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Innovation of the Republic of Ecuador, Ecuador, “Escuela Superior Politécnica del Litoral, Guayaquil, Ecuador, 5Laboratoire
Domaines Océaniques, Université de Bretagne Occidentale, Plouzane, France

Abstract Whether subducted oceanic reliefs such as seamounts promote seismic rupture or aseismic slip
remains controversial. Here we use swath bathymetry, prestack depth-migrated multichannel seismic
reflection lines, and wide-angle seismic data collected across the central Ecuador subduction segment to
reveal a broad ~55 km X 50 km, ~1.5-2.0 km high, low height-to-width ratio, multipeaked, sediment-bare,
shallow subducted oceanic relief. Owing to La Plata Island and the coastline being located, respectively,
~35 km and ~50-60 km from the trench, GPS measurements allow us to demonstrate that the subducted
oceanic relief spatially correlates to a shallow, ~80 km x 55 km locked interplate asperity within a dominantly
creeping subduction segment. The oceanic relief geometrical anomaly together with its highly jagged
topography, the absence of a subduction channel, and a stiff erosive oceanic margin are found to be
long-term geological characteristics associated with the shallow locking of the megathrust. Although the size
and level of locking observed at the subducted relief scale could produce an M,, >7+ event, no large
earthquakes are known to have happened for several centuries. On the contrary, frequent slow slip events
have been recorded since 2010 within the locked patch, and regular seismic swarms have occurred in this
area during the last 40 years. These transient processes, together with the rough subducted oceanic
topography, suggest that interplate friction might actually be heterogeneous within the locked patch.
Additionally, we find that the subducted relief undergoes internal shearing and produces a permanent
flexural bulge of the margin, which uplifted La Plata Island.

Plain Language Summary Subducted seamounts play an important but still uncertain role in
earthquake rupture processes, as seamounts are considered to subduct either aseismically or seismically.
We use marine geophysical data across the central Ecuador convergent margin to reveal a broad

~55 km x 50 km, ~1.5-2.0 km high, shallow subducted oceanic relief of the Carnegie Ridge. New GPS
measurements collected on La Plata Island and along the Ecuador coast allow us to demonstrate that the
subducted oceanic relief spatially correlates to a shallow, ~80 km x 55 km locked interplate asperity within a
dominantly creeping subduction segment. The oceanic relief geometrical anomaly together with its rough
topography and the stiff oceanic Ecuador margin are found to be long-term geological characteristics
associated with the shallow locking of the plate interface. Although the size and level of locking observed at
the subducted relief scale could produce an M,, >7+ event, no large earthquake but frequent slow slip events
and associated seismic swarms occurred within the locked patch. These transient processes together with the
rough subducted oceanic topography support the view of a heterogeneous interplate frictional pattern
within the locked patch. On a regional scale, the subduction of the oceanic relief has deformed the Ecuador
margin and uplifted La Plata Island.

1. Introduction

The role of subducted seamounts on large earthquakes is still disputed [Watts et al., 2010; Wang and Bilek,
2011; Bassett and Watts, 2015]. Some conceptual and mechanical models suggest that subducted seamounts
locally increase the interseismic coupling (ISC) along the megathrust and act as seismic asperities or barriers
to rupture during an earthquake [Cloos, 1992; Scholz and Small, 1997; Dominguez et al., 1998; Yang et al.,
2012]. Conversely, seamount subduction has also been associated with weak interplate coupling [Kelleher
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and McCann, 1976; Mochizuki et al., 2008; Singh et al., 2011; Marcaillou et al., 2016] and highly fractured media
[Fisher et al., 1991; Dominguez et al., 1998; Wang and Bilek, 2011; Ruh et al., 2016], a situation that favors
aseismic slip and relatively small earthquakes [Cummins et al., 2002; Mochizuki et al., 2008; Wang and Bilek,
2011]. Spatial associations between subducted seamounts and large subduction earthquakes have long been
proposed [Kodaira et al., 2000; Husen et al., 2002; Bilek et al., 2003; Mochizuki et al., 2008; Sparkes et al., 2010;
Singh et al., 2011; Duan, 2012; Hicks et al., 2012]. Since ISC is commonly used as a proxy for future earthquake,
the availability of well-constrained ISC models now enables to further investigate this correlation. For
instance, Kyriakopoulos and Newman [2016] showed that the area ruptured during the 2012 M,, 7.6 Nicoya
earthquake was previously locked by a subducted elevated plateau localized 15-25 km beneath the
Nicoya Peninsula. However, correlating the location of a subducted seamount with a shallow locked zone,
such as in the Hikurangi margin [Bell et al., 2014], has remained a challenge because, where shallow sub-
ducted seamounts (<~15 km depth) are imaged [e.g., Park et al., 1999; Bangs et al., 2006; Mcintosh et al.,
2007; Barker et al., 2009], ISC is usually poorly resolved due to the lack of near-trench geodetic data
[Geersen et al., 2015; Marcaillou et al., 2016; Wallace et al., 2009].

In central Ecuador, Vallée et al. [2013], Chlieh et al. [2014], and Nocquet et al. [2014] modeled the ISC using GPS
data collected on La Plata Island (LPI) and at the Ecuadorian coastline, respectively, located ~35 km and
~50-70 km from the trench axis. Their models reveal a shallow (<15 km depth), ~80 km x 55 km locked
asperity located below La Plata Island and extending to the trench. In this paper, we address the structural
nature of that asperity and propose an updated ISC model. We use swath bathymetry, a combination of
2-D prestack depth migration of a grid of multichannel seismic reflection data, 2-D wide-angle seismic data
collected offshore central Ecuador, and new GPS data to provide compelling evidence for a subducted
oceanic relief locking the plate interface below and around La Plata Island. Each data set images the LPI
locked region at different spatial and temporal scales, allowing to further discuss key factors that may control
the tectonic behavior of the subducted oceanic relief and outer margin wedge, as well as potential interplate
frictional anomalies within the locked patch.

2. Geodynamic Context, Seismicity, and Interseismic Coupling

The Ecuador margin, which belongs to the northeastward-escaping North Andean Sliver (Figure 1a)
[Pennington, 1981; Yepes et al., 2016], is underthrust eastward at 4.7 cm/yr [Nocquet et al., 2014] by the young
(<21 Ma) [Hardy, 1991] and morphologically complex Nazca Plate [Lonsdale and Klitgord, 1978]. The base-
ment of the Ecuador margin consists of allochtonous Cretaceous oceanic terranes [Gansser, 1973; Gossens
and Rose, 1973; Reynaud et al., 1999]. The terranes comprise the high-Vp velocity (3.5-6 km/s) basaltic com-
plex of the Piflon Formation that crops out on La Plata Island [Baldock, 1983] and extend close to the trench
[Graindorge et al., 2004], where the margin outer wedge is erosive [Sage et al., 2006].

In central Ecuador, the offshore margin wedge is narrow and comprises a 20-50 km wide shelf and a
25-40 km wide outer wedge [Sage et al., 2006]. West of LPI (Figure 1b) multibeam bathymetry [Michaud et al.,
2006] shows the outer wedge to consist of a smooth 6-7° trenchward-dipping slope that is gently scalloped
downslope by a 50 km long and 10 km wide morphologic re-entrant (E1 in Figure 1b). Two small amplitude
seafloor bulges (B1 and B2 in Figure 1b) protrude across the outer wedge slope, and the shelf edge adjacent
to LPI reflects uplift with respect to its depressed northern and southern (E2 and E3 in Figure 1b) extremities,
which echo local subsidence [Proust et al., 2016, Figure 3]. On the shelf, La Plata Island reaches 175 m in
altitude and shows marine terraces cut in the basaltic basement. The island was uplifted at a 0.3-0.4 mm/yr
rate during the Late Pleistocene (450-500 kyr) according to U-Th dating [Pedoja et al., 2006] and correlation
with oxygen-isotope stages [Cantalamessa and Di Celma, 2004]. Offshore Ecuador, the Nazca Plate carries the
east-west trending Carnegie Ridge (Figure 1a), a major 2 km high, 200 km wide seamount studded, volcanic
ridge that results from the Neogene interaction between the Galapagos hot spot and the Cocos-Nazca
spreading center [Lonsdale and Klitgord, 1978]. The subducting Carnegie Ridge is thicker (19 km from
Sallares and Charvis [2003]) and more buoyant in its northern half compared to the 14 km thickness
[Graindorge et al., 2004] of its southern half. Accordingly, subduction resistance forces may be higher in
the northern Ecuador margin than in our study zone in central Ecuador. High-relief oceanic features carried
along by plate motion likely influence the interplate coupling [Kelleher and McCann, 1976], deform the mar-
gin, and enhance subduction erosion [von Huene et al., 2004; Sage et al., 2006]. These features are more
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Figure 1. Bathymetry of the study area, location of seismic lines, background seismicity, focal mechanisms, and slow slip
events. (a) Inset: the red frame is the location of the study area in central Ecuador where Carnegie Ridge is subducting;
the red stars are 1906 to 2016 large to great subduction earthquakes; the blue frame is the location of Figure 10.

(b) Multibeam bathymetric map of the study area [Michaud et al., 2006]; contour interval is 50 m; LPI is La Plata Island; the
grey vector shows convergence between Nazca Plate and North Andean Sliver (NAS); the barbed line is the trench axis, and
the ticked black dashed lines are morphologic re-entrants (E1, E2, and E3); B1 and B2 point to outer wedge seafloor bulges;
the thin black dashed line with arrows shows N-S uplifted axis of La Plata Island (LPI) block; the blue lines are SISTEUR
MCS reflection lines; the thick blue lines are MCS seismic lines SIS05 and SIS09 shown in Figures 2 and 3; the red triangles
are ocean bottom and land seismometers along SIS04 wide-angle seismic line coincident with MCS line SIS05.

(c) Background seismicity (black dots) from the RENSIG catalog (IG-EPN 1994-2007) relocated in an a priori 3-D velocity model
[Font et al., 2013]; the red beach balls are 1976-2016 focal mechanisms from global CMT catalog (http://www.globalcmt.
org); the blue ones were relocated in depth [Vaca et al., 2009]; the orange patches with black dash contours are 2010
[Chlieh et al., 2014] and 2013 [Segovia et al., 2015] slow slip events. Section A-B is the cross section presented in Figure 7.
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Figure 2. Prestack depth-migrated MCS line SISO5 located in Figure 1; S1 and S2 = sediment, C1 = late Pleistocene unconformity, TB = top of margin basement Ba,
H = basement high adjacent to La Plata Island, De = interplate megathrust, white-red stars = main highs along De, DR = deep reflectors. Note that oceanic sediment
S1 pinches out beneath the frontal prism, against the rough, low-angle trailing flank of the subducted oceanic relief supporting the local absence of a subduction
channel further landward along the line.

numerous on the Carnegie Ridge southern flank. Their shapes range from low relief, 0.5 km high, 20-40 km
wide tabular reliefs, to higher relief (1-2 km high), conical, and multipeak ~40 km long, steep-sided
seamounts (Figure S5 in the supporting information). These features also include sediment bare and rough
volcanic basement swells, such as the Carnegie Ridge eastern crest [Lonsdale, 1978].

Large and great megathrust earthquakes (7.7 < M,, < 8.8) have repeatedly occurred in 1906, 1942, 1958,
1979, and 2016 along the northern Ecuador subduction interface (Figure 1a), north of Manta Peninsula
[Kelleher, 1972; Kanamori and McNally, 1982; Beck and Ruff, 1984; Ye et al., 2016]. In contrast, only swarms
of seismicity (Figure 1c) have occurred in central Ecuador, from northern Manta to Puerto Lopez [Holtkamp
et al., 2011]. According to Font et al. [2013] the swarms concentrate beneath the shelf, in the overriding plate
down to the plate interface. This seismicity was located in 3-D a priori P wave velocity model that integrates
all available regional structural and velocity information. These 1 week to 3 month lasting M,, 4.0 to 6.1
intense seismic swarms have been recorded in 1977 [Holtkamp et al., 2011], 1998, 2002, 2005 [Vaca et al.,
2009; Font et al., 2013], 2010 [Vallée et al, 2013], and 2013 [Segovia et al, 2015]. The two latter were
associated in time with a slow slip event (SSE) detected by GPS installed since 2009 (Figure 1c).

GPS data revealed that in the region of the 1942 and 2016 megathrust earthquakes, the updip segment of the
plate interface is decoupled, whereas its downdip segment is characterized by a series of 15-30 km deep
inter seismically coupled patches [Chlieh et al., 2014; Nocquet et al., 2014], two of them ruptured during the
2016 M,, 7.8 earthquake [Nocquet et al., 2016]. On the contrary, the plate interface in our central Ecuador
study zone is governed by creeping with the exception of the shallow 50 km diameter, highly coupled LPI
patch [Vallée et al., 2013]. At this location, the subduction interface modeled as a 12° landward-dipping planar
fault appears to be locked from near the trench to ~12 km depth [Chlieh et al., 2014].

3. Crustal Structures Beneath the LPI Locked Patch

We used eight multichannel seismic reflection (MCS) lines and a wide-angle seismic (WAS) line (Figure 1b)
collected offshore Ecuador onboard the IFREMER R/V Nadir during the 2000 SISTEUR cruise.

3.1. MCS Processing and Prestack Depth Migration

MCS profiles were recorded using a 45 L air gun seismic source tuned in a single bubble mode and a
360-channel, 4.5 km long streamer. Shots were fired every 50 m, providing 45-fold coverage. All MCS lines
were prestack depth-migrated (PSDM) [Al-Yahya, 1989; Thierry et al., 1999; Agudelo, 2005]. Accordingly, all
lines were preprocessed using Geovecteur software to prepare for PSDM (see supporting information). To
obtain accurate PSDM images along lines SISO5 (Figure 2) and SIS09 (Figure 3), a processing workflow based
on a combination of velocities derived from MCS and coincident WAS data is applied [Agudelo et al., 2009]
(see supporting information and Lines [1993] and Ross [1994]). Quality control and the accuracy of the
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Figure 3. Prestack depth-migrated MCS line SIS09 with along strike ISC variations. The location is shown in Figure 1. (a) ISC variations with uncertainties (red bars)
along the seismic line. (b) PSDM line SIS09; the blue dots along MCS line = location of the interplate megathrust from crossing PSDM MCS lines (vertical red-dashed
lines), heavy white dashed-line De = interplate megathrust, TB = top of margin basement. Note the strong reflective character of the subducted Carnegie Ridge that
contrasts with the poorly reflective bulk of the margin basement; S2ab = lower, mid-Cenozoic sediment, S2c = late Pleistocene system tracks [Proust et al., 2016],
C1 = late Pleistocene unconformity. The region of peaks (white-red stars) along the megathrust coincides with the highest ISC zone; the blue double arrow shows the
2013 SSE [Segovia et al., 2015] likely extending between two peaks of the megathrust; DR = deep reflectors in the subducted Carnegie Ridge. C: continuous blue line is
smooth margin basement top forming an ~1 km high bulge that mirrors continuous red line, which is smooth interplate megathrust.

migrated image are performed carefully by Common Image Gathers analysis (see supporting information) as
they are a key point to our interpretation. At the crossing between lines SISO5 and SIS09, the estimated depth
precision of the interplate fault at a 4.9 km depth is <300 m (see supporting information).

3.2. Wide-Angle Modeling of Line SIS04

WAS line SIS04 was collected along coincident line MCS SISO5 using 2 land stations and 10 ocean bottom
seismometers (OBSs) with a 5 km spacing on the margin outer slope and a 128 L (128,048.52 cm®) air gun
source fired every 125 m [Graindorge et al., 2004; Gailler et al., 2007] (Figure 1b). The SIS04 wide-angle velocity
model of Graindorge et al. [2004] was revisited using forward modeling technique [Zelt and Smith, 1992]
through a combination of first and secondary arrivals from OBS and land stations. Our new model
(Figure 4) considers the geometry of major reflectors picked up from the PSDM coincident MCS line SIS05
(Figure 2), such as the margin basement top “TB,” the plate interface “De,” and the top of the oceanic crust
“TOC.” These geometries were slightly adjusted to agree with WAS data when necessary. WAS record shows
clear refracted and reflected arrivals from sedimentary and crustal layers. Identified phases and their names
are indicated in Table 1. A shadow zone interpreted on OBS record sections 8 to 10 (OBS10 shown in Figure 5)
between PB phase refracted in the margin basement, and P3a phase refracted in the lower plate oceanic layer
3a provides evidence for a velocity inversion beneath the margin wedge between upper plate layer B or C
and lower plate oceanic layer 2.

3.3. Results

Among the MCS lines collected near LPI across the outer margin wedge, we show EW-trending MCS line SIS05
and NS-trending MCS line SIS09, which are most representative of the 3-D structural characteristics of the
plate interface.
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Figure 4. Results from forward modeling for wide-angle seismic line SIS04. (a) Final P wave velocity model obtained from
joint modeling of wide-angle seismic data and coincident multichannel seismic reflection line SIS05; areas constrained by
ray-tracing are shaded; OBS = ocean bottom seismometer, LS = land station. Downgoing plate: OL1, OL2, and OL3a and
b = oceanic layers 1, 2, 3a, and 3b, respectively. Margin: A = shallow sediments of layer A, B = upper crustal layer B, C = lower
crustal layer C. (b) Ray coverage for all diving and reflected waves with every five ray from two-point ray tracing model.

3.3.1. A Shallow Dipping and Highly Uneven Plate Interface

Seismic line SISO5 (Figures 2 and S1) cuts across the outer margin wedge and outer shelf, 15 km south of LPI
(Figure 1). Well-stratified Carnegie Ridge sediment layer S1 and high-amplitude, top of oceanic crust TOC
reflector extend landward beneath the margin, although layer S1 sharply terminates beneath a 5 km wide
frontal prism. In contrast, TOC reflector, whose amplitude is locally enhanced, extends farther downdip in
the form of the De reflector, to an ~6 km depth beneath the shelf. About 3 km beneath De reflector, the sub-
ducted Carnegie Ridge returns energetic and discontinuous reflections DR indicating strong internal
impedance contrast.

De reflector dips ~3° on average beneath the margin wedge and is characterized by three remarkable 0.5 to
~1 km high, 5-8 km wide knolls and peaks. Layer S1 that pinches out beneath the frontal thrust, at the toe of
the shallowest peak, supports the absence of a subduction channel further downdip along the line. Thus, the

Table 1. Observed Seismic Phases, Residual Travel Times, and ;(2 Errors for the Wide-Angle Forward Velocity Model of Line SIS04

Layer Observed Phases Phase Name Number of Picks RMS Misfit (s) ;52 Error Uncertainty
Layer A Refracted wave within layer A PA 132 0.079 1.047 0.060
Layer A Reflection from the base of layer A PrA 191 0.041 0.076 0.150
Layer B Refracted wave within layer B PB 559 0.081 2,607 0.050
Layer B Reflection from the base of layer B PrB 288 0.057 0.516 0.080
Layer C Refracted wave within layer C PC 35 0.040 1.047 0.040
Layer 1 Refracted wave within oceanic sediments layer 1 P1 49 0.073 0.245 0.150
Layer 1 Reflection from the base of oceanic sediments layer 1 Pr1 143 0.047 0.275 0.090
Layer 2 Refracted wave within oceanic layer 2 P2 864 0.072 3.246 0.040
Layer 2 Reflection from the base of oceanic layer 2 Pr2 858 0.052 0.269 0.100
Layer 3a Refracted wave within oceanic layer 3a P3a 2365 0.121 5.841 0.050
Layer 3a Reflection from the base of oceanic layer 3a Pr3a 1075 0.073 0.665 0.090
Layer 3b Refracted wave within oceanic layer 3b P3b 1322 0.070 0.497 0.100
Layer 3b Reflection from oceanic Moho PmP 1540 0.089 0.352 0.150
Mantle Refracted wave from upper mantle Pn 85 0.129 0.753 0.150
Total 9506 0.088 2.183
COLLOT ET AL. OCEANIC RELIEF LOCKS SHALLOW MEGATHRUST 3291
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Figure 5. Wide-angle seismic record section of OBS10 located above the subducted oceanic relief. (a) Ray tracing in the
forward model for OBS10. (b) Record section with picks arrivals (red circles with error bars) and calculated travel times
through the model (dark circles); labels correspond to the picked phases (see Table 1 and Figure 4). (c) Uninterpreted
OBS10 seismic record.

strong and highly uneven De reflector, which extends from the trench axis downdip and truncates the
margin basement reflectors, is interpreted as the plate interface megathrust. The shallow-dipping plate inter-
face is hence inferred to warp across a broad, sediment-bare, multipeak subducted basement relief.

Along line SISO5, the strong top of the basement reflector TB is disrupted and overlain by well-stratified,
0.5-1.5 km thick layer S2. As the subducted peaks come into contact with the base of the margin basement,
a paired seafloor bulge and dip (Figure 2) reveals that the outer wedge gently deforms, conforming to the
plate boundary topography. Indeed, both the basement and TB reflector are deformed by high-angle normal
faults, defining small horst and grabens (at 18 and 26 km). Normal fault F1 appears to cut through layer S2
and deforms the seafloor, indicating that the area is undergoing extension.

Seismic line SIS09 (Figures 3 and S2) cuts across line SISO5 on the shelf edge and passes only ~5 km seaward
of LPI. Plate interface “De” is pinpointed from (1) its location on the six dip MCS lines that crosscut line SIS09
and (2) the boundary between the strongly reflective character of the subducted Carnegie Ridge and the
overlying poorly reflective bulk of the margin basement. The reflective contrast is best defined at
33-44 km and 50-60 km along the line. From 33 to 80 km along the line, plate interface “De” proves highly
uneven, showing three ~0.5-1.5 km high subducted peaks, the shallowest (Pk1 in Figure 3) culminating at an
~3.5 km depth, although the image of its summit remains unclear. The interpretation of the plate interface
north of 33 km along the line is tentative as dip line control is lacking and the plate interface is weakly
reflective. The plate interface seems, however, to deepen northward, and two more peaks at 30 and 16 km
are considered based on the shape and depth of discrete reflectors. On a large scale, uneven plate interface
De can be fitted by a smooth curve with 2-4° slopes. The curve outlines a broad ~1.5-2.0 km high, subducted
basement bulge centered on Pk 1 (Figure 3c). The curve that smoothes out margin basement reflector TB
forms as well, a broad ~1 km high margin basement bulge that mirrors the smooth curve associated with
underlying plate interface De, suggesting a cause-and-effect relationship between them. The bulge of
basement reflector TB is shallowest (~0.5 km) at 42 km close to LPI. The reflector deepens to 2 km
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Figure 6. Interpreted geographic extension of the subducted oceanic relief and interplate lock patch modeled from GPS
data. The transparent pink body with thick white contour is estimated extent of the broad subducted oceanic relief

with peaks (red/white stars along MCS lines). The striped yellow/pink area bordered by white dashed line is presumed
leading flank of the subducted oceanic relief. The dark grey arrows are observed GPS horizontal velocities expressed with
respect to the North Andean Sliver; the italic letterings are GPS station names as in Table 2; the red arrows are modeled
GPS horizontal velocities corresponding to the optimal spatial distribution of interseismic coupling (0 < ISC < 100%) taking
into account the plate interface geometry with the subducted oceanic relief (see Figure S5); the thin downward grey
arrows are observed vertical GPS velocities (see Table 2); the red contours are modeled ISC each 10%. Note that the highly
coupled zone (ISC > 70%) coincides spatially with the location of the subducted oceanic relief and that the 2010 and 2013
slow slip events (orange patches with black dash contours) occurred in the locked patch. The microseismicity associated
with the 2010 SSE [Vallée et al., 2013] (blue dots = depth < 10 km; red dots = depth > 10 km) is shown.

northward of 40 km, where it is disrupted by inactive faults associated with buried basement highs.
Southward of 40 km, TB reaches an ~2 km depth at 75 km and is generally flatter and less disrupted than
north of 40 km. The basement sedimentary cover, which is thinnest along the shelf edge between 30 and
55 km, thickens to ~1.5 km over both flanks of the bulge. S2a/S2b lower and mid-Cenozoic sediment has
accumulated in small slope and shelf basins controlled by the faults across the bulge northern flank. The
faults were sealed by unconformity C1 dated >800 kyr [Proust et al., 2016], which eroded most of S2a/S2b
sediment between 30 and 55 km along the line. Unconformity C1 is overlain by late Pleistocene
transgressive-regressive system tracks of sedimentary layer S2c [Proust et al., 2016].

From reflector De interpreted on all MCS lines in Figure 1, we constructed a simplified 3-D geometry of the
plate interface. It outlines a collection of closely spaced knolls and peaks that belong jointly to the broad,
~55 km long, at least 40 km wide, low (4%) height-to-width ratio, subducted Carnegie Ridge basement relief
(Figure 6).

3.3.2. A Vp Velocity Model of the Subducted Oceanic Relief and Margin Wedge

Modeling the shadow zone observed on OBS record sections 8 to 10 (Figure 5) provides evidence that
4.8-5.0 km/s Vp rocks of the top section of the subducted oceanic relief wedge beneath higher velocity rocks
(5.8-6.0 km/s) of the deepest section of the margin oceanic basement (Figure 7a). Such a low-velocity zone
marks the top of the subducted oceanic relief. The quality of the forward model can be evaluated by
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Figure 7. Spatial correlation between the subducted oceanic relief and the megathrust locked zone along cross-section AB
located in Figure 6. (a) Section showing the superposition of De interplate megathrust (red curve in the frame from MCS line
SIS05) onto the wide-angle seismic velocity model of OBS line SIS04; LPI is projected onto the section; the red triangles
are ocean bottom and land seismometers; OR is subducted oceanic relief. TB, TOC, and De as in Figure 2. (b) ISC downdip
variations (%) with uncertainties (red bars) along cross-section AB. Note that the area of ISC >90% lay further north of this
section (Figure 6); the blue double arrows show the extent of the 2010 and 2013 slow slip event (SSE) after Chlieh et al.
[2014] and Segovia et al. [2015]. (c) Margin structures and seismicity; the yellow layer shows late Pleistocene sediment
[Proust et al., 2016]; the vertical black arrows indicate vertical motions of margin basement in response to the oceanic relief
subduction; stars as in Figure 2; the heavy black dashed line shows the regional subduction interface based on Hayes et al.
[2012]; note the spatial correlation between the rough subducted oceanic relief and the megathrust locked zone

(ISC > 70%); LVZ (green) = downgoing plate low velocity zone; relocated 1994-2007 seismicity within the inner margin
wedge (yellow dots from Font et al. [2013]) and microseismicity triggered by the 2010 SSE event (blue crosses [Vallée et al.,
2013]) laying dominantly within the subducted oceanic relief and LVZ.

70 5]

154

estimating the difference existing between picked and predicted travel times. The final velocity model was
obtained for a satisfying RMS (root-mean-square) error of 0.088 s using 9524 picks (95% of the total picks).
Further details on quality parameters such as RMS error, %, and number of data used for all phases are
given in Table 1.

Ray tracing between source and receiver across the model allows discriminating between well-resolved and
poorly or unconstrained areas. Sedimentary and crustal layers are crossed by both diving and reflected arri-
vals. Ray coverage is of good quality particularly between —50 and 30 km distance along the model (Figure 4b).
The plate interface “De,” i.e., the top of the oceanic relief extracted from MCS data, was sampled using the
PrB reflected phase from the OBS06 to the OBS10 (Figure 5b), although the PrB phases are relatively weak
due to the rough topography and the velocity inversion at the top of the oceanic relief. Geometrical details from
the MCS major reflectors were preserved as long as they improved the overall velocity model fit. The absence
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Table 2. GPS Results

Longitude Latitude V_east V_north S_V_north S_V_east Code
—80.12845 —-0.71117 5.460 —-1.517 0.532 0.532 OLIM
—80.53623 —0.91666 4.837 4.140 0.823 0.823 BRBR
—80.22297 —1.84095 2.237 0.954 0.713 0.713 SABA
—80.38716 —1.18271 3.205 2.094 0.620 0419 STAA
—79.50906 —1.18711 —-0.770 —2455 0.630 0.630 MOCA
—79.53069 —1.55888 0.515 —0.526 0.218 0.218 PUEB
—79.90861 —1.36748 1.843 0.688 0.319 0.728 BALZ
—80.38716 —1.18271 3.205 2.094 0.620 0419 STAA
—80.67116 —0.93660 6.646 4.803 0.420 0.622 MANT
—79.99554 —1.87655 —0.708 0.682 0.180 0.230 DAUL
—79.55386 —1.89429 1.774 —0.867 0.791 0.791 JUJA
—80.75686 —1.98853 —0.047 —0.733 0.367 0.367 AYAN
—80.90515 —2.21914 1.737 1.448 0.201 0.221 LIBF
—81.07355 —1.26214 26.347 3.797 0.182 0.151 ISPT?
—80.42520 —1.55240 3.147 —0.038 1.938 1.570 PJEC?
—80.84913 —1.60001 9.942 —0.100 0.906 0.813 SLGO®
—80.39786 —0.65892 7.511 0.323 0416 0.328 BAHI®
—80.01166 —1.54827 2.197 0.174 0.909 0.869 coLP
—80.03402 —0.97382 3.884 0.004 0.626 0.572 SEVG®
—80.72840 —1.05307 6.904 3.655 0455 0.378 CHIS?
—80.47456 -1.05804 2618 1.539 0.759 0.688 PTEC?
—80.90563 —1.06638 12.180 4.581 0.440 0.530 MLEC?
—80.42870 —0.38647 12.840 6.861 0.332 0.301 CABP?
Longitude Latitude V_Up S_V_up Code

—80.72840 —1.05307 0.653 1.932 CHIS

—81.07355 —1.26214 —5.222 1.867 ISPT

—80.84913 —1.60001 —2.756 2.156 SLGO

@Continuous GPS stations. Top: longitude and latitude of GPS sites in decimal degrees. V_east and V_north are
interseismic velocities with respect to the North Andean Sliver, and S_V_north and S_V_east are the associated
uncertainties (1o confidence level) in mm/yr. Bottom: same as above for the vertical velocities used in the study.
Vertical velocities are with respect to the ITRF2008.

of reverse shots both on land and across the shelf results in lower ray coverage east of the OBS10, where only
arrivals from two land stations were included in the model. Hence, because the dip angle of the leading flank
of the oceanic relief is unconstrained from MCS data and poorly resolved from OBS data, we used the Slab 1.0
model of the regional subduction isodepths [Hayes et al., 2012] and the local distribution of seismic events
[Font et al., 2013] to constrain the dip of the subduction interface from La Plata Island to the coastline. This
11° dip and the ~15 km depth beneath the coastline allowed constructing a conservative and geologically
realistic model of the subducted uneven basement relief (Figure 7).

4. A Refined ISC Model in the LPI Region
4.1. GPS Data Set

To better constrain the ISC spatial distribution in the area of La Plata Island, we used a denser network of GPS
data than that used by Vallée et al. [2013] and Chlieh et al. [2014]. The data set includes 23 GPS sites analyzed
together with the data presented in Nocquet et al. [2014] and 30 continuous GPS (CGPS) sites surrounding
Ecuador from the global network of the International Global Navigation Satellite Systems Service for
Geodynamics (http://igscb.jpl.nasa.gov). Our solution includes new CGPS sites operated by the Instituto
Geofisico de la Escuela Politecnica Nacional [Mothes et al., 2013] (BAHI, MLEC, SLGO, and COLI) and the
Instituto Geografico Militar (PTEC) and two campaign sites (JUJA and STAA). Figure S5 shows the location
of the GPS sites in the LPI area, and all interseismic velocities are provided in Table 2. Each GPS campaign site
selected in the present study benefits from at least three campaigns spanning at least 4 years. All CGPSs have
a minimum of 2.5 years of measurements to mitigate the impact of seasonal variations on the velocity
estimates [Blewitt and Lavallée, 2002].
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Large velocity differences were found between campaign sites averaging the velocity over the 1994-2011
period used in Nocquet et al. [2014] and Chlieh et al. [2014]. This difference is possibly due to frequent SSEs
occurring in this area. Here for campaign sites, we only kept the period corresponding to the time period
when the CGPS network was operating so that we could ensure that no SSE biases the velocity estimates.

4.2, GPS Data Analysis

Campaign and continuous data have been analyzed simultaneously for the 2008.0-2016.0 period, with the
GAMIT/GLOBK software [Herring et al., 2010], using a standard strategy for geodynamics. We used the cumu-
lative up-to-date solution from the International Global Navigation Satellite Systems Service (http://igscb.jpl.
nasa.gov) as our reference to express our velocity field with respect to the ITRF2008 [Altamimi et al., 2011],
using a 14-parameter transformation. All velocity uncertainties account for time-correlated noise in the
GPS time series. More specifically, noise parameters (level of white noise, fractional integer noise index,
and level of fractional integer noise) were first estimated from the time series for continuous sites, using
the maximum likelihood estimator implemented in the CATS software [Williams, 2008]. We used the Euler
pole derived by Nocquet et al. [2014] for the North Andean Sliver to obtain the final velocity in the frame
of the overriding plate, which is eventually used as input data for the modeling.

Aside from the horizontal velocities, we also used the vertical velocity at ISPT, CHIS, and SLGO because (1) the
quality and the length of their time series (between 4 and 7 years) enabled to estimate the velocity with the
1 mm/yr precision and (2) they are the closest sites from the area of interest in this study, providing additional
constraints in the ISC inversion. Because vertical velocities are more sensitive to the elastic structure than
horizontal ones and because the ITRF2008 reference frame might not be adequate to represent the zero of
the overriding plate (as implicitly assumed by the elastic model), we added a T mm/yr uncertainty to vertical
velocity standard deviation in the inversion (see supporting information for the details of GPS analysis).

4.3. Inversion of Interseismic Coupling

We use the virtual back slip approach described in Savage [1983] to model the interseismic spatial coupling
(ISC). The rake and the convergence velocity are fixed to be consistent with the Nazca Plate/North Andean
Sliver motion as defined in Nocquet et al. [2014]. The subduction interface from latitude 0.2S° to 2.0°S is dis-
cretized into 1214 quasi-equilateral triangular subfaults with an average edge length of 4 km (Figure S5). Our
triangular mesh follows the SLAB1.0 geometry [Hayes et al., 2012] for the South America subduction interface,
except in La Plata Island area, where the oceanic relief geometry is included (Figure S5) and is modeled by a
Gaussian function of 2 km height, half-width of 25 km in latitude and 10 km half-width in longitude, providing
a good fit to the grid of MCS profiles used in this study (RMS = 1 km). The extent of the grid used in the inver-
sion is much wider than the area of interest to avoid bias in our results that may arise when not considering
contribution of segments adjacent to neighboring segments to the velocity field. Our inversion strategy
follows the linear Bayesian approach proposed by Tarantola [2005] where the regularization is imposed
through a covariance matrix controlling the level of smoothing of the solution and damping with respect
to an a priori model. Classical resolution analysis for linear least squares inversion indicates that coupling
as close as ~15 km from the trench can be retrieved in front of LPI. Along strike, a good resolution (restitution
index > 0.5) is found from the coast to ~30 km and ~40 km landward from the trench, north, and south of LPI,
respectively (Figure S6). We further investigate the range of possible models by exploring a wide range of
regularization parameters (Figure 8). All details about the inversion method and resolution analysis are
provided in the supporting information [Okada, 1992; Hansen and O’Leary, 1993; Stark and Parker, 1995;
Loveless and Meade, 2011; Radiguet et al., 2012].

As a summary of our tests, we find that (1) there is a highly locked patch (ISC > 70%) roughly centered
around LPI (Figure 6); (2) the along strike variation of coupling is well constrained from the coast to the
longitude of LPI, showing a decrease of coupling northward and southward of LPI. ISC <50% is found
~25 km south and north of LPI; (3) high coupling is further resolved up to ~20 km west of LPI; and (4) there
is low constrain on ISC very close to the trench at the latitude of LPI, and from the trench to ~25 km and
~35 km landward, north and south of LPI, respectively, leaving high or low coupling equally possible.
Although (4) prevents any correlation to be demonstrated between high ISC and the subducted oceanic
relief, (1)-(3) show that the high ISC area spatially correlates with the location of the oceanic relief where
geodetic data are well resolved.
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Figure 8. Selection of ISC models passing the )(2 test and the L-curve criterion (Figure S7). The models are ordered from
(bottom left) minimum to (top right) maximum coupling. The bottom-right model is shown in Figure 6. The bold dash
lines indicate isovalues of coupling for 25%, 50%, and 75%, respectively. The grey and red arrows are GPS data and results

of the model; the short dash lines are isodepth contours for the subduction interface every 5 km; the simplified oceanic
relief geometry is included in the 5 km isodepth contour.

The ISC pattern, vanishing downdip and laterally around the proposed oceanic relief location, provides a
strong evidence of the causal relationship for high coupling in this area. The resolution is high between
LPI and the coastline where high ISC argues for a highly locked leading flank of the subducted oceanic relief.

Good resolution found up to ~20 km westward of LPI supports the view that the trailing flank of the oceanic
relief is also highly locked, at least at this latitude.

5. Discussion
5.1. Margin Deformation Induced by the Subducted Oceanic Relief

Both the MCS images and the WAS velocity model show coherent evidences for the broad (~55 km x >40 km),
low height-to-width ratio subducted Carnegie Ridge basement rise that has a maximum ~1.5-2.0 km height
above the otherwise smoothly curved Slab1.0 [Hayes et al., 2012] plate interface model.
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Overall, the seamount geometrical resistance to subduction likely concentrates significant stress in the adja-
cent surrounding medium, hence resulting in long-term margin deformation, such as a lower slope morpho-
logic reentrant and a topographic bulge that propagates through the margin wedge followed by subsidence
after the subducting relief has passed [Collot and Fisher, 1989; Fisher et al., 1991; Dominguez et al., 1998;
Dominguez et al., 2000; Taylor et al., 2005; Wang and Bilek, 2014; Bassett and Watts, 2015; Ruh et al., 2016].
Noticeable structural evidences support this assertion in the LPI region: (1) the subtle morphologic scar left
by the oceanic relief at the toe of the margin slope, together with (2) the gentle bossing effects (Figure 1b)
on the upper margin slope associated with the subducted peaks; (3) normal faults that crosscut the margin
outer wedge, above the subducted relief; (4) the broad, ~55 km long, ~1 km high outer shelf margin base-
ment bulge that correlates with the ~1.5-2.0 km high, subducted basement bulge (Figure 3c); and (5) the
recent uplift of LPI attested by late Pleistocene marine terraces [Cantalamessa and Di Celma, 2004; Pedoja
et al., 2006]. Additionally, the sequential stratigraphic analysis of late Pleistocene sediment (layer S2c in
Figure 3) imaged by high-resolution (HR) seismic data reveals substantial vertical deformation of the shelf
and upper margin slope in the LPI region. The analysis advocates that subsidence of the shelf edge in front
of Manta and LPI and in a shelf piggyback basin forming southeastward of LPI occurred at least since
~790 kyr, while the seafloor in the LPI region started uplifting prior to ~533 kyr [Proust et al., 2016]. Uplift evi-
denced by an ~533 kyr angular unconformity carried on in the LPI region, while the piggyback basin was
deformed and tilted, its depot center migrating eastward [Proust et al., 2016]. At ~337 kyr, upward bulging
of the acoustic basement affected the shelf edge and interrupted sedimentation in the immediate periphery
of LPI, while sedimentation persisted in the piggyback basin [Martillo et al., 2013]. Other HR seismic data
suggest ~240 m of post ~130 kyr uplift of the northern bound of the LPI region. Hence, late Pleistocene
downwarping reaches ~400 m in the piggyback basin and ~750 m beneath the shelf edge offshore Manta
and LPI, while uplift in the LPI region achieves several hundred meters (Figure 7). In map view, the piggyback
basin surrounds the eastern flank of the LPIl-centered, basement bulge [Proust et al., 2016, Figure 12] reflect-
ing a specific, long-term, nonelastic 3-D flexural bulge of the margin basement. We believe that this flexural
bulge is controlled by the subduction of the oceanic relief because (1) the oceanic relief underlies the entire
outer margin wedge and outer shelf and locks the megathrust and (2) its subduction time frame coincides
with the timing of the specific shelf deformation pattern. Indeed, based on a 4.7 cm/yr convergence rate
[Nocquet et al., 2014], peak PK1 that presently underlies the shelf edge (Figure 6) clogged the trench some
750 kyr ago. This timing also supports that the leading flank of the oceanic relief impinged earlier upon
the margin toe.

The relatively subdued scar left in the margin wedge by the subducted oceanic relief may appear surprising.
As shown by analog and numerical models [Lallemand and Le Pichon, 1987; Dominguez et al., 1998; Ruh et al.,
2016], the structural imprint of subducted seamount depends on parameters including the seamount shape
and its height-to-width ratio, as well as the relative margin and seamount rock strength, strain weakening,
and the plate interface strength. As indicated by many natural examples [Fisher et al., 1991; von Huene
et al., 2000], seamounts higher than 3 km with steep flanks (>5°) tend to fracture more severely the margin
with strike-slip faults and back thrusts and leave a more profound indent in the inner trench slope than low
relief seamounts [Dominguez et al., 1998]. However, in the Mariana Trench, subduction of large seamounts
has not produced significant deformation in the fore arc, an observation that is potentially related to the
ductile behavior of margin mantle rocks and/or to progressive fracturing of the subducting plate [Oakley
et al., 2008]. As a seamount underthrusts the deep cohesive part of the margin, its topographic seafloor
expression and structural imprint reveal less pronounced [Ruh et al., 2016]. It shows only gentle seafloor uplift,
without a detectable fracture network, but normal faults are inferred in the wake of the seamount
[Dominguez et al., 1998]. In the LPI region, the low height-to-width ratio of the subducted oceanic relief
and potential plastic deformation of the fore-arc crust around the subducted relief may account for the
relatively low amount of surface uplift above the subducted topography and modest extensional faulting
in the margin outer wedge, although the strong ISC related to the oceanic relief geometrical anomaly likely
explains the shelf basement flexural bulge.

5.2. Potential Interplate Frictional Anomalies Within the LPI Locked Patch

Although high ISC confined along a narrow strip close to the trench cannot be ruled out, our main result
demonstrates that the subducted oceanic relief locally increases the ISC (Figure 6), in an otherwise domi-
nantly creeping interface segment, a finding that confirms the model proposed by Scholz and Small [19971],
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although the ISC mechanism might differ from their proposal. Yet as shown by the resolution tests (Figure S6)
both the oceanic relief leading and trailing flanks are strongly coupled (ISC > 70%) as far downdip as
~9-10 km (Figure 7). The results presented herein are derived from an erosive oceanic margin, the high Vp
igneous basement of which extends close to the trench. They are, however, consistent with the high
coupling value considered by Bell et al. [2014] at the leading flank of a seamount subducted beneath the
Hikurangi accretionary wedge. However, the high ISC level found across the Ecuador subducted relief
trailing flank contrasts with the very weak coupling assumed by Bell et al. [2014] on the seaward flank of
the Hikurangi seamount.

As proposed by Wang and Bilek [2014] in a generic model, we interpret the locking of the LPI patch at the
oceanic relief scale to be caused by a large resistance to fault motion due to the geometrical anomaly of
the basement relief and its peaks with respect to a planar fault, rather than to a strong frictional contact over
the whole patch. In absence of a denser GPS network or absolute pressure gauge measurements offshore, it
might be that the locking observed below LPI is more heterogeneous than obtained from our ISC inversion.
The apparently homogeneous ISC might come from the effect of the elastic medium that filters small-scale
heterogeneity of slip rates at the plate interface. Additionally, some weak patches might appear locked
because they lie in the stress shadow of actually locked smaller scale patches [Wang and Dixon, 2004;
Perfettini et al., 2010]. Three lines of evidence advocate for the area of high ISC around LPI to be actually more
heterogeneous than determined from geodetic data.

1. Repeated shallow earthquake swarms, the largest events of which (4.9 < M,, < 6.1) exhibit thrust motion
(http://www.globalcmt.org), occur frequently within the LPI locked patch (Figure 1c). Four M,, 5.9-6.1
thrust events of the 2005 swarm (Figure 1c) were relocated and modeled by waveforms inversion to pro-
vide improved ~7 to 12 km focal depths [Vaca et al., 2009], indicating that they ruptured isolated asperi-
ties of the plate interface in the locked patch. Their thrust plane dips 18-24° landward, steeper than the
interplate fault modeled in this study, possibly pointing to plate interface irregularities such as peaks of
the oceanic relief. Occurrence of regular moderate size earthquakes would be consistent with sparse,
kilometer-scale velocity weakening patches.

2. The LPI SSEs correlate spatially with the subducted oceanic relief (Figures 6 and 7), a similar observation as
reported for other SSEs in Japan [Kodaira et al., 2004] and New Zealand [Bell et al., 2010; Wallace et al.,
2016]. According to their location proposed by Chlieh et al. [2014] and Segovia et al. [2015], the 2010
and 2013 SSEs occurred at least partly within the oceanic relief locked patch (Figures 3 and 6). SSEs docu-
mented so far are thought to initiate at transitions in frictional properties from unstable to stable sliding
along the plate interface [Schwartz and Rokosky, 2007]. SSEs in the LPI area may reflect similar transitional
friction areas interspersed between small-scale highly coupled patches.

3. The highly jagged interplate topography is assumed to be associated to a variable interplate fluid over-
pressure producing frictional anomalies that may contribute to the ISC heterogeneity [Sage et al., 2006].
The peaks of the oceanic relief are inferred to locally increase the ISC, thus contributing to locking the
plate interface, whereas the propagation of the 2013 SSE in between the peaks (Figures 3 and 6) denotes
a potential weaker interplate contact. Shallow SSEs are believed to propagate within fluid-rich sediment
identified along the plate interface in the vicinity of subducted seamounts [Sage et al., 2006; Bell et al.,
2010]. Alternatively, since MCS data have not detected sediment on the subducted oceanic relief, the
2013 SSE may have propagated inside the base of the margin basement, along slip planes formed within
a fluid-driven, long-term damaged zone [Sage et al., 2006].

5.3. Potential Deformation of the Subducted Oceanic Relief

Seismic imaging has provided evidence that subducting seamounts survive to large depths, at least 10 km
[Kodaira et al., 2000; Bangs et al., 2006; Barker et al., 2009] and even to a depth of 30-40 km [Singh et al.,
2011]. However, as inferred from conceptual, numerical, and analog modeling, seamount likely deform
during subduction and part of them may be sheared off as the seamount opposes substantial resistance
to subduction [Cloos, 1992; Dominguez et al., 1998; Wang and Bilek, 2011; Bassett and Watts, 2015; Ruh
et al, 2016]. Analyzing seismicity in the central Ecuador subduction zone suggests that the oceanic relief
subducting beneath LPI is also deforming. Although fractured, the margin basement is not shattered as indi-
cated by its remarkably high (5-6 km/s) Vp and should preserve some elastic properties. Earthquakes
recorded by the Instituto Geofisico Escuela Politecnica Nacional (IG-EPN) local network (1994-2007) and
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Figure 9. Synoptic model for shallow oceanic relief (OR) subduction over
an earthquake cycle. (a) In a creeping subduction zone, stress accumulates
as the plate interface locks at discrete peaks of the rugged topography
of a subducted relief (thick red dashed curve); outer wedge subsides (thin
red curve); the grey dashed mesh figures network of potential secondary
faults. (b) Stress is partially released during slow slip events (SSEs)

(green dashed lines), time-associated earthquake (EQ) swarms at the plate
interface (thick blue dash), and at reactivated secondary faults (blue
mesh), while patches of the oceanic relief keep remaining locked, outer
wedge tilt increases seaward (thin green curve). Figures 9a and 9b repeat
over time accommodating small steps of the oceanic relief subduction,
possibly releasing most accumulated elastic strain. (c) Occasionally, if
most elastic strain was not released over repeating Figures 9a and 9b, the
entire updip megathrust (thick blue line) may unlock, generating a
tsunamigenic/tsunami earthquake (red star). The black dashed mesh
figures network of secondary faults potentially reactivated at this stage.
Figure 9c has not been observed in the LPI region.

relocated by Font et al. [2013] attest that
the margin crust inboard from the sub-
ducted oceanic relief is being perva-
sively fractured. However, aside from
the M,, 5.9-6.1 thrust events of the
2005 swarm [Vaca et al., 2009] that likely
occurred on the plate interface, most
centroid moment tensor (CMT) focal
mechanisms of the swarm largest
events are poorly located in depth as
explained by Ekstrom et al. [2012], and
so poorly controlled is the depth of the
seismicity relocated by Font et al.
[2013], although these authors provided
a theoretical average depth uncertainty
of 1.4 km. Therefore, although some of
these events could have ruptured the
plate interface, others might have reac-
tivate faults in both the margin base-
ment and the subducting plate. This
query can be partly addressed using
seismological evidence that suggests
that the subducting oceanic relief tecto-
nically deforms during SSEs. The 2010
SSE time-related sharp increase in
microseismicity [Vallée et al., 2013]
focused at 7-12 km depths and deli-
neated a circular shape in map view
(Figure 6), possibly outlining oceanic
relief structures beneath the continental
shelf. Even considering a +2 km depth
uncertainty, most 2010 SSE seismicity
occurs within the subducted relief
(Figure 7). Such indication suggests that
this seismicity does not identify the
level of the current megathrust, but
rather, secondary faults within the sub-
ducted relief, an outcome that markedly
differs from the SSE seismicity location
generally assumed to be adjacent
[Sagiya, 2004; Delahaye et al., 2009],

inside or very close to the SSE zone on the plate interface [Vallée et al., 2013]. In our hypothesis, the stress
increment induced by the SSE may have promoted seismic rupture on already near failure secondary faults
within the subducted relief. It is noticeable that the 2010 SSE seismicity takes place in the highly reflective (DR
reflectors; Figures 2 and 3), low-Vp velocity zone (Figure 7) modeled from OBS data. This zone may feature a
layer subject to mechanical weakness prone to deformation when stress episodically increases. Most of these
earthquake thrust-motion-consistent polarities and waveforms [Vallée et al., 2013] support contraction shear-
ing within the stressed subducted relief. Although the total moment released by these earthquakes features
<1% of the moment liberated during the SSE [Vallée et al., 2013], this process implies that the bulk of the sub-
ducted relief is being slowly dismembered along a newly forming detachment thrust or high-angle reverse
faults. Such internal shearing might distribute the volume anomaly of the subducted relief over a wider area,
thus contributing to reducing the magnitude of surface uplift above the subducted topography. In conclu-
sion, as proposed by Watts et al. [2010], Wang and Bilek [2014], and Ruh et al. [2016], the subducted relief
appears to overcome its geometrical resistance to fault motion by slowly shearing off part of it.
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Figure 10. Subduction of the Atacames seamount chain beneath central Ecuador (modified from Marcaillou et al.
[2016]); location is shown in Figure 1a; bathymetry is shown on the downgoing plate in meters with CR = Carnegie
Ridge and ISC after [Chlieh et al., 2014] on the upper plate; the white stars with dash circle indicate subducted
seamounts identified on MCS lines (straight black lines). The large stars are 1942 and 2016 megathrust earthquake
epicenters. Note that subducted seamount chain coincides with a low ISC area.

5.4. Mode of Subduction of the Oceanic Relief and Seismic Potential

Because locked zones of the megathrust usually fail during large megathrust earthquakes, Chlieh et al. [2014]
proposed that the size and level of ISC of the LPI asperity could host an M,, ~7.0-7.5 earthquake. The obser-
vation of recurrent SSEs with slip located at least partly within the locked area found in this study suggests
that some of the downdip progression of the oceanic relief takes place aseismically. SSE events with M,,
equivalent to 6.0-6.3 or greater [Vallée et al., 2013] and their associated M,, 6.0+ earthquake swarms
(Figure 7) together accommodate regular and localized small steps (~50 cm) of this progress. Longer obser-
vation time series are, however, required to evaluate the contribution of SSEs and seismic swarms to the slip
budget. Although large earthquakes with M,, >6.5 have not been recorded in the LPI region, rupture of the
LPI coupled patch during a larger event could not be ruled out. Yang et al. [2012] observe that a large earth-
quake may nucleate on a subducted seamount located at shallow depth.

Indeed, between successive SSEs and earthquake swarmes, i.e., during periods of ~3-5 years, the interplate
segment located downdip and on either sides of the oceanic relief keeps creeping, so that the stiff part of
the margin wedge remains stuck to the rugged oceanic relief surface, thus downflexing and storing elastic
strain (Figure 9a). In this view, in complement to the oceanic relief small progresses during SSEs and their
associated swarms (Figure 9b), substantial remaining elastic strain might ultimately be released on rare
and larger seismic events causing a greater increment in the oceanic relief progress and potentially a tsunami
(Figure 9c). Although not illustrated in LPI region, this possibility is substantiated at the Hikurangi margin,
where a shallow, coupled subducted seamount associated with SSEs [Bell et al., 2010; Wallace et al., 2016]
is believed to have produced the M,, 6.9-7.1, 1947 tsunami earthquakes [Bell et al., 2014].

5.5. The Subducted Atacames Seamounts in Northern Ecuador

In contrast with the interplate locked patch associated to the subducted relief in the LPI region, the
NS-trending Atacames seamount chain subducting beneath the North Ecuador margin correlates with a
low ISC corridor [Marcaillou et al., 2016]. However, due to a larger trench-coastline distance, a locked patch
at the seamount scale may not be detected, as the ISC is less constrained near the trench in the Atacames
seamount region, than in the LPI region [Chlieh et al., 2014]. The corridor extends across the margin wedge
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down to a series of locked patches [Chlieh et al., 2014], two of them successively ruptured during the M,, 7.8
2016 earthquake, in the same region as the preceding 1942 M,, 7.8 earthquake (Figure 10) [Nocquet et al.,
2016; Ye et al., 2016].

Aside from their common erosive-type and mafic basement nature, the central and northern Ecuador sub-
duction segments and their subducted oceanic reliefs show significant differences. The two subduction seg-
ments differ in stress environments, as a 7-8 km thick oceanic crust [Collot et al., 2008; Marcaillou et al., 2016]
underthrusts obliquely the coupled northern segment, whereas the 14 km thick buoyant Carnegie Ridge
[Graindorge et al., 2004] underthrusts with low-obliquity the poorly coupled central segment. The Atacames
seamounts have a higher (10-12%) height-to-width ratio, smaller 8-20 km diameter, 1-2 km high, with
steeper slopes >20° than the subducted oceanic relief in central Ecuador. Consequently, the north Ecuador
margin wedge is deeply indented by the subducted seamounts and pervasively broken by intense reverse
faulting, a process that is interpreted to have considerably lowered basement rock Vp velocity (3.5-4 km/s
versus 4.5-5.5 km/s in the LPI region) and weakened the margin [Marcaillou et al., 2016]. A 0.5-1.4 km thick
subduction channel is imaged over the toe of the southern flank of the subducted Atacames seamount.
Moreover, a seismically quiet zone overlaps the region of the subducted seamount chain, where no SSE
has been documented yet. Marcaillou et al. [2016] speculate that the subducted Atacames seamounts
stopped the updip propagation of the M,, 7.8 1942 rupture according to the Yang et al. [2013] model, thus
preventing tsunami generation, a situation that is similar to that observed at the erosive Japan margin, where
M,, 7.0 events have occurred in front of a weakly coupled, subducted seamount [Mochizuki et al., 2008].

6. Conclusions

1. The combination of seismic imaging and new GPS data collected on La Plata Island and nearby Ecuadorian
coastline sites shows that the oceanic relief subducted beneath La Plata Island is a locked asperity within
the overall creeping subduction segment of the central Ecuador. Although nonunique, this result is rare
with regard to the global compilation by Wang and Bilek [2014], which suggests that major subducted sea-
mounts are predominantly associated with a creeping plate interface.

2. The subducted oceanic relief is viewed as a broad (~55 km x 50 km), sediment bare, ~1.5-2.0 km high,
Carnegie Ridge basement rise studded with individual peaks. The oceanic relief that has a low height-
to-width ratio and underthrusts a stiff, high-Vp oceanic margin basement left subdued scars in the margin
morphology and produced a late Pleistocene shelf basement flexural bulge that accounts for the recent
LPI uplift.

3. The oceanic relief geometrical anomaly opposes a robust resistance to shear motion, indicated by the
large-scale locked asperity in the ISC models. However, at a smaller scale, the fault friction within the
locked asperity is suggested to be heterogeneous as both aseismic slip during SSEs and seismic slip
during moderate size subduction earthquakes occur within the locked area, possibly reflecting different
frictional properties at and in between the subducted peaks.

4. Small displacements along the interplate fault through frequent episodic SSE events and synchronous
earthquake swarms predominantly accommodate the oceanic relief subduction. However, a larger event
capable of rupturing the entire locked asperity and causing a larger increment in the oceanic relief
progress is not to be excluded.

5. The oceanic relief geometrical resistance to subduction may result in the beginnings of shearing off a part
of the oceanic relief as suggested by SSE-related microseismicity occurring within the subducted relief.

6. A comparison between the locked oceanic relief and the unlocked Atacames seamount chain both
subducting beneath an erosive oceanic margin indicates that the subducted relief height-to-width ratio
compared to the subduction channel thickness might play a major role on the local ISC. In absence of a
detectable subduction channel, a broad, low height-to-width ratio, highly jagged oceanic relief subducted
beneath a stiff margin basement would favor interplate coupling at the seamount scale, whereas the
bulldozing effects of larger height-to-width ratio seamounts that fracture and weaken the margin would
promote a weaker interplate coupling.

7. Because dense, near-trench geodetic measurements are still technically difficult, seismic imaging could be
used as a proxy to constrain the near-trench subduction locking. Identifying the height-to-width ratio of
shallow subducted oceanic reliefs relative to the thickness of the subduction channel at other subduction
zones would help predicting areas of potential tsunamigenic earthquakes.
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