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S U M M A R Y
The Ecuadorian forearc is a complex region of accreted terranes with a history of large
megathrust earthquakes. Most recently, a Mw 7.8 megathrust earthquake ruptured the plate
boundary offshore of Pedernales, Ecuador on 16 April 2016. Following this event, an inter-
national collaboration arranged by the Instituto Geofisico at the Escuela Politécnica Nacional
mobilized a rapid deployment of 65 seismic instruments along the Ecuadorian forearc. We
combine this new seismic data set with 14 permanent stations from the Ecuadorian national
network to better understand how variations in crustal structure relate to regional seismic
hazards along the margin. Here, we present receiver function adaptive common conversion
point stacks and a shear velocity model derived from the joint inversion of receiver functions
and surface wave dispersion data obtained through ambient noise cross-correlations for the
upper 50 km of the forearc. Beneath the forearc crust, we observe an eastward dipping slow
velocity anomaly we interpret as subducting oceanic crust, which shallows near the projected
centre of the subducting Carnegie Ridge. We also observe a strong shallow positive conversion
in the Ecuadorian forearc near the Borbon Basin indicating a major discontinuity at a depth of
∼7 km. This conversion is not ubiquitous and may be the top of the accreted terranes. We also
observe significant north–south changes in shear wave velocity. The velocity changes indicate
variations in the accreted terranes and may indicate an increased amount of hydration beneath
the Manabı́ Basin. This change in structure also correlates geographically with the southern
rupture limit of multiple high magnitude megathrust earthquakes. The earthquake record along
the Ecuadorian trench shows that no event with a Mw >7.4 has ruptured south of ∼0.5◦S in
southern Ecuador or northern Peru. Our observations, along with previous studies, suggest
that variations in the forearc crustal structure and subducting oceanic crust may influance the
occurrence and spatial distribution of high magnitude seismicity in the region.

Key words: South America; Joint Inversion; Crustal Imaging; Seismicity and tectonics;
Crustal Structure.

I N T RO D U C T I O N

The Mw 7.8 Pedernales earthquake, which occurred on 16 April
2016, caused significant damage and brought increased attention
to the controls on the seismogenic behaviour of the megathrust

along the Ecuadorian margin. The Ecuadorian margin has hosted
several large megathrust earthquakes in the past century along the
Nazca/South America plate boundary. The oldest significant earth-
quake recorded is the 1906 Mw 8.3–8.8 event that ruptured a segment
nearly 500 km along the trench from southern Colombia to Central
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Ecuador (Kanamori & McNally 1982; Yamanaka et al. 2017). Earth-
quakes with Mw 7.6 and greater have occurred in 1942, 1958, 1979
and 2016 (Beck & Ruff 1984; Swenson & Beck 1999; Ye et al.
2016; Nocquet et al. 2017; Yamanaka et al. 2017). Collectively,
these earthquakes have ruptured the majority of 1906 earthquake
rupture zone. South of the southern extent of the 1906, 1942 and
2016 earthquakes (near 0.5◦S), the occurrence of Mw ≥ 7.4 earth-
quakes are absent throughout our study area until at least 3.5◦S.
The lack of high magnitude earthquakes between 0.5◦S and 3.5◦S
suggests segmentation in megathrust behaviour along the margin.
This segmentation has been previously attributed to the presence
of the Carnegie Ridge (CR) acting as a barrier towards southward
rupture of large earthquakes (Fig. 1; Collot et al. 2004, Gailler et al.
2007). In the area surrounding the CR near the La Plata Island,
several slow slip events (SSE) have occurred, including an event in
2016 following the Pedernales Earthquake (Vallee et al. 2013; Vaca
et al. 2018). SSEs have also been observed to the north in the Punta
Galera-Mompiche Zone (PMGZ; Fig. 1) along with a deep SSE in
2016 (Fig. 1; Rolandone et al. 2018; Vaca et al. 2018).

The lack of high magnitude megathrust earthquakes south of the
subduction of the CR appears to extend to at least 3.5◦S, where a
Mw 7.4 earthquake occurred in 1953 that was likely not on the plate
interface and therefore would not have ruptured much of the plate
boundary (International Seismological Centre 2016). Recent GPS
studies have suggested that plate coupling is low south of 0.5◦S
except for a small segment of the plate boundary near La Plata Is-
land where SSEs have been observed (Nocquet et al. 2014), and is
perhaps not capable of producing a great earthquake. It is important
to understand the along-strike differences in the seismogenic zone
to better characterize the slip behaviour seen throughout the re-
gion. Many factors, including topography on the downgoing plate,
trench sediments, fluids, and properties of the upper plate, con-
tribute to the rheological properties of the seismogenic zone (Bilek
& Lay 2018, and references therein). In this study, we investigate the
discontinuity and shear wave velocity structure of the upper plate
along the Ecuadorian forearc to better understand how along-strike
variability might contribute to variable slip behaviour along the
margin.

The Ecuadorian forearc consists of several accreted oceanic ter-
ranes that were assembled between the Late Cretaceous and Early
Eocene (Kerr et al. 2002; Jaillard et al. 2009). Many of the details re-
lated to the age of formation and accretion, and distribution of these
terranes, comes from surface geological and geochemical data with
minimal subsurface data (<5 km) available from oil exploration
wells (Evans & Whittaker 1982). Previous geophysical studies, in-
cluding Bouguer gravity analysis and earthquake relocation studies,
have been used to constrain the subsurface geology (Feininger &
Seguin 1983; Font et al. 2013). Numerous marine seismic studies
have illuminated the offshore forearc structure (Collot et al. 2004,
2017; Graindorge et al. 2004; Gailler et al. 2007). These studies
have provided a good first order understanding of the geology of the
forearc in the offshore region. They have not, however, been able
to elucidate the onshore portion of the forearc, and as a result have
provided few insights on the role of the overriding crust on seismic
behaviour along the margin.

Following the Mw 7.8 Pedernales earthquake, an international
collaboration arranged by the Instituto Geofisico at the Escuela
Politécnica Nacional (IG-EPN) mobilized a rapid deployment of
55 broad-band, intermediate, and short-period seismometers and
10 ocean-bottom seismometers in order to capture the aftershock
sequence for ∼1 yr (Meltzer et al. 2019). This data provides an
unprecedented opportunity to image Ecuadorian forearc structure

and study how it relates to the seismogenic zone and the range of
slip behaviours observed at the plate boundary. To constrain forearc
structure, we perform receiver function (RF) analyses at all available
forearc stations and then combine the RF results with Rayleigh-wave
dispersion measurements derived from ambient noise cross corre-
lations (Lynner et al. 2020) in a joint inversion. By jointly inverting
RFs and surface wave dispersion data, we produce a detailed shear
wave velocity model that is sensitive to both vertical and lateral ve-
locity variations. We then relate structures present in our shear wave
velocity model to the seismogenic properties along the margin.

T E C T O N I C B A C KG RO U N D O F T H E
F O R E A RC

From the Western Cordillera to the present-day trench, Ecuador is
made up of accreted oceanic plateau and arc rocks. Details of the
timing and origin of the accreted terranes have been the subject of
much debate, but the most recent evidence suggests that the oceanic
terranes share a similar origin and were part of the Colombian
Caribbean Oceanic Plateau (CCOP, Luzieux et al. 2006; Jaillard
et al. 2009). The CCOP collided with South America in the Late
Cretaceous and failed to subduct due to having a higher buoyancy
than typical oceanic crust (Cloos 1993). The subsequent accretion
onto the South American plate may have already been comprised of
the amalgam of tectonic blocks that make up the Ecuadorian forearc,
or the remainder of the blocks may have accreted in subsequent
events (Luzieux et al. 2006; Jaillard et al. 2009). Regardless of
the exact timing, the forearc of Ecuador is thought to largely be
accreted oceanic lithosphere material that is heavily obscured by
sedimentary basins.

Prior to the accretion of the forearc units, the Pallatanga block
accreted onto South America and is currently part of the Western
Cordillera (Fig. 1; Kerr et al. 2002). The Pallatanga block is bounded
to the east by the Pujili Fault and the Inter-Andean valley and to
the west by the Chimbo-Touchi shear zone. West of the Chimbo-
Touchi shear zone lies the Macuchi Terrane, an Eocene-aged arc
that formed by eastward subduction after the accretion of a frag-
ment of the CCOP on to South America (Hughes & Pilatasig 2002,
Vallejo et al. 2009). In the forearc, sedimentary cover obscures the
underlying oceanic terranes, with a few exceptions of interpreted
oceanic arc and plateau rocks outcropping in the north and south
of our study area. Topography of the forearc is generally low with
elevations reaching up to 650 m in a few isolated locations along the
coastal cordillera. In northern coastal Ecuador, near the Pedernales
earthquake epicentre and further south near the Chongón–Colonche
Fault, outcroppings of interpreted oceanic plateau material are found
(Fig. 1). These units are often referred to as the Piñon Formation.
The Piñon Formation is made up of ultramafic, mafic and intermedi-
ate magmatic rocks (basalts, andesites, gabbros, dolerites, wherlites
and peridotites; Luzieux 2007). In central Ecuador along the coast,
the San Lorenzo Formation is in contact with the Piñon Formation
(Luzieux et al. 2006). The San Lorenzo Formation is composed
of island arc affinity rocks of a late Cretaceous age. The age and
composition of the San Lorenzo Formation is similar to that of arc
rocks in the Pallatanga block suggesting its formation was the re-
sult of westward driven subduction of South America beneath the
CCOP (Luzieux et al. 2006). Together the Piñon and San Lorenzo
Formations, as well as several other minor formations, comprise the
Piñon Terrane. The Piñon Terrane is often mapped as underlaying
the majority of the Ecuadorian forearc (Kerr et al. 2002; Jalliard
et al. 2009).
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Figure 1. Left-hand panel: topographic map with seismic stations (triangles) deployed during Ecuador RAMP temporary deployment (networks XE and 8 G;
white and blue), and permanent seismic stations (network EC; green). Blue stations’ results are highlighted in Fig. 2. Inset map in upper left corner. Dashed
black ellipse shows approximate rupture area of the 1906 earthquake (Chlieh et al. 2014). Dashed yellow outlines show the approximate aftershock areas of
the 1942 and the 1958 earthquakes (Mendoza & Dewey 1984; Swenson & Beck 1996). Red polygon is the high slip (>1 m) area for the 2016 Pedernales
earthquake; red star demarks the epicentre (Nocquet et al. 2017). Note the lack of major earthquakes south of 0.5◦S. Slow slip event regions are shown as
purple ellipses including the Punta Galera-Mompiche Zone (PMGZ; Vallee et al. 2013; Vaca et al. 2018; Segovia et al. 2018; Rolandone et al. 2018). –2200 m
bathymetric contour outlines the Carnegie Ridge. Slab contours are from Slab2 (Hayes et al. 2018). Relative Nazca to fixed South America Plate Motion (PM;
55 mm yr–1) is from Chlieh et al. (2014). Right-hand panel: map of the major tectonic blocks, accreted terranes and basins in Ecuador significant to this study
(Luzieux et al. 2006; Jaillard et al. 2009). Yellow lines: major fault systems; CCF: Chongón–Colonche Fault; JPF: Jipijapa Fault; JF: Jama Fault system; PF:
Pujili Fault, CTSZ: Chimbo-Touchi Shear Zone. Solid black lines show the locations of cross sections shown in Figs 3, 4 and 6.

DATA A N D M E T H O D S

Following the Mw 7.8 16 April 2016, Pedernales Earthquake, an
international response coordinated by the IG-EPN, deployed seis-
mic instruments immediately following the main event (Meltzer
et al. 2019; Fig. 1). These instruments recorded continuously for
approximately one year following installation. Data from this de-
ployment has already been used to study the aftershock seismicity
(Agurto-Detzel et al. 2019; Meltzer et al. 2019; Soto-Cordero et al.
2020) and velocity structure across the rupture area and Ecuador
(León-Rı́os et al. 2019; Lynner et al. 2020). We incorporate data
from the temporary deployment as well as permanent stations from
the Ecuadorian national network (Alvarado et al. 2018) to construct
P-wave receiver functions (RFs) along the margin. We then jointly
invert our calculated RFs with Rayleigh wave phase velocity mea-
surements from Lynner et al. (2020) to develop the best constrained
shear wave velocity model of the Ecuadorian forearc to date.

Receiver function quality control

RF analysis is a commonly used technique to isolate P-to-S con-
versions from discontinuities beneath 3-component seismic stations
(Langston 1979; Ammon 1991). The vertical component is decon-
volved from the radial and tangential components to produce the

radial and tangential receiver functions respectively. In this study,
we focus only on radial receiver functions.

RFs are calculated using data from 64 (50 rapid deployment and
14 permanent network instruments) broadband and short-period
stations in the Ecuadorian forearc (Fig. 1). Teleseismic earthquakes
from distances of 30◦–90◦ with Mw 5.9 and greater are used. The re-
sulting backazimuthal event distribution is heavily concentrated to
the southeast and northwest, with the majority of earthquakes com-
ing from the Chilean and Aleutian subduction zones. Data from
short-period stations had their instrument responses removed prior
to calculating RFs in order to broaden the frequency band (Niu
et al. 2005). Instrument responses for broadband and intermediate
instruments are not removed, as the response of these instruments is
already flat within our frequency range of interest. For each station-
event pair, we cut and filter the data using a bandpass filter between
0.04 and 4 Hz. Initial quality control is performed manually for
each event-station pair by verifying the presence of a strong initial
P-wave arrival. If no arrival was visible, the event is discarded from
further analysis. RFs are then calculated using the time-domain it-
erative deconvolution technique (Ligorria & Ammon et al. 1999)
with Gaussian values of 5.0 and 2.8 (equivalent to a low pass fil-
ter of ∼2.5 and 1 Hz, respectively). A second round of quality
control was conducted on the RFs, keeping only RFs that show a
positive initial peak (associated with the incoming P wave), and
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contained RF amplitudes < 1. Amplitudes higher than 1 for the
frequency content used in our study result from significant vertical-
to-radial energy transfer due to complex shallow structure, such as
anisotropy or dipping layers. RFs with significant oscillatory be-
haviour are also removed. After the quality control steps, 609 RFs
remained.

Adaptive common conversion point stacking

Adaptive Common Conversion Point (ACCP) stacks (Delph et al.
2015, 2017) are constructed from the radial RFs that passed our
quality controls using a modified version of the Funclab package
(Eagar & Fouch 2012; Porritt & Miller 2018). To create our ACCP
stacking volume, RFs are ray-traced back along their theoretical ray
path using a 1-D velocity model (Fig. S1) averaged from an a priori
3-D Vp model of the Ecuadorian forarc with a Vp/Vs of 1.77 (Font
et al. 2013). Timing corrections are calculated based on the full 3-D
velocity model following Eagar & Fouch (2012). These rays are
then mapped to a 3-D grid and converted to depth. Their associated
amplitudes are normalized to the highest value for each RF and
linearly stacked (Dueker & Sheehan 1997). Our ACCP stacks have
laterally sized bins starting at 0.1◦ in diameter spaced every 0.05◦

laterally and a 1 km thickness to a depth of 100 km. We allow the
bins to laterally expand to a maximum of 0.2◦ if less than 5 RFs are
present within a bin.

Joint inversion

In order to obtain a high-resolution shear wave velocity model,
we jointly invert the complementary data sets of RFs and ambi-
ent noise-generated Rayleigh wave dispersion data. Rayleigh wave
dispersion data is able to recover the absolute velocities of verti-
cally polarized shear waves, however, the broad sensitivity kernels
of Rayleigh waves at different frequencies result in a weak sen-
sitivity to velocity discontinuities. RFs, conversely, provide strong
constraints on discontinuity structure, but are not sensitive to the
absolute velocities on either side of these boundaries. By combin-
ing these data sets, we are able to reduce the non-uniqueness of the
inverse problem by mitigating the shortcomings of each individ-
ual method (Julia et al. 2000) and produce a high-resolution shear
wave velocity model that is sensitive to both vertical and lateral
shear wave velocity variations.

We use the Rayleigh wave dispersion measurements from Lyn-
ner et al. (2020), who used intermediate and broadband seismic
data from Ecuador to measure phase velocity dispersion through-
out the forearc and arc. They extracted dispersion curves from
cross-correlation of day-long records between all contemporane-
ously recording stations in the period range of 8–40 s. The inter-
station phase velocity measurements were then inverted for phase
velocity maps on a 0.1◦ x 0.1◦ grid. From these phase velocity maps,
we extract dispersion curves at each grid point in the model (ex-
amples in Fig. S2). Further details of the processing and inversion
of the ambient noise data can be found in Lynner et al. (2020, and
references therein).

A second common conversion point (CCP) volume is computed
with 0.1◦ spatial sampling that matches that of the dispersion data
to 100 km in depth so that we can extract and pair RFs from a
gridded data set with the dispersion data. We use a bin spacing
of 0.1◦ with bins 0.2◦ in diameter and a depth spacing of 0.5 km.
Unlike the ACCP stacks described above, the bins in this volume
are fixed at 0.2◦. We use the same 1-D average velocity model

(Fig. S1) for the forearc region derived from Font et al. (2013) to
map receiver functions to depth. The CCP stacks are constructed
using non-normalized RFs with a Gaussian value of 2.8 in order
to capture discontinuities on the order of ∼1 km. From this CCP
volume, RFs are extracted on a 0.1◦ x 0.1◦ grid to match the grid
spacing of the dispersion data, and converted back to time using the
same 1-D velocity model used to map RFs to depth. Unlike in the
previously described ACCP stacks, we do not perform timing cor-
rections to account for 3-D heterogeneity, as this would convolute
which 1-D velocity structure would be most accurate for migrat-
ing RFs back to time. Extracting RFs from a CCP volume rather
than using individual station RFs has the advantage of more accu-
rately accounting for variations in backazimuth and ray parameter,
thereby minimizing artefacts associated with imperfect data cov-
erage and lateral heterogeneity beneath a station. CCP stacks can,
however, suffer from unrealistic sharp changes in amplitude that
may result from: (1) the discretization of the model into constant
thickness bins, which will incorporate different time windows of
the receiver functions based on the velocity model or (2) introduc-
ing new data into a bin, as rays spread out and number of receiver
functions in a bin generally increases as a function of depth. These
artefacts cannot be predicted by the receiver function forward op-
erator. In order to mitigate these artefacts, the CCP-derived RFs
are filtered with a Gaussian filter following the method described
by Delph et al. (2017). This results in RFs with a slightly lower
frequency (2.5 Gaussian alpha parameter), leading to a small loss
of vertical resolution, which can then be paired with dispersion
data.

The dispersion curves and the effective 2.5 Gaussian CCP-
derived RFs are jointly inverted to construct a high-resolution shear
wave velocity model (following Delph et al. 2017). We use an initial
velocity model consisting of a 4.5 km s–1 half-space discretized into
1 km thick layers. By assuming a simple starting velocity struc-
ture, we ensure that the features in the resulting shear wave velocity
model are driven by the RFs and dispersion data and are not biased
by a priori assumptions of velocity structure in the starting model.
We prefer using a uniform starting model so that discontinuities,
albeit smoothed, are placed at the depth required by the RF data. Us-
ing a starting model containing discontinuities severely biases the
resulting shear wave velocity model, because discontinuities in the
starting model remain fixed in depth with this linearized inversion
technique. The joint inversion algorithm starts with the initial ve-
locity model, computes predicted RF and dispersion curves at each
grid point, then compares predicted and observed data to calculate
a misfit. The misfit is used to iteratively update the velocity model.
This process is repeated for 40 iterations or until the model change
between iterations becomes negligible (<0.05 per cent). The model
extends to 100 km to ensure the dispersion sensitivities are near 0
at the base of our model to avoid biases from boundary effects at
the bottom of the model. The joint inversion requires a weighting
factor between the RFs and dispersion curves in order to define the
relative importance of each data set. After testing several weighting
factors, we use a weighting factor of 0.3, indicating 30 per cent
weight on the dispersion data and 70 per cent on the RFs, for the
final model reported in this study. Higher weightings of the disper-
sion data produce minor improvements in the fit of the dispersion
data but significantly degrade the RF fits and associated sensitivities
to discontinuity structure (Fig. S3). We also run this inversion with
different uniform velocity starting models (Figs S4 and S5) and a
weighting factor of 0.7 (Figs S4 and S5) to test the effects of these
parameters on our final model.
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R E S U LT S

We show results of the radial RFs for some representative stations,
the Adaptive Common Conversion Point stacks, and the shear wave
velocity model resulting from the joint inversion of RF and Rayleigh
wave dispersion data. We identify four along-strike segments (from
north to south segments 1, 2, 3 and 4) based on the changes in
seismic characteristics determined from the RF and variations in
shear wave velocity structure.

Receiver functions

Fig. 2 shows examples of the 5.0 Gaussian RFs at representative
stations in our study (labelled on Fig. 1). Station EC16 is located
within the 2016 earthquake rupture region (Nocquet et al. 2017).
This station shows two primary positive conversions (Ps1 and Ps2),
at 1.4 and 2.2 s followed by a negative conversion, at ∼3 s (Ps3). In
RFs, a positive amplitude P-to-S conversion results from an increase
in velocity with depth at a discontinuity and a negative amplitude
conversion results from a decrease in velocity with depth at a dis-
continuity. At around 4 and 5 s potential multiples of Ps1 and Ps2 are
present (PpPs1 and PpPs2). Station EC14 is from the coastal area
north of the rupture zone of the 2016 event and within the Borbon
Basin. A series of positive peaks (Ps1, Ps2 and Ps3) can be seen be-
tween 1 and 3 s and broad negative peaks (Ps4) at ∼4 s. A final peak
at ∼6.5 s (PpPs2) may be a multiple of the Ps2. Assuming a Vp/Vsof
∼1.77 and a Vs of ∼3.6 km s–1, a primary P-to-S conversion at 6.5 s
would map to a discontinuity at a depth of ∼50 km but if the conver-
sion is a multiple (PpPs1) it would be generated at a discontinuity at
∼16 km.

Stations EC08 and EC09 are farther from the coast, located within
the Manabı́ Basin, and further demonstrate the complexity of the
RFs in the basin area. EC08 has two strongly positive arrivals, Ps1

at ∼2.5 and Ps2 at ∼5 s that are consistent across most ray pa-
rameters (Fig. 2). The Ps2 conversion is too close in time to be
a multiple of Ps1, indicating that it is most likely a primary con-
version. The likely multiple of Ps1 is seen at a time of ∼6.5 s
(PpPs1). The negative multiple may also be present slightly later
at 7 s, indicated by PsPs1. The strength and time variability, how-
ever, suggests that there may also be a primary negative conver-
sion at this time. EC09 has a very weak initial P arrival followed
by a series of primary positive arrivals (Ps1, Ps2 and Ps3) with a
large peak at ∼3 s. Other studies have shown similar complica-
tions in RFs associated with basin structures (Ma & Clayton 2016).
At around 5.8 s, a negative conversion (Ps4) is present that corre-
sponds to a depth of ∼43–50 km depending on the velocity model.
Beneath this negative, a positive peak (PpPs2) may be the multiple of
Ps2.

Stations in the south were placed nearer to or on solid bedrock
rather than basin deposits and generally produced higher quality
RFs. For example, the RFs for station VMON show a positive peak
(Ps1) at ∼1 s and another (PpPs1) at ∼4 s. This second peak is likely
a multiple of the first. Assuming a Vp/Vs of ∼1.77 and a starting Vs

of 3.0 km s–1, the resultant multiple (PpPs1) would be generated at
a discontinuity at ∼8 km. Station CAYO is located on the southern
side of the Manta peninsula and has a positive peak (Ps1) consistent
across all ray parameters at ∼1.4 s. This is followed by a nega-
tive peak around 2.2 s (Ps2) and a positive peak after Ps2 at ∼3 s
(Ps3). Finally, a weak multiple of Ps1, PpPs1 may be present around
∼4.3 s.

If the multiples can be identified correctly, they can constrain
the Vp/Vs above the conversion the causes the multiple. Using the
primaries and multiples we identify for the stations in Fig. 2, we
approximate the Vp/Vs of using equations from Zandt et al. (1995)

and a range of Vp between 5.75 and 6.75 km s–1. We note that the
complexity of the tectonic structure in the region makes identifying
multiples difficult; thus, not all primaries have associated multiples
to use in the Vp/Vs calculation. For station EC16, Ps1 has a Vp/Vs of
between 1.86 and 1.94. Ps2 in EC14 indicates Vp/Vs values between
1.71 and 1.77. Station EC08 indicates a Vp/Vs range of 1.70–1.77
for Ps1 and 1.83–1.89 for Ps2. Finally, the multiple for Ps1 in stations
VMON and CAYO indicates values between 1.75 and 1.83. These
findings suggest that the Vp/Vs is strongly variable throughout the
upper crust, which is not unexpected given the presence of basins
and accreted terranes in the upper crust.

Adaptive common conversion point stacks

Trench parallel and trench perpendicular cross sections through the
Gaussian 5.0 ACCP stacks are shown in Fig. 3. Several distinct fea-
tures can be seen throughout the cross sections. The trench parallel
profiles are divided into four segments based on the location and
character of the shallow (<25 km) P-to-S conversions (Fig. 3; A–A′

and B–B′). In segment 1 (S1), we observe two prominent primary
positive conversions are at depths of ∼7 and 17 km (D1 and D2;
Fig. 3). In cross section C–C′, discontinuity D1 is present at ∼5 km
in the first ∼40 km of the profile and again at 5–7 km on the eastern
edge of the profile. Here, D1 may be related to an increase in veloc-
ity at the base of the Borbon Basin in the west, and the Manabı́ basin
in the east. Multiples related to the shallow basin structure make
deeper interpretation difficult in this area. Where A–A′ intersects
the profile C–C′ (Fig. 3), D1 and D2 are present and continue for
∼20 km to the east. However, further to the east (∼75 km), D1 has
shallowed and is no longer apparent in the cross section. D2 also
continues to weaken eastward.

In the segment 2 (S2) the D2 conversion deepens to ∼20 km
and is overlain by a weak positive conversion in A–A′ and a weak
negative conversion in B–B′. In D–D′, D2 is present throughout the
section, splitting into two conversions in the eastern 30 km of the
profile (Fig. 3).

Between S2 and segment 3 (S3) D2 shallows, reaching a depth
of ∼11 km in S3. As D2 shallows another positive conver-
sion, D3, emerges, underlaying and paralleling D2 for ∼80 km
at depths a depth of ∼22 km in A–A′ and ∼25 km in B–B′

(Fig. 3).
In segment 4 (S4) D2 continues to shallow to a depth of ∼7 km

and is underlain by two more positive conversions at depths of 10
and 15 km and a negative conversion (N1) at ∼28 km in A–A′ and
B–B′. In E–E′ a D2 is continuous across the section, broadening and
deepening further east (Fig. 3).

Transecting several of the segments at depths between ∼22 and
35 km, a broad negative conversion, N1, is observed throughout S1,
S3, and S4 in A–A′ and S3 and S4 in B–B′ (Fig. 3). In the trench
perpendicular sections N1 is present in C–C′ and D–D′ near the
western ends of the profiles above and below Slab2 respectively,
and E–E′ as a more continuous discontinuity that dips eastward.
This discontinuity (N1) closely parallels Slab2 (Hayes et al. 2018)
in S1 (A–A′) from the northern edge of the profile to the S1–S2
boundary and in S4 (E–E′) for ∼65 km from the western edge of
the profile eastward.

Receiver function multiples

Multiples are a common concern in receiver function studies in areas
with strong, shallow discontinuities. The arrival times of multiples
from primary conversions at shallow depths can interfere with those
of primary conversions from deeper boundaries or become misinter-
preted as primary conversions. In our results, the shallowest primary
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1676 C.D. Koch et al.

Figure 2. Moveout plots for the 5.0 Gaussian radial receiver functions for stations EC16, EC14, EC08, EC09, CAYO, VMON (Fig. 1; blue triangles). Receiver
functions are stacked in epicentral distance bins of 5◦. Black lines delineate primary P-to-S conversions and dashed green lines delineate likely multiples.
Primary conversions denoted by Psx, and multiples by PpPsx and PsPsx, with subscripts indicating different conversions.

conversions are seen in segments S1 and S4. Multiples from these
conversions may impact the interpretation of features around depths
of ∼25 km and deeper in the northern section of A–A′ and in the
southern region of A–A′ and B–B′ (Fig. S6). Other multiples are
generally at or below the top of the subducting slab, placing them
deeper than any features we focus on in this study.

Joint inversion

Cross sections through the upper 50 km of our shear wave velocity
model from our joint inversion at the same locations as the ACCP

stacks are shown in Fig. 4. As in the ACCP stacks, we separate each
profile into four along-strike segments based on the crustal shear
wave velocities and RF discontinuities. Side by side comparisons
between the ACCP stacks and shear wave velocity model can be
seen in Figs S7 and S8. Fits of the predicted data compared against
the observations are shown in Fig. 5. In general, the final model
fits the dispersion curve data well across the study area, while RF
fits are degraded in regions with complicated shallow structure,
such as around the Manabı́ and Borbon basins (Fig. 5). The fit for
individual gridpoints at each of the stations shown in Fig. 2 can be
seen in Fig. S2. In general, we observe good fits for periods 25 s
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Structure of the Ecuadorian forearc 1677

Figure 3. Trench parallel cross sections, A–A′ and B–B′, and trench perpendicular cross sections, C–C′, D–D′ and E–E′, through the 5.0 Gaussian ACCP
stack. Dashed black lines are interpreted primary conversions from receiver functions. Dx indicates a positive conversion Nx indicates a negative conversion.
Pink line is the top of the subducting oceanic crust from Slab2 (Hayes et al. 2018). Black dots are earthquakes from the Pedernales aftershock catalog shown
only for trench perpendicular sections projected 10 km perpendicular to the section (Agurto-Detzel 2019). Approximate location of the Carnegie Ridge and
the 2016 Pedernales high slip (>1 m) rupture region (A–A′ only) are projected in the direction of plate motion. Velocity model and other parameters used for
ACCP stacks described in text. Location map (bottom right) shows locations of cross sections and our interpretation of segments (S1, S2, S3 and S4) separated
by red lines.

and shorter, with worse fits for longer periods between 30 and 40 s,
corresponding to depths of ∼40–50 km. Figs S9 and S10 show the
receiver function and dispersion fits along the cross sections seen in
Fig. 4 along with corresponding cross sections through the ambient
noise tomography (ANT) results from Lynner et al. (2020).

At a depth of ∼20 km, the results from north to south show a
moderately fast velocity region (S1, ∼4.0 km s–1), a slow velocity
region (S2, <3.5 km s–1) and fast velocity regions (segments 3 and
4. >4.4 km s–1; Fig. 4). S1 extends from the northern edge of each

profile to ∼140 km on cross-section A–A′ and ∼55 km on cross-
section B–B′. The observed moderately fast seismic velocities range
from ∼10 to 25 km depth with shear wave velocities of up to ∼
4.2 km s–1. Section C–C′ (Fig. 4) transects this segment and the
moderate velocities appear to extend to at least the western edge of
the section.

In each profile, S2 shows slow shear wave velocities are present in
the upper ∼30 km. These velocities range from 2.8 to 3.5 km s–1 and
generally increase with depth. The shallowest portion of this slow
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1678 C.D. Koch et al.

Figure 4. Trench parallel cross sections, A–A′ and B–B′, and trench perpendicular cross sections, C–C′, D–D′ and E–E′, through the shear wave velocity
model as determined from the joint inversion. Contour interval is 0.2 km s–1 and bolded contours are at 2.4, 3.0 3.6 and 4.2 km s–1. Pink line is the top of
the subducting oceanic crust from Slab2 (Hayes et al. 2018). Black dots are earthquakes from the Pedernales aftershock catalogue shown only for trench
perpendicular sections projected from 10 km perpendicular to the section (Agurto-Detzel 2019). Approximate location of the Carnegie Ridge and the 2016
Pedernales high slip (>1 m) rupture region (A–A′ only) are projected in the direction of plate motion. Location map (bottom right) shows locations of cross
sections and our interpretation of segments (S1, S2, S3 and S4) separated by red lines.

anomaly may be, in part, related to the Manabı́ basin. However,
the lateral extent and depth make it unlikely that the entire slow
velocity anomaly can be attributed to the basin. Furthermore, the
upper 5 km have poor velocity resolution due to the low sensitivity
at shallow depths of the dispersion data at the periods used in this
study (Lynner et al. 2020). Section D–D′ (Fig. 4) shows a thick slow
velocity zone that thins eastward in the crust.

In S3, the slow velocities shallow to the upper ∼8 km and a section
of moderate shear wave velocities between 3.6 and 4.0 km s–1 is
present at depths between 8 and 20 km in sections A–A′ and B–B′.

Beneath this, a sharp boundary at ∼20 km is observed, and the
velocities increase to ∼4.4 km s–1. The shear wave velocities below
this anomaly begin to decrease at a depth of 35 km in the vicinity
of Slab2 (Hayes et al. 2018).

In S4, the moderate shallow velocities in S3 are not present and
the fast anomaly present in S3 shallows. In S4 this fast anomaly
reaches shear wave velocities up to 4.5 km s–1 at depths as shallow
as ∼10 km in both cross-sections A–A′ and B–B′ (Fig. 4). The
transition between the S2 slow anomaly and the S3 and S4 fast
anomaly shows a rapid lateral increase in velocity over ∼20 km.
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Structure of the Ecuadorian forearc 1679

Figure 5. Percent fit of our final joint inversion shear velocity model to the
Rayleigh wave dispersion (left-hand panel) and receiver function (right-hand
panel) input data.

Cross-section E–E′ through S4 shows that the fast velocities do
not extend all the way to the coast, but are pervasive above the
subducting oceanic crust in the east.

In cross-section A–A′ there is a ∼10–20 km thick slow
(3.6 km s–1) velocity anomaly that varies in depth along cross sec-
tion A–A′ (Fig. 4). In S1, the centre of this anomaly is at a depth of
∼28–32 km and the base of the anomaly closely aligns with Slab2
(Hayes et al. 2018). In S2 this anomaly deviates from Slab2, rising
to a depth of ∼18 km and in S3 and S4 deepens again realign-
ing with the top of Slab2 (Fig. 4). In B–B′, the slow shear wave
anomaly, and Slab2, are only present in S3 and S4. This feature is
not imposed by the starting velocity model and is not clearly ob-
served in ambient noise tomography even when starting models that
impose a slab are used (supplemental info in Lynner et al. 2020).
Thus, the anomaly is the result of the inclusion of the RFs in the
joint inversion. Multiples from shallower conversions (D1) may be
present at these depths, especially in the S1 and S4 (Fig. S6), which
reduces the confidence of any interpretation. Figs S4 and S5 show
the the resulting shear wave velocity models when periods greater
than 25 s are removed. This shows that the low velocity feature at
∼40 km in S2 is not dependent on poor fits to the longer periods
in the dispersion data. The continuity, velocity, geometry, and close
alignment with Slab2 away from the CR suggest this may be a real
feature associated with the slab.

Comparison with ambient noise tomography

The inclusion of RFs into the inversion produce more detailed shear
wave velocity images than the inversion of dispersion data from
ambient noise tomography alone, as would be expected due to the
lack of constraints on discontinuity structure without the receiver
functions. Figs S9 and S10 show direct comparisons along the cross
sections presented here between the joint inversion and ANT-derived
shear wave velocity models (Lynner et al. 2020). In S1 in cross-
section A–A′ the fast velocities between 10 and 25 km are not
nearly as prominent in the ANT-only model. In cross-section C–C′

the ANT-only results show a deep slow velocity feature at a distance
of ∼60 km from the start of the profile. In S2 both models (joint
inversion and ANT) indicate slow velocities, while the boundaries of
these features are much more clearly defined in the joint inversion
results. Similarly, in S3, the sharp velocity gradients observed at
∼10, 20 and 35 km in the joint inversion are much smoother in

the ANT-only model as expected. Finally, the fast velocities in S3
and S4 are not as prominent in the ANT-only model along these
sections, only reaching velocities of ∼4.3 km s–1.

D I S C U S S I O N

In this section, we will discuss our interpretations of the ACCP stack
and shear wave velocity model determined from the joint inversion
in the context of the tectonic units and distribution of megathrust
seismicity (Fig. 6).

Terrane distribution in the forearc crust

The complexity of the Ecuadorian forearc appears to be reflected
in the strong changes in shear wave velocity between the segments
shown in the cross-sections in Figs 3 and 4, which suggest signifi-
cant spatial variation in the composition and/or fluid content of the
accreted terranes from north to south.

Northern segment 1

In the upper ∼25 km of A–A′ and upper ∼30 km of B–B′, the
velocities in the S1 increase rapidly, reaching 3.8–4.2 km s–1 by
10–15 km depth. This northern segment extends south roughly to
the location where the Piñon Formation outcrops north of the Jama
Fault System (Fig. 1). In the A-A′ line, the ACCP stacks show that
conversion D1 extends to roughly the same area and is likely the
top of the high velocity feature. Given the tectonic history, it is
likely that the crust in the S1 consists primarily of accreted oceanic
plateau material as mapped in the Piñon Terrane, despite the fact
that the Piñon Formation does not outcrop at the surface in S1. The
velocities are consistent with this interpretation when compared
to accreted oceanic plateaus elsewhere. The Siletzia Terrane, an
accreted oceanic plateau in the Cascadia forearc, similarly shows
shear wave velocities in the range of 3.6–3.9 km s –1 (Rathnayaka
& Gao 2017; Delph et al. 2018). A compilation of oceanic plateau
studies shows that, in the deeper layers, P-wave velocities range
from 6.5 to 7.0 km s–1 (3.65–3.97 km s–1 assuming a Vp/Vs = 1.77)
and some oceanic plateaus contain a basal unit with P-wave ve-
locities of up to 7.9 km s–1 (Ridley & Richards 2010). We are not
able to separate these layers distinctly, likely due to the strong de-
formation that occurs during the accretionary process (Tetreault &
Buiter 2014), and/or because of the broad shear wave sensitivity
kernels the Rayleigh waves. Discontinuity D2 in A–A′, however,
suggests a strong velocity change that appears to be internal to the
fast velocity body. At the base of the Pinon Formation, the model
rapidly transitions into slower seismic velocities that may represent
the subducting oceanic crust (Fig. 6).

Central segment 2

The Ecuadorian forearc crust in S2 has slow velocities, ranging
from 2.8 to 3.6 km s–1, setting it apart from the northern and the
two southern segments. The slow velocities are thickest towards
the west, extending to a depth of ∼30 km (D–D′; Fig. 4). The
slow velocities transition rapidly to faster velocities in the north
and south at the same depths. This rapid lateral transition is seen
particularly well in B–B′ (Fig. 4) where the slow velocities increase
by ∼0.6 km s–1 over ∼20–25 km. In A–A′ S2 lines up with much
of the rupture of the 2016 event and the deepest part of the slow
velocities appear to be bounded in the north by the Jama Fault
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1680 C.D. Koch et al.

Figure 6. Interpreted cross sections A–A′ and B–B′ through the joint inversion shear wave velocity model (upper) and the 5.0 Gaussian ACCP stack (lower).
The thin dashed black line outlines the approximate location of the Manabı́ Basin. Approximate location of the Carnegie Ridge and the 2016 Pedernales high
slip (>1 m) rupture region (A–A′ only) are projected in the direction of plate motion. Approximate segment boundaries are shown as thick dashed lines on
each cross section.

System (Fig. 4). The base of the slow anomaly is in close proximity
to the velocities interpreted as the subducting oceanic crust in S1
(Fig. 6), but is ∼20 km shallower than predicted by Slab2 (Hayes
et al. 2018). At the surface, the Manabı́ Basin corresponds with
the slow velocities (2.8–3.5 km s–1) and the basin may account for
some of the slow velocities in the upper ∼10 km. The depth of the
Manabı́ Basin is not well constrained, but it has been suggested to be
at most 10 km thick (Jaillard et al. 1995; Deniaud 2000). As such, it
is likely that the velocities seen beneath the Manabı́ Basin are due to
accreted material that is slower than the faster forearc material in S1,
S3 and S4. The sharpness of the northern and southern boundaries
suggests a more abrupt transition, similar to what we would expect
at a boundary between accreted terranes.

The sediment cover and lack of a surface expression of this
deeper, slow feature beneath the Manabı́ Basin make it difficult to
constrain. However, there are several possibilities that may have
resulted in the observed slow velocity structure. Four possibilities
discussed here include (1) fluids resulting from dehydration of the
subducting slab infiltrating and altering the crust, (2) a zone of
lithosphere that was altered prior to accretion, (3) the accretion and
preservation of the upper layers of the Piñon Formation and (4)
tectonic erosion of the forearc crust as the buoyant Carnegie Ridge
subducts.

This slow region occurs above the projected centre of the
Carnegie Ridge (CR, Fig. 4). As the CR subducts and heats up,

fluids are likely released through dehydration reactions within hy-
drated mineral assemblages in the subducted oceanic crust (Peacock
1989). The subducted structure of the CR may allow for pressure-
driven flow of expelled fluids towards the centre of the ridge, causing
fluids to accumulate in the lithosphere beneath the Manabı́ Basin.
Subducting fluids have the potential to alter the overriding mate-
rial and produce slower seismic velocities (Peacock 1989; Bostock
et al. 2002; Hyndman & Peacock 2003). If the material beneath the
Manabı́ Basin was originally that of the Pinon Terrane, which is
thought to be comprised of mafic and ultramafic rocks, any hydra-
tion would lead to serpentinization and thus slower velocities.

An alternative reason for the slower seismic material is that this
was a region of increased alteration prior to accretion onto the fore-
arc. The presence of a serpentine-rich body could have developed
via hydration and alteration of an ultramafic sliver of oceanic crust
prior to accretion onto the margin (Cluzel et al. 2001; Guillot et al.
2015). Similar accreted serpentinized slivers have been suggested in
the southwest Pacific (Cluzel et al. 2001) and in Cascadia (Nikulin
et al. 2009).

A third interpretation is that the slow velocities result from the
accretion of an overthickened oceanic plateau that may have rela-
tively slow seismic velocities in the upper layers (e.g. the Shatsky
Rise; Korenaga & Sager 2012; Tetreault & Buiter 2014). For ex-
ample, Sallares et al. (2005) found that oceanic layer 3 in the CR
crust has Vp velocities between 6.5 and 7.2 km s–1 (Vs velocities of
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Structure of the Ecuadorian forearc 1681

3.67–4.07 km s–1 assuming Vp/Vs of 1.77) as it enters the trench,
similar to the forearc seismic velocities seen beneath the Manabı́
Basin. Some of the forearc in this segment could be underplated
oceanic plateau crust from previous plateau accretion. Given the
tectonic setting of the Ecuadorian forearc, it seems plausible that
a portion of the oceanic plateau that makes up the Piñon Forma-
tion was overthickened and the upper layers were accreted onto the
forearc while deeper, high velocity, and denser layers may have de-
laminated, subducted, or have since been tectonically eroded (Sage
et al. 2006).

The final possibility suggests that as the Nazca plate subducts
beneath the forearc, the buoyancy of the CR inhibits subduction,
increasing tectonic erosion of the forearc crust. Increased erosion
may aid in the transportation of fluids, as the upper plate is physically
broken up to accommodate the bathymetry of the ridge. As in case 1,
the influx of fluids may lead to alteration of the forearc and therefore
slower seismic velocities. The observed slow velocities may also be
in part related to the CR itself. If the ridge is in direct contact with
the overriding plate, the observed velocities may be reflective of
ridge material not the upper plate material.

From shear wave velocity results alone, it is not possible to dis-
tinguish between the mechanisms described above. Therefore, we
estimated bulk Vp/Vs measurements of the slow region from RFs.
Vp/Vs can provide additional constraints on the character and com-
position of the slow region below the Manabı́ basin. The relatively
high Vp/Vs ratios (1.83–1.94) found at stations EC16 and EC08,
which lie above the slow anomaly in S2, suggest that either fluids or
serpentinization are likely responsible. An alteration-based mech-
anism is, therefore, the most plausible explanation of the slower
seismic velocities.

Southern segments 3 and 4

Segments 3 and 4 consist of the fastest velocities seen in the fore-
arc. These velocities rapidly increase with depth, reaching up to
4.6 km s–1 at ∼25 km depth in S3 and as shallow as ∼10 km in
S4. Given the fast seismic velocities, it is likely that the accreted
terrane in this region includes a large amount mafic and ultramafic
material consistent with lithospheric mantle material. The Piñon
Formation is exposed south of S4 and the San Lorenzo Formation
outcrops along the coast on the west side of S3 and S4 (Luzieux
et al. 2006, Jaillard et al. 2009, Fig. 1). We note that Reyes &
Michaud (2012) map many of the San Lorenzo Formation outcrops
along the coast as Pinon Formation. The higher velocities seen in
S3 and S4 are consistent with those of mantle lithosphere at the
base of accreted extinct arc terranes, such as Kohistan Arc and Tal-
keetna Arc, where P-wave velocities in the interpreted uppermost
mantle reach P-wave velocities as high as 8.5 km s–1 (e.g. Miller &
Christensen 1994; Christensen & Mooney 1995; Jagoutz & Behn
2013; Vs velocity of 4.8 assuming Vp/Vs of 1.77). As such, these
velocities may represent a portion of accreted lithospheric mantle,
suggesting that the San Lorenzo Formation may extend at depth fur-
ther eastward beneath the forearc (labelled as San Lorenzo Mantle
in Fig. 6). Additionally, a strong positive Bouguer gravity anomaly
in S4 has previously been interpreted as shallow mantle material
(Feininger & Seguin 1983). This region of high Bouguer gravity
anomaly extends from ∼1◦S to ∼2.5◦S and closely corresponds
with the fastest velocities in S4 (Fig. S11; Bonvalot et al. 2012).
Given the terranes′ position in the forearc and depth of the subduct-
ing oceanic crust (Slab2 from Hayes et al. 2018), we suggest that the
forearc accreted material likely includes some mantle lithosphere

associated with the accreted terrane and is in contact with the sub-
ducting oceanic crust. In the ANT-only model, Lynner et al. (2020)
saw a similar fast velocity anomaly in the forearc and interpreted a
similar mantle source to explain the velocities.

In S3 and S4, the San Lorenzo Formation is 15–25 km thick
(Fig. 6), comparable to the preserved thicknesses of the Bonanza
arc (Canil et al. 2010) and Talkeetna arc (Greene et al. 2006). Similar
to the S1, it is difficult to resolve layering in the accreted material.
However, in S3, a small section of relatively slow velocity is present
at 10–20 km depth (labeled as San Lorenzo crust in Fig. 6). The
velocity of this section is ∼3.8–4.0 km s–1 and may be a crustal
portion of the accreted San Lorenzo Formation.

Subducting slab

Below the crustal structures discussed above, relatively slow veloci-
ties (∼3.6 km s–1) are observed at ∼28–32 km depth in S1, ∼18 km
depth in S2 and ∼45 km depth in S3 and S4 in cross section A–A′.
The deeper widespread slow velocities are approximately 10–15 km
thick and closely overlays Slab2 in the north and underlays Slab2
in the south of A–A′ and also in the south of B–B′ (Fig. 4). The
shear wave velocity of this anomaly is consistent with offshore seis-
mic refraction velocity estimates of the CR oceanic crust (P-wave
average velocities between 6.5 and 7.0 km s–1 in oceanic layer 3,
corresponding to Vs = 3.51–3.78 km s–1 assuming a higher Vp/Vs

of 1.85 which may be more consistent for oceanic crust; Hyndman
et al. 1979; Sallarès et al. 2005; Gailler et al. 2007). Sallarès et al.
(2005) also found the thickness of the CR oceanic crust to be be-
tween 13 and 19 km, matching closely with our observations. Along
E–E′, this slow velocity anomaly is seen dipping eastward (Fig. 4).
However, in D–D′ the slow velocities are not observed dipping east.
Negative multiples, which may be present in S1 and S4, may impart
a low velocity feature in these regions. However, given the geome-
try, close alignment with Slab2 in the S1, S3 and S4, and velocities
of this slow seismic anomaly, we interpret this as the subducted
Nazca oceanic crust (Fig. 6). The inconsistencies with Slab2 are not
entirely unexpected for this region, as Kwong et al. (2019) found
NEIC catalogue epicentres to be off by up to 15–25 km in this area.

South of the Jama Fault system (Fig. 1), towards S2 in A–A′, the
slab slow velocity anomaly deviates from Slab2 (Hayes et al. 2018),
appearing to shallow to a depth of ∼22 km. The shallowest point is
spatially correlated with the centre of the CR when projected in the
direction of plate motion (Figs 3 and 4). If this is indeed the position
of the subducting slab, the forearc crust seems significantly thinned
in the centre of the profile, possibly indicating increased tectonic
erosion as a result of the CR subduction. Further evidence for this
being a CR-related structure is its correlation with coastal uplift
seen along the margin (Gutscher et al. 1999).

Offshore deformation and tectonic erosion have been suggested
for the CR in seismic reflection profiles along the Ecuadorian margin
(e.g. Sage et al. 2006). Other studies, however, have suggested
that the coastal uplift seen in Ecuador is not necessarily related
to the CR and that it is unclear how far inland the CR actually
subducts (Michaud et al. 2009). Furthermore, there is a wide range
of proposed ages of trench-ridge collision from 1 to 15 Ma (Michaud
et al. 2009, and references therein). In order to explain the slab
anomaly described in S2 the CR would have had to have subducted
a distance of at least 130 km from the trench. This would imply
that the CR started subducting into the trench by at least ∼2.4 Ma
(assuming a rate of 55 mm yr–1, Chlieh et al. 2014). As such, it
is unclear if the slab anomaly is present at these shallow depths
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1682 C.D. Koch et al.

(segment 2 in A–A′ Fig. 4) or if the shallower slow anomaly in
S2 discussed earlier extends to these depths and that the slab is
obscured in this section.

Forearc structure and megathrust earthquakes

Our shear wave velocity model shows structural forearc segmenta-
tion at ∼0.5◦S and ∼1◦S coincident with the change in megathrust
behaviour. This change in seismic velocity is seen throughout the
forearc crust and potentially into the subducting oceanic crust. A
change is also observed in the Bouguer gravity data and in the
ANT-only model (Figs S9 and S11; Lynner et al. 2020). The margin
north of ∼0.5◦S has hosted several Mw > 7.7 earthquakes in the past
century, whereas south of ∼0.5◦S no megathrust earthquakes with
Mw ≥ 7.4 are present until at least ∼3.5◦S. We propose that the upper
plate intermediate shear wave velocity material (Piñon Formation;
Fig. 6) in S1 and the slow shear wave velocity anomaly beneath the
Manabı́ Basin in S2 are able to host high magnitude earthquakes
(such as the 1906, 1942 and 2016 events). In contrast, the southern
portion of our study area (S3 and S4), where we interpret accreted
mantle lithosphere in the upper plate near the down dip edge of the
megathrust plate interface, may be less conducive to producing high
magnitude earthquakes. In Ecuador, previous studies (e.g. Mendoza
& Dewey 1984; Collot et al. 2004) have suggested that the offshore
extension of the Jama Fault system and heterogeneities along fault
planes are responsible for the segmentation and large earthquake be-
haviour. As shown in A–A′, the slow velocities beneath the Manabı́
Basin shallow near the Jama Fault, further supporting the idea that
the offshore extension of the fault system may segment large earth-
quake behaviour. Other major transitions in our results are not as
clearly aligned with known fault systems. However, the rapid lateral
changes in seismic velocities and in the RF discontinuity structure
that we observe may indicate previously unobserved faults at depth.

The role of the lower plate in megathrust earthquakes, such as
the importance of asperities, trench sediments, and hydration, has
been well studied (e.g. Bilek & Lay 2018, and references therein).
This is also true in Ecuador, where Collot et al. (2017) found that
irregularities in the seafloor bathymetry are spatially correlated with
a highly coupled asperity beneath La Plata Island. Agurto-Detzel
et al. (2019) also found that the slip mode in the Ecuadorian margin
may be controlled by oceanic relief of the incoming slab. Variations
in the hydration state may also alter the frictional properties of the
megathrust contact, resulting in regions that are either more or less
suited to large magnitude earthquakes (Audet & Schwartz 2013).
Sediment thickness has also been correlated with high magnitude
earthquakes along the margin. Regions with thicker sediments may
lead to greater volumes of subducted sediments, creating a smoother
interface with more uniform coupling along the megathrust (Ruff
1989; Scholl et al. 2015). To first order, this seems to hold true for
the Ecuadorian trench. Using wide-angle seismic profiles Gailler
et al. (2007) found that sediment thickness north of the CR is
∼1 km greater than to the south. However, the thinnest sediments
are observed where the CR enters the trench, which transects the
proposed segmentation (Gailler et al. 2007). All of these factors
need to be considered to better understand megathrust properties.

The role of the upper plate in the occurrence of megathrust earth-
quakes in Ecuador is less well understood. Wells et al. (2003) sug-
gested that subsidence associated with forearc basins may indicate
areas of subduction erosion and higher coupling. Additionally, vari-
ations in crustal geology has been associated with variations in
the frictional properties of the megathrust (e.g. in Japan, Fujie et al.

2013; Bassett et al. 2016). It is possible that a similar process is hap-
pening in Ecuador, in which we see significant along-strike varia-
tions in seismic velocities (Fig. 6) as well as in gravity (Feininger &
Seguin 1983; Tamay et al. 2018). These seem to correlate with vari-
able megathrust behaviour. Similar to the effect of a large sediment
influx into the trench, a more homogenous upper crust may result in
smaller variations in friction along strike, allowing larger areas to
slip in single events (Bassett et al. 2016). These frictional variations
may cause favorable conditions for large earthquakes in the north,
where we interpret accreted Pinon Formation. At the same time,
they cause aseismic creep in the south, where accreted lithospheric
mantle may be present. The base of the accreted lithospheric mantle
may have a thin layer of serpentinized material, which would behave
in a more ductile manner, inhibiting stress build up and brittle failure
associated with large earthquakes. Antigorite-rich serpentinite may
influence the slip behaviour of a subduction interface, widening the
range at which slow slip behaviour can occur (Goswami & Bar-
bot 2018). However, subduction channel rocks, such as calcareous
rocks, quartzose rocks, and talc schist have been shown to localize
deformation relevant to the depths at which SSEs occur (French &
Condit 2019). Thus, while the properties of the subducting plate are
undeniably important, variations in the upper plate also seem to be
important in controlling the slip behaviour of the megathrust along
the Ecuador forearc.

C O N C LU S I O N S

We present adaptive common conversion point receiver function
stacks and a 3-D shear wave velocity model derived from the joint
inversion of receiver functions and surface wave dispersion for the
upper 50 km of the Ecuadorian forearc. Our results present new
evidence for along-strike segmentation in the composition and/or
properties of the forearc crust. We identify four distinct segments
along-strike that may play important roles in controlling the areal
extent of rupture for large events along the convergent margin. In
the northernmost portion of the forearc (Segment 1), we observe
fast velocities consistent with the accreted oceanic lithosphere of
the Piñon Formation. Slightly to the south (Segment 2), we observe
a relatively slow velocity anomaly that may be related to subduction
derived fluids or the accretion of a slow velocity material beneath the
base of the Manabı́ Basin and the top of the subducting lithosphere.
Further south, at ∼0.5◦S, above the southern half of the subducted
Carnegie Ridge (Segments 3 and 4), the forearc shows the highest
velocities seen in our results, and are interpreted as being associated
with lithospheric mantle material likely associated with the San
Lorenzo Formation. The transition from slow velocities beneath
the Manabı́ Basin to faster velocities southward corresponds to the
southern extents of the 1906, 1942 and 2016 earthquakes and may
act as a barrier to rupture propagation. Furthermore, our results
suggest that structure and composition of the upper-plate in the
Ecuadorian forearc may play a role in controlling the behaviour of
megathrust earthquakes along-strike. The presence of the Carnegie
Ridge and other structure on the subducting crust are undoubtedly
a critical component as well. Further study of megathrust behaviour
is needed to better understand the importance the overriding plate.

A C K N OW L E D G E M E N T S

We used the Generic Mapping Tools developed by Wessel & Smith
(1998) to make figures. Open and available seismic data [networks
8 G (Meltzer & Beck 2016) and EC (Alvarado et al. 2018)] were
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accessed via the Data Management Center of the Incorporated Re-
search Institutions for Seismology. We also use data from the XE
seismic network (Regnier et al. 2016) and the Instituto Geofı́sico
at the Escuela Politécnica Nacional (IG-EPN) seismic network. We
are deeply grateful to the staff at the Instituto Geofı́sico at the Es-
cuela Politécnica Nacional (IG-EPN) in Quito, Ecuador and thank
all the field crews that helped in data collection. We acknowledge
the thoughtful comments from the editor and two anonymous re-
viewers. This work was supported by (National Science Foundation)
NSF EAR-1723065, NSF EAR-1723042 and NSF RAPID Program
Award EAR-1642498.
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Supplementary data are available at GJI online.

Figure S1. 1-D velocity model constructed by averaging a subset
of the 3-D a priori P-wave velocity model from Font et al. (2013).
The velocity model was averaged over a rectangular region in the
Manabı́ basin area, defined by a box with latitude 0.04◦N to 0.4◦S
and longitude 80.02◦W to 79.8◦W. This velocity model is utilized
in both the ACCP stacks and CCP stacks.
Figure S2. Results of the joint inversion for individual gridpoints
at locations nearest the stations shown in Fig. 2. (c) Predicted (red)
and observed (black) receiver function, (b) predicted phase velocity
(red) and observed (black) dispersion data and (c) initial (black) and
final (red) shear wave velocity model.
Figure S3. Plot showing the average and standard deviation of the
NRMS fit per cent for dispersion (purple) and receiver function
(orange) data sets vs joint inversion weighting factor.
Figure S4. Cross sections A–A′ and B–B′ through different shear
wave velocity models resulting from the joint inversion of re-
ceiver functions and dispersion data. Black line in each sec-
tion is from the Slab2 model (Hayes et al. 2018). Unless oth-
erwise specified, all other parameters are as described in the
main text. (a) Cross sections using a uniform 4.8 km s–1 starting
velocity model. (b) Cross sections using a uniform 4.2 km s–1

starting velocity model. (c) Cross sections using a weighting
of 0.7 (70 per cent dispersion data, 30 per cent RF data). (d)
Cross sections through the models with dispersion periods >25 s
removed.
Figure S5. Cross sections C–C′, D–D′ and E–E′ through different
shear wave velocity models resulting from the joint inversion of
receiver functions and dispersion data. Black line in each section is
from the Slab2 model (Hayes et al. 2018). Unless otherwise speci-
fied all other parameters are as described in the main text. (a) Cross
sections using a uniform 4.8 km s–1 starting velocity model. (b)
Cross sections using a uniform 4.2 km s–1 starting velocity model.
(c) Cross sections using a weighting of 0.7 (70 per cent dispersion
data, 30 per cent RF data). (d) Cross sections through the models
with dispersion periods >25 s removed.
Figure S6. Effective 2.5 Gaussian CCP stacks (data set used in
the joint inversion) with the shallowest primary P-to-S conversion
(black) and corresponding location of predicted multiples assuming

a Vp/Vs of 1.77 (red and blue). The pink line is the top of the oceanic
crust from Slab2 (Hayes et al. 2018).
Figure S7. Trench parallel cross sections A–A′ (top panel) and B–B′

(bottom panel) through the joint inversion shear velocity model and
the 5.0 Gaussian ACCP stack. Pink line is the top of the subducting
oceanic crust from Slab2 (Hayes et al. 2018). The velocity model
used for ACCP migration and other parameters are described in the
main text.
Figure S8. Trench perpendicular cross sections through the 5.0
Gaussian ACCP stack (left-hand panel) and joint inversion shear
velocity model (right-hand panel). Black dots are earthquakes from
the Pedernales aftershock catalog projected from 10 km perpendic-
ular to the section (Agurto-Detzel et al. 2019). Red line shows the
extent of the 2016 earthquake rupture (>1 m slip; Nocquet et al.
2017). The pink line is the top of the subducting oceanic crust from
Slab2 (Hayes et al. 2018).
Figure S9. Cross sections A–A′ and B–B′ through shear wave ve-
locity models derived from the joint inversion of receiver functions
and dispersion data (left-hand panel) and the dispersion data only
(right-hand panel; Lynner et al. 2020). Lynner et al. (2020) used
the 3-D a priori P-wave velocity model from Font et al. (2013) as
their starting model. Fit per cent for both RF (red) and surface wave
dispersion data (blue) from the joint inversion are shown above the
joint inversion profiles.
Figure S10. Cross sections C–C′, D–D′ and E–E′ through shear
wave velocity models derived from the joint inversion of receiver
functions and dispersion data (left-hand panel) and the dispersion
data only (right-hand panel; Lynner et al. 2020). Lynner et al. (2020)
used the 3-D a priori P-wave velocity model from Font et al. (2013)
as their starting model. Fit per cent for both RF (red) and surface
wave dispersion data (blue) from the joint inversion are shown above
the joint inversion profiles.
Figure S11. Bouguer gravity profiles through A–A′ and B–B′ cross
sections along with the corresponding shear velocity profiles from
this study (Bonvalot et al. 2012). Note the increase in the Bouguer
gravity associated with the high shear wave velocity material in S3
and S4.
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