
the forearc.
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Figure 4. Cross-sections through our shear velocity model as shown in Fig. 1. The upper 5 km are obscured to reflect the depth sensitivity of our results.
Black bars at the top denote outcrops of the Pifion terrane. Cross-section A—A’ runs along 0°N and transects the rupture area of the Pedernales earthquake.
Cross-section B-B’ runs along 0.5°S and transects the Manabi Basin. Cross-section C—C’ parallels 1.5°S and samples the FFA. The D-D’ cross-section
highlights the Ecuadorian forearc. It traverses the Manabi basin in the north and the FFA in the south. Intersections with other cross sections are marked at top
of each segement. Aftershock events within 10 km of each cross-section are shown as circles (Meltzer ef al. 2019). The grey dashed lines denote the location of
slab in the Font ez al. (2013) starting model. The slower velocities of the subducting slab seen in cross-section C—C’ are likely a remnant of the starting model.

DISCUSSION

Tectonic features

The agreement between our tomographic models and known geo-
logic features in Ecuador suggests our inverted results are robust.
At depths greater than ~30 km, our ANT results closely match the
extent of the high elevation Andes. The fast velocities in the forearc
represent what we are calling the Pifion terrane. Fast seismic veloci-
ties are also seen farther offshore in the upper plate and may be also
be related to the Pindn terrane (Gailler ez al. 2007; Garcia Cano et al.
2014). Our ANT results, however, do not extend offshore making

linking the offshore and forearc fast velocities difficult. This fast
unit underlies the majority of the forearc and is seen at depths below
~20 km. The boundary between the fast forearc accreted material
and the slow crustal material of the Andes closely follows the CPFZ
and CTSZ, and therefore the Pallatanga block as shown in Fig. 6.
The location of the velocity change suggests the Pallatanga block
represents the boundary between the forearc and the Cordillera
(Fig. 7). Due to the unknown nature of fault structures at depth,
and the lateral resolution of our ANT models (75-100 km), the
boundary between fast and slow velocity material may represent
the demarcation between original South American Plate material
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Figure 5. Maps of standard deviation in our shear velocity model based on the bootstrap resampling of our ANT results. The vast majority of our model does
not vary more than ~0.2 kms~!, with a very localized region of maximum variance of 0.53 kms .

and forearc accretionary blocks, or it may simply highlight the tran-
sition between deep Andean crustal material, such as the Pallatanga
block and/or the easternmost portion of the Macuchi Island arc, and
the relatively undeformed accreted units in the forearc. In either
case, the deep, slow Andean root is easily distinguished from fast
forearc velocities.

We have little resolution in the shallowest ~5 km of our models
making imaging basins challenging. At shallow (5-10 km) depths,
however, our models highlight very slow (<3.0 kms™) velocity
anomalies that correlate well with very deep portions of the Manabi
and Progreso basins to the north and south, respectively. In the north,
the Manabi basin lies in a region that is laterally well resolved by
our data and correlates with the coseismic rupture of the Pedernales
earthquake. While the depth sensitivity of our models limits the
ability to image the entire basin, our results suggest that the northern
Manabi basin is in places quite deep (maybe up to ~10 km). The
depth of the Manabi basin is poorly constrained in the literature,

making this one of the few estimates of the basin. We note, however,
that ANT studies have a tendency to bias results to greater depths
in the upper ~10 km due to the diminishing sensitivity of Rayleigh
waves towards the surface (Fig. S12). The depth of the Manabi basin
may be shallower than we image here.

In the southern portion of our model, where the Progreso basin
is located, there is the potential issue of signal contamination from
the oceanic basin. Previous studies have shown, however, that trans-
coast ANT still produces reliable shear velocity structures (e.g.
Porritt et al. 2016). Since our results closely match the location
of the Progreso basin, we are confident that we are imaging such
a feature. While this slow anomaly associated with the Progreso
basin is robust, it lies in a region of relatively low resolution (Figs 5,
S3, S10 and S11). The uncertain structure of the basins beneath
the surface (e.g. areal and depth extents) likely accounts for the
differences between the basin surface expressions and the sizes of
the velocity anomalies.
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Figure 6. Interpretive schematic plotted on top of our shear velocity maps. The deepest parts of the Manabi and Progreso basins are present in the shallowest
depth map at 10 km. At 20 km depth, the slow velocities related to sedimentary basins disappear and the FFA emerges. While not as fast (>3.5 kms™!) as
the FFA, elevated shear velocities are also observed throughout the forearc. Below 30 km, the fast velocity forearc material is easily distinguished from the
slow material of the high elevation Andes. This transition closely corresponds to the CPFZ, CTSZ and the Pallatanga block as shown in Fig. 1. Our suggested
large event segment boundary is highlighted as the white dashed line just south of the approximate aftershock area of the 1906 event (dashed blue ellipse), the
simplified aftershock areas of other large (M, > 7.7) mega-thrust events (dashed black ellipses; Kanamori & McNally 1982; Beck & Ruff 1984; Swenson &
Beck 1996), and the high slip region determined for the 2016, Pedernales earthquake (red patch; Nocquet et al. 2017).

A slow (~3.7 kms™) velocity anomaly that extends to ~20—
25 km depth (Figs 6 and 7) is present beneath the Manabi basin.
There is little-to-no surface expression of this slower material mak-
ing it difficult to assess its affinity. This deeper anomaly correlates
with the co-seismic rupture of the 2016 Pedernales earthquake and
appears linked to deeper aftershock events. Fig. 4 shows a cross-
section (D-D’) through this slow anomaly along with aftershock lo-
cations measured in the year following the 2016 earthquake (Meltzer
et al. 2019). While the Manabi basin is present at depths less than
~10 km, the deeper, slow velocity anomaly seems to contain sev-
eral deep aftershocks, while the faster (>4.0 kms™') material is
lacking similar deep aftershocks (Fig. 7). The relative difference in

aftershock behaviour may indicate that the slow velocity region be-
haves differently than the faster velocity material that surrounds it.

This relatively slower (~3.7 kms™ versus ~4.1 kms™) forearc
unit at ~20 km depth, as seen in cross-section D-D’ in Figs 4
and 7, is likely associated with either: (1) altered crustal material
(via the presence of fluids), (2) an altered accreted terrane that
exhibited thick oceanic crustal material, such as an oceanic plateau
or (3) a serpentinized unit that was accreted into the forearc. As the
Ecuadorian forearc lies above a mainly erosional subduction system
(Collot et al. 2002), the downgoing slab is likely releasing fluids as
it heats up and descends into the mantle. These rising subduction
fluids have the potential to alter the material above it producing
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Figure 7. Schematic interpretation plotted on top of the cross-sections shown in Fig. 4. We highlight the deepest portions of the Manabi basin in cross-sections
B-B’ and D-D'. A deeper slow velocity anomaly emerges beneath the Manabi basin that correlates with the co-seismic rupture of the Pedernales earthquake.
Deep aftershock events associated with this slow anomaly are highlighted in cross-section D-D’. In cross-sections C—C" and D-D’, the FFA is striking. In the
northern transects (A-A’, B-B’) the boundary between fast forearc and slow Andean material closely matches the CTSZ, CPFZ and the Pallatanga Block. The
lateral extent of the 2016 Pedernales rupture (Nocquet ef al. 2017), SSEs (Vallée ef al. 2013; Rolandone et al. 2018; Segovia et al. 2018; Vaca et al. 2018) and
the Carnegie Ridge (CR) are shown along cross-section D-D’ as red, pink and black lines.

slow seismic velocities (e.g. Peacock 1993; Bostock et al. 2002;
Hyndman & Peacock 2003). If the slow anomaly extends to the
plate interface, as it appears in our models, it may be the end-
product of slab dehydration. While there is no surface evidence of
such dehydration beneath the Manabi basin, farther east beneath the
Andes such a mechanism has been suggested (Hidalgo ez al. 2007).

Alternatively, the slow (~3.7 kms™) velocity anomaly may re-
flect the accretion of material with those velocities into the fore-
arc. The Ecuadorian margin is comprised of many accreted ter-
ranes. The accretion, and subsequent alteration, of an overthickened
oceanic plateau with relatively slow seismic velocities (e.g. veloci-
ties slightly slower than the Shatsky Rise ~3.8-3.9 km s'; Korenaga
& Sager 2012) could account for the anomaly if the accreted block

were altered to produce slower velocities (Vs of ~3.7 kms™"). Sim-
ilarly, the addition of a serpentinized sliver into the forearc would
result in a slow velocity unit (Ji e al. 2013). This scenario has
been suggested in other forearc settings (e.g. Nikulin et al. 2009;
Shao et al. 2014; Krueger & Wirth 2017) and may be a reasonable
mechanism for the Ecuadorian forearc.

All three explanations can extend to the bottom of the upper-plate.
Each mechanism has the potential to alter the frictional properties
of the slab-interface by weakening the upper-plate. This may be
consistent with what we see in the distribution of aftershocks in the
region, where events extend down to the bottom of the slow velocity
anomaly (Fig. 4). If the material is weaker or has been altered by
fluids, it may be more prone to seismic events than the surrounding
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stronger/unaltered regions surrounding it by slipping more easily
along fractures and faults. This area warrants further study to dis-
criminate between the different scenarios described above and their
possible relationships to the Pedernales earthquake rupture, subse-
quent aftershock sequence, and future hazard. The slow velocity
anomaly may extend down to the plate interface and may play an
important role in the behaviour of the mega-thrust.

Separating the Manabi and Progreso basins is a region of fast
(~4.3—4.4km s7") shear velocities that is readily apparent at ~20 km
depth (Figs 3 and 6). The fast forearc anomaly (FFA) emerges
regardless of chosen starting model (Figs 3, S6 and S7). The fact
that this structure emerges despite very simple homogenous starting
models as well as the more complex 3-D starting model of Font
et al. (2013) suggests it is a robust feature. It also coincides with
the southern extent of large (M,, > 7.7) mega-thrust earthquakes
in the region, with a significant gravitational anomaly, and with the
southern portion of the subducting Carnegie Ridge (Fig. 3). This
represents the first time the FFA has been imaged seismically and
combined with the associated gravity anomaly, it is likely a distinct
body within the Ecuadorian forearc.

The FFA has many possible affinities including the subduction
of the Grijalva rifted margin (Yepes et al. 2016), large outcropping
of the Pifidn terrane, the Chongén-Colonche Cordillera, and/or the
San Lorenzo Block (Fig. 1). It may also represent a buried accreted
body that has no surface expression. It is unlikely that the FFA is the
result of downgoing Carnegie Ridge material being accreted into the
upper plate. The FFA exhibits seismic velocities (~4.3—4.4 kms™)
that are much faster than typical oceanic crust (~3.8-4.0 kms™)
and are more consistent with a mafic mantle source (e.g. Lynner
et al. 2018) despite currently being at crustal depths. The FFA also
extends several kilometres into the overriding plate and appears
to have slower material beneath it (Figs 4 and 7). The FFA also
does not seem to extend to the coast suggesting it is a restricted
body. We argue that the FFA is an accreted unit that carried with it
lithospheric mantle material. During its incorporation into the upper
plate, the FFA either lost crustal material or more likely had very
little crust to begin with. This supports the notion that the FFA has
an oceanic affinity like the majority of the accreted bodies in the
forearc. While the FFA seems to be a distinct unit with seismic and
gravity properties that are different than the surrounding material,
we cannot fully rule out that it is accreted Carnegie Ridge material.

Forearc structure and mega-thrust earthquake behaviour

The Ecuadorian convergent margin has produced several large
recorded seismic events in the past century. In 1906, a M,, 8.5~
8.8 earthquake ruptured ~500 km of the plate interface followed
by events in 1942, 1958 and 1979 that together ruptured the same
segment as the 1906 event (e.g. Kanamori & McNally 1982; Beck
& Ruff 1984; Swenson & Beck 1996). More recently, the M,, 7.8
16 April 2016, Pedernales earthquake ruptured a similar segment to
the 1942 earthquake (Ye et al. 2016; Nocquet et al. 2017). There ap-
pears to be variation in the segmentation in mega-thrust behaviour
along the margin with a possible rupture barrier at ~1°S. This hy-
pothesized boundary has previously been attributed to the presence
of the subducting Carnegie Ridge acting as barrier to southward
rupture (e.g. Collot et al. 2004; Gailler et al. 2007). South of the
Carnegie Ridge between ~1°S and ~4°S, the historic earthquake
record is less well known but there have been no recorded M, > 7.7
events.

The FFA coincides with the southern portion of the subducting
Carnegie Ridge and the event segmentation boundary. Given the
stark difference in velocity and gravity properties of the FFA rel-
ative to the surrounding upper-plate material, it (in addition to the
Carnegie Ridge) may play an important role in the development of
an earthquake rupture segment boundary. The fast velocities and
elevated gravity of the FFA suggests it has a mantle source and
may be stronger than its surrounding forearc material. Having an
isolated strong region in the forearc could be the cause of the event
segmentation along the margin due to the weak surrounding ma-
terial yielding first. This raises the possibility that a sufficiently
large seismic event could rupture across the FFA and the segment
boundary, although such an event has not been observed. From the
velocities and gravity alone, however, we have few constraints on
the actual characteristics of the FFA. Additionally, if the FFA has
frictional properties at depth that are non-conducive to large events,
such as having properties that promote aseismic slip, its accretion
onto the Ecuadorian margin represents a possible barrier to propa-
gation of very large earthquakes and may also account for the SSEs
that occurred along the margin (Vallée ez al. 2013; Rolandone et al.
2018; Segovia et al. 2018).

The eastward (and also depth) extent of the FFA (Figs 6 and 7)
may further play a role in its impact on mega-thrust behaviour.
The fast velocities associated with the FFA extend farther east and
slightly deeper than where mega-thrust events tend to nucleate and
propagate. This is apparent in Figs 6 and 7, where the fast anomaly
corresponds to an area of the upper plate that appears to be in contact
with the slab interface at depths to ~40 km. We note, however, that
it is difficult to establish the exact depth extent of the FFA from
our models given the ~5 km depth sensitivity provided by our
imaging. From analyses of aftershock patches of large events prior
t0 2016 (Kanamori & McNally 1982; Beck & Ruff 1984; Swenson &
Beck 1996) and the depth extent of the 2016 Pedernales earthquake
rupture (Collot et al. 2017), large (M,, > 7.7) events in this area tend
to not propagate to depths greater than ~30-40 km (Fig. 1). Since
the FFA seems to extend to, or past, this depth (Fig. 6), it could
potentially impact the plate interface throughout the mega-thrust
rupture region.

The subducting Carnegie Ridge and the location of the FFA ap-
pears to present a mega-thrust segment boundary since we have
yet to see an event rupture completely across it. Recent interplate
coupling models suggest relatively strong coupling north of the
Carnegie Ridge where the 1906, 1942 and 2016 earthquakes oc-
curred (Chlieh et al. 2014; Nocquet et al. 2014). In addition to the
northern coupling, there is a small patch of strongly coupled plate
interface southward of our proposed segment boundary that corre-
sponds with the central portion of the subducting Carnegie Ridge
in the La Plata area (Chlieh ez al. 2014; Nocquet et al. 2014). It is
possible that this smaller coupled region is able to support larger
events, and we have just not yet observed the phenomenon. The
small extent of this highly coupled region, however, would likely
limit the size of a mega-thrust event. The southern event segment
boundary as well as the role of the upper plate versus the downgoing
plate in mega-thrust behaviour remains the focus of future research.

We suggest that the variable seismic properties of the upper plate
along strike, that we have imaged here for the first time spanning
from the FFA in the south to the weaker and/or altered material
in the north, may play an important, previously unacknowledged,
role in mega-thrust behaviour along Ecuadorian margin. While the
role of the subducting Carnegie Ridge in the overall behaviour of
the Ecuadorian mega-thrust is quite important, we suggest that the
properties of the FFA, either as a strong block or with frictional
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characteristics that inhibit large events, may also help control the
initiation and propagation of large subduction zone earthquakes.
This calls for further studies of the properties of the FFA to dis-
cern its relative role in inhibiting or encouraging large mega-thrust
events.

CONCLUSION

We present shear velocity models across the Ecuadorian forearc and
Andes from ambient noise tomography. We observe several features
that roughly correlate to observed surface geologic structures. At
shallow depths, we see the deepest portions of the Manabi and Pro-
greso basins as distinct slow velocity bodies separated by a region
of fast velocity material. The fast anomaly separating the basins is
apparent irrespective of starting model (Figs 3, S6 and S7) making
it a robust observation. The fast region seems to directly correlate
to the segmentation of plate boundary events where the Carnegie
Ridge is subducting beneath Ecuador. Deeper than 30 km, the fast
forearc is evidently separated from the slower velocities of the ac-
tive arc in the Cordillera. While fault structure at depth is unknown,
our results suggest that the Chimbo—Toachi Shear Zone (CTSZ)
and the Calacali—Pujili Fault Zone (CPFZ), and the corresponding
Pallatanga Block, represent the boundary between the accreted fast
forearc material and the slower, deeper Andean crust.

We suggest that the upper-plate in the Ecuadorian forearc may
play a previously unacknowledged role in mega-thrust earthquake
behaviour along the convergent margin. The location of the FFA
matches the southern extent of the 1906 mega-thrust event as well
as the southernmost extent of subsequent large earthquakes. This
boundary also corresponds to the subduction of the Carnegie Ridge
on the downgoing Nazca plate. From our ANT results alone it
is impossible to differentiate the role of upper- and downgoing
plate structure relative to the behaviour of mega-thrust events. This
warrants further study in both Ecuador and in convergent margins
worldwide.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. Cross-correlation waveforms between station PORT and
all other Ecuadorian stations. Waveforms are filtered between 8 and
40 s.

Figure S2. Dispersion curves (left) and 1-D shear velocities (right)
for representative grid cells in the FFA (blue) and the Manabi basin
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(MB; red) for the staring Font ef al. (2013) model (dashed lines)
and our final inverted shear velocity model (solid lines).

Figure S3. Interstation ray paths for all station pairs (over 5800) that
yielded phase velocity measurements that passed quality controls.
Several different periods are shown. Intermediate periods (1225 s)
have the densest ray coverage, with decreasing path density at the
shortest and longest periods. Number of interstation paths (P.) are
shown in blue.

Figure S4. Phase velocity maps at 10, 20 and 30 s periods. Regions
outside the area of resolution are obscured.

Figure S5. Shear velocity maps of the Font ez al. (2013) starting
model that we use in this study. The Font ez al. (2013) starting
model varies in 3-D and includes a subducting slab and variable
Moho depths in the Forearc and Andes.

Figure S6. Shear velocity maps at 10, 20 30 km depth derived from
the mantleonly (mantle velocities (4.5 kms™) in the upper 50 km
and AK135 (Kennett ef al. 1995) velocities below 50 km) starting
model. Slab contours from Slab 2 (Hayes et al. 2018) are shown.
We also present isostatic gravitational anomalies across Ecuador
(Bonvalot et al. 2012).

Figure S7. Shear velocity maps at 10, 20 and 30 km depth de-
rived from the 1-D crustal (3.6 kms™' in the upper 26 km, mantle
velocities (4.5 km s™') to 50 km and AK 135 (Kennett e al. 1995) ve-
locities at deeper depths) starting model. Slab contours from Slab2
(Hayes et al. 2018) are shown. We also present isostatic gravitational
anomalies across Ecuador (Bonvalot ef al. 2012).

Figure S8. Crosssections through our mantleonly shear velocity
model as shown in Fig. 1 in the main text. Crosssection A—A’ runs
along 0°N and is collocated with the Pedernales earthquake rupture.
Crosssection B-B’ runs along 0.5°S and transects the Manabi Basin.
Transect C—C’ parallels 1.5°S and samples the FFA. The D-D’ cross-
section highlights the Forearc of the Ecuadorian margin. It traverses
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the Manabi basin in the north and the FFA in the south. Aftershock
events within ~10 km of each crosssection are also shown as circles.
Figure S9. Crosssections through our 1-D crustal shear velocity
model as shown in Fig. 1 in the main text. Cross-section A—A’ runs
along 0°N and is collocated with the Peder-nales earthquake rup-
ture. Cross-section B-B’ runs along 0.5°S and transects the Manabi
Basin. Transect C—C’ parallels 1.5°S and samples the FFA. The D—
D’ crosssection highlights the Forearc of the Ecuadorian margin. It
traverses the Manabi basin in the north and the FFA in the south. Af-
tershock events within ~10 km of each crosssection are also shown
as circles.

Figure S10. Checkerboard resolution tests of our inversion. Check-
ers represent +5 per cent velocity perturbations with a grid size of
0.75°.

Figure S11. Checkerboard resolution tests of our inversion. Check-
ers represent +5 per cent velocity perturbations with a grid size of
1.25°.

Figure S12. Sensitivity kernels of Rayleigh waves through the FFA.
Normalized sensitivities are shown for the periods used in this study
coloured by period.

Figure S13. Misfit plots between phase velocities predicted by our
final model and the observed phase velocities for the various periods
used in this study.

Figure S14. Misfit reduction between our final model and a homo-
geneous 4.0 km s! starting model for the periods used in this study.
Regions like the FFA that are near ~4.0 kms™' show low misfit
reduction because it is similar to the homogeneous model velocity.
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