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S U M M A R Y 

The Ecuadorian Andes are a complex region characterized by accreted oceanic terranes driven 

by the ongoing subduction of the oceanic Nazca plate beneath South America. Present-day 

tectonics in Ecuador are linked to the downgoing plate geometry featuring the subduction of 
the aseismic, oceanic Carnegie Ridge, which is currently entering the trench. Using seismic 
tomo graphy, we jointl y invert arri v al times of P and S waves from local and teleseismic 
earthquakes with surface wave dispersion curves to image the structure of the forearc and 

magmatic arc of the Ecuadorian Andes. Our data set includes > 100 000 traveltimes recorded at 
294 stations across Ecuador. Our images show the basement of the central forearc is composed 

of accreted oceanic terranes with high elastic wave speeds. Inboard of the Carnegie Ridge, the 
westernmost forearc and coastal cordilleras display relati vel y low V p and V s and high V p / V s 

values, which we attribute to the increased hydration and fracturing of the overriding plate 
due to the subduction of the thick oceanic crust of the Carnegie Ridge. We additionally image 
across-arc differences in magmatic architecture. The frontal volcanic arc overlies accreted 

terranes and is characterized by low velocities and high V p / V s indicative of partial melt 
reserv oirs w hich are limited to the upper crust. In contrast, the main arc displays regions of 
partial melt across a wider range of depths. The Subandean zone of Ecuador has two active 
volcanoes built on continental crust suggesting the arc is expanding eastwards. The mid to 

lower crust does not show indications of being modified from the magmatic process. We infer 
that the slab is in the process of flattening as a consequence of early-stage subduction of the 
buoyant Carnegie Ridge. 

Key words: Composition and structure of the continental crust; South America; Seismic 
tomography; Continental margins: convergent; Crustal structure; Subduction zone processes. 
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 I N T RO D U C T I O N  

he Ecuadorian Andes mark the nor ther n extension of the South
merica subduction zone, characterized by the eastward subduction
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f the Nazca plate beneath the South American continent with a
onvergence rate of ∼5–6 cm yr −1 (Fig. 1 ; Trenkamp et al. 2002 ;
endrick et al. 2003 ; Nocquet et al. 2014 ). The Nor ther n Andes are
istinct from their southern continuation by the presence of several
ceanic terranes which were accreted onto the South American
argin during the Late Paleocene to Eocene (Fig. 1 ; e.g. Jaillard
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Figure 1. Left: Generalized tectonic map of the Nor ther n Andes. Plotted as circles are > M5 earthquakes from the NEIC catalogue ( 2023 ), depths are denoted 
by the fill colour (see legend). Contours of the top of the Nazca Slab depth are plotted (see legend). Plate convergence direction is shown as arrows relative to 
South America from Nocquet et al. ( 2014 ). The purple polygon outlines mapped outcrops of accreted oceanic terranes (Cardona et al. 2011 ). Major bathymetric 
features are outlined in white. CCPP FZ: Chingual-Cosang a-Pallatang a-Pu ̃ na Fault Zone; NAS: Nor ther n Andean Sliver. Right: tectonic map adapted from 

Jaillard et al. ( 2009 ) and Alvarado et al. ( 2016 ). Major tectonic regions and faults are highlighted. Red triangles—Holocene Volcanos. Active faults are 
shown in black and major fault systems are labelled in white text: CCPP FZ: Chingual-Cosang a-Pallatang a-Pun á Fault System; CCF: Chong ón-Colonche Fault 
System; CRF: Ca ̃ nande-R ́ıo Lachas Fault System; PuF: Pujili Fault System; QF: Quito Fault System; ESB: Eastern Subandean Belt. Abandoned suture zones 
are labelled in blue: JF: Jama Fault; MSZ: Mulaute Shear Zone; CTSZ: Chimbo-Toachi Shear Zone; CoMF: Cosanga-M éndez Fault. Back-arc volcanoes, 
Reventador and Sumaco, are abbreviated as V. Reventador and V. Sumaco, respectively. 
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et al. 2009 ; Vallejo et al. 2019 ). These terranes form the basement 
of the forearc and parts of the Western Cordillera and are described 
as remnants of an oceanic plateau(s) and volcanic arc(s) (e.g. Kerr 
et al. 2002 ; Jaillard et al. 2009 ). 

The downgoing Nazca slab is between 9 and 30 Ma at the trench 
and contains the Carnegie Ridge, a large oceanic plateau with thick 
oceanic crust (15–19 km) that formed at the Galapagos hotspot 
(Graindorge et al. 2004 : Gailler et al. 2007 ). Unlike the near hori- 
zontal, flat slab subduction of the Nazca Ridge in southern Per ú, the 
Nazca slab inboard of the Carnegie Ridge (CR) in Ecuador has a 
normal dip as evidenced by the active magmatic arc (Fig. 1 ). Much 
debate exists about when the CR began subducting beneath Ecuador, 
but clearly the magmatic arc has not shut off and the sparse seismic- 
ity of the Nazca slab shows a ∼20 ◦–30 ◦ dipping Wadati–Benioff 
zone between ∼50 and 120 km depth (Fig. 1 ; e.g. Guillier et al. 
2001 ; Font et al. 2013 ; Yepes et al. 2016 ; Araujo et al. 2021 ). Addi- 
tionally, the Ecuador subduction zone is the site of several > M.7.5 
me gathrust ev ents ov er the last 150 yr. No me gathrust ev ents hav e 
propagated south of the CR, leading many to speculate if the CR is a 
barrier to propagation (Collot et al. 2004 ; Gailler et al. 2007 ; Le ón- 
R ́ıos et al. 2019 ; Koch et al. 2020 ; Lynner et al. 2020 ; Le ón-R ́ıos
et al. 2021 ). 

The Ecuadorian margin is an ideal place to study ridge subduction 
and its influence on the overriding plate, tectonism and magmatism 

in subduction zones. In this study, we present the results of a joint 
tomographic inversion of earthquake traveltimes (local and teleseis- 
mic) and ambient noise dispersion that illuminate the structure of 
the Ecuadorian forearc and magmatic arc. Our images provide clues 
to the deeper crustal structure of both the accreted terranes and the 
volcanic arc which may provide insight into the present-day role of 
the CR. 

1.1 Tectonic setting 

Presently, the Ecuadorian Andes are characterized by two north–
south trending ranges, the Western and Eastern Cordilleras (Fig. 2 ). 
The width of the Ecuadorian Andes is ∼150–200 km with an aver- 
age ele v ation of ∼4.5–5 km. These ranges are separated b y a topo- 
graphic depression, the Interandean Valley, and are heavily faulted 
b y se veral major north–south trending faults (Fig. 1 B). The largest 
of these faults is the Chingual–Cosang a–Pallatang a–Pun á (CCPP) 
Fault System, a transpressive dextral fault, which extends from the 
Gulf of Guayaquil northward into Colombia on the east side of 
the Eastern Cordillera (Fig. 1 ). The CCPP separates the Nor ther n 
Andean Sliver from continental South America and likely became 
active ∼3 Ma (Witt et al. 2006 ; Alvarado et al. 2016 ). Flanking 
the cordilleras are the forearc and foreland to the west and east, 
respecti vel y. The Ecuadorian foreland is further separated into the 
Subandean Zone, the active portion of the fold and thrust belt and 
the Basin Oriente (Fig. 2 ). 

The basement of the forearc of Ecuador is thought to largely be 
comprised of mafic material related to several terranes of oceanic 
plateau and island arc affinity accreted on to the continent (e.g. 
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Figure 2. Map of stations used in this study. Left: Inverted triangles denote the location of stations used in this study which recorded body waves and surface 
w ave arri v als. Right: Inverted triangles denote the location of stations used in this study which recorded surface wave arrivals. Interstation paths for data used 
in our models are shown as red lines. 
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aillard et al. 2009 ). The major terranes along the Ecuadorian mar-
in from east to west include the Pallatanga, Macuchi, Pi ̃ n ón and
an Lorenzo terranes, which reside beneath the Interandean Valley,
estern Cordillera and Forearc (Fig. 1 B; Jaillard et al. 2009 ). While

everal competing models have been proposed for their timing and
ormation (e.g. Kerr et al. 2002 ; Jaillard et al. 2009 ; Vallejo et al.
019 ), these terranes likely accreted to the margin between the Late
retaceous and Early Eocene. 
The easternmost terrane, the Pallatanga terrane (Fig. 1 B), is sit-

ated along the Western Cordillera and is bounded to the east by
he active volcanic arc. The terrane is characterized by a mafic to
ltramafic composition, primarily consisting of basalts, peridotites
nd gabbros (McCourt et al. 1998 ; Kerr et al. 2002 ). Geochemi-
al signatures link the Pallatanga basalts to the Caribbean Oceanic
lateau (COP), indicating the partial accretion of the plateau to the
estern edge of South America as it mig rated nor theastward (e.g.
err et al. 2002 ). West of the Pallatanga terrane is the Macuchi

errane, also known as the Macuchi Island Arc, separated from
he Pallatanga terrane by the Chimbo-Toachi and Mulaute shear
ones (Fig. 1 B; Hughes & Pilatasig 2002 ). Comprising volcanic
nd volcaniclastic rocks, the Macuchi terrane’s origin is debated,
ut it likely represents an island arc accreted to the continent be-
ween the Middle Eocene and Late Cretaceous (e.g. Hughes & Pi-
atasig 2002 ; Kerr et al. 2002 ; Mamberti et al. 2003 ; Jaillard et al.
009 ). 

Farther west, the Ecuadorian forearc includes the Pi ̃ n ón and San
orenzo terranes, with the Pi ̃ n ón terrane (Fig. 1 B) being the more
 xtensiv e of the two. It is characterized by a mafic–ultramafic com-
osition, mainly consisting of basalts with small gabbroic intrusions
Kerr et al. 2002 ; Jaillard et al. 2009 ). The Pi ̃ n ón basalts share sim-
larities with the COP in age and geochemical signatures (Hughes
 Pilatasig 2002 ; Mamberti et al. 2003 ; Jaillard et al. 2009 ). The
an Lorenzo terrane, the westernmost in Ecuador, is comprised
f basalts overlaying the Pi ̃ n ón terrane (Kerr et al. 2002 ). While
 (  
ome classify it as part of the Pi ̃ n ón terrane, distinctions based on
eochemistry suggest an oceanic island arc affinity rather than an
ceanic plateau (Kerr et al. 2002 ; Lebrat et al . 1987 ). The exact
ocation of these terranes at the surface is heavily obscured by the
orb ón and Manab ́ı sedimentary basins (F ig. 1 B) w hich are es-

imated to be ∼1 and ∼4–5 km thick (e.g. Aizprua et al. 2020 ;
e ón-R ́ıos et al. 2021 ), respecti vel y. Prior seismic studies of the
cuadorian forearc reveal fast shear-wave velocities through most
f the crust that have been attributed to the presence of these mafic
erranes throughout much of the forearc basement (Koch et al. 2020 ;
ynner et al., 2020 ). 
The Nor ther n Volcanic Arc of the Andes begins at 2 ◦S in Ecuador

nd extends northward into Colombia. South of 2 ◦S, the arc is
resentl y inacti ve due to presence of the Peruvian flat slab (e.g.
utscher et al. 2000 ; Rosenbaum et al. 2019 ). The volcanic arc in
cuador is distinctly broad, ∼150 km wide, and crosses through the
estern Cordillera, Interandean Valley, Eastern Cordillera and into

he Subandean zone. The Ecuadorian arc formed ∼31–26 Ma and
as characterized by small-scale, magmatic episodes until ∼6–5
a (Hall & Beate 1991 ). At 6–5 Ma, volcanism increased to pro-

uce the modern volcanic front which initiated in the north and
igrated southwards (Sch ütte et al. 2010 ; Bablon et al. 2019 ). The

olcanoes at the southern termination of the arc and backarc Suban-
ean zone are the youngest of the modern arc, < 600 ka (e.g. Bablon
t al. 2019 ). The arc compositions are mainly calc-alkaline andesites
nd dacites, with some small-volume alkaline compositions in the
ackarc (e.g. Hall et al. 2008 ; Hidalgo et al. 2012 ; Ancellin et al.
017 ). 

.2 Subduction of the Nazca plate 

he Nazca plate along the margin of Ecuador is notably distinct
n its relati vel y high bathymetry and young age along the margin
 ∼30–9 Ma; e.g. Seton et al. 2020 ). A prominent feature on the
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Nazca plate is the Carnegie Ridge (CR), an aseismic oceanic ridge, 
which currently resides at the trench between 1 ◦N and 2 ◦S and is 
2 km shallower than the adjacent seafloor (Fig. 1 ). The ridge was 
formed at the Galapagos hotspot and is composed of anomalously 
thick oceanic crust, estimated to be ∼15–19 km thick (Sallar ès & 

Charvis 2003 ; Graindorge et al. 2004 ; Gailler et al. 2007 ). The 
time when the CR began subducting is contentious, with estimates 
ranging from 1.4 to 15 Ma (e.g. Gutscher et al. 1999 ; Spikings 
& Crowhurst 2004 ; Lonsdale 2005 ; Michaud et al. 2009 ; Spikings 
et al. 2010 ; George et al. 2021 ; Margirier et al. 2023 ). Along the 
nor ther n edge of the CR are the Atacames and Galeras seamount 
chains which have been suggested to locally influence plate coupling 
and seismicity (Fig. 1 B; e.g. Font et al. 2013 ; Chlieh et al. 2014 ; 
Agurto-Detzel et al. 2019 ; Le ón-R ́ıos et al. 2019 ; Meltzer et al. 
2019 ; Soto-Cordero et al. 2020 ; Hoskins et al. 2021 ; Le ón-R ́ıos 
et al. 2021 ). 

Across the Ecuadorian margin, the downgoing Nazca slab mor- 
pholo gy changes significantl y from south to north (Fig. 1 ; Yepes 
et al. 2016 ; Araujo et al. 2021 ; Rodr ́ıguez et al. 2024 ). In the 
south, starting at ∼2.5 ◦S, the slab is currently subducting at a rel- 
ati vel y shallow angle and depth of ∼100 km for > 500 km from 

the trench, reflecting the north edge of Peruvian flat slab region. 
North of ∼2.5 ◦S the slab resumes a more normal angle of subduc- 
tion ( ∼20 ◦–45 ◦) along the nor ther n extension of the margin where 
the modern volcanic arc is active, corresponding to the beginning 
of the Nor ther n Andean Volcanic Zone (e.g. Guillier et al. 2001 ; 
Yepes et al. 2016 ; Araujo et al. 2021 ). Beneath the volcanic arc 
and central Ecuador, intermediate depth seismicity disappears be- 
low ∼120 km depth, with very few earthquakes recorded within 
the slab (Fig. 1 A; Gutscher et al. 1999 ; Guillier et al. 2001 ; Yepes 
et al. 2016 ; Araujo et al. 2021 ; NEIC 2023 ). Limited intermediate- 
depth slab-seismicity beneath central Ecuador has made it diffi- 
cult to discern the geometry of the downgoing Nazca plate below 

∼120 km depth. Ho wever , seismic and tomographic studies have 
shown that the slab dip is relati vel y steep (20 ◦–30 ◦) beneath cen- 
tral Ecuador (Guillier et al. 2001 ; Yepes et al. 2016 ; Portner et al. 
2020 ; Araujo et al. 2021 ; Rodr ́ıguez et al. 2021 ; Rodr ́ıguez et al. 
2024 ). 

2  DATA  

Seismic body wave data were recorded at 294 stations across 
Ecuador and southern Colombia from the Ecuador national net- 
work (Fig. 2 ; RENSIG; Ruiz 2016 ; Alvarado et al. 2018 ), Red 
Sismol ógica Nacional de Colombia (Servicio Geol ógico Colom- 
biano 1993 ) and temporary station deployments (R égnier et al. 
2016 ; Meltzer et al. 2019 ). Our initial local earthquake data set, 
which were picked analysts at the Instituto Geof ́ısico—Escuela 
Polit écnica Nacional (IG-EPN), includes 390 648 P -wave arrivals 
and 83 272 S -wave arrivals recorded from 34 949 unique events 
during 2014–2020. Potential arri v al time outliers were removed 
using Wadati diagram analysis of each event. This consists of 
plotting the P -wave arrival time verses the S–P time and identi- 
fying outliers that indicate unreasonable V p / V s ratios. Events se- 
lected for analysis were required to have < 180 ◦ azimuthal gap, at 
least four station P - and two S -wave ar rivals. Ar rivals with travel- 
time residuals greater than 0.7 s are removed at each stage of the 
inversion. 

We additionally incorporate 34 518 teleseismic P -w ave arri v als 
from 1 290 > 5.0 M events and 2 763 teleseismic S -wave arrivals 

from 90 events recorded at 133 stations in Ecuador from 2016 to 
2022 (NEIC 2023 ). The large discrepancy in teleseismic S -wave ar- 
ri v al times is due to limited data availability. Teleseismic traveltimes 
were picked using a multichannel cross-correlation method (Van- 
Decar & Crosson 1990 ; Pavlis & Vernon 2010 ). These events had 
at least five associated traveltimes with relative residuals of < 1.5 s. 
The final data set for body-wa ve tra veltimes includes data from 

5141 local events (79 972 P -wave arrivals and 17 931 S -wave ar- 
ri v als; Figs 3 and S1 ) and 736 teleseismic events (17 682 P -wave 
arri v als and 521 S -wave arri v als) at 294 stations which met our 
quality-control criteria (Fig. 2 ). 

Lastly, we incorporate ambient noise Rayleigh wave traveltimes 
from Lynner et al. ( 2020 ). This data set includes 8832 phase-delays 
from 67 stations recorded in a period range of 6–50 s (Fig. 2 ). We 
refer to Lynner et al. ( 2020 , and references therein) for descriptions 
of processing the ambient noise data. The data set includes phase 
delay measurements from over 5800 interstation paths across 14 pe- 
riods (6, 8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45 and 50 s; Fig. 2 ).
We note that measurements at periods less than 10 s and greater than 
40 s account for only 8 per cent and 4 per cent, respectively, of the 
data set. 

3  J O I N T  T O M O G R A P H I C  I N V E R S I O N  

We invert for local earthquake locations and seismic velocity struc- 
ture using the Joint Tomography Software Package (JTSP) of 
Roecker et al. ( 2004 , 2006) . This method simultaneously fits lo- 
cal and teleseismic body-wa ve tra veltimes and surface wa ve dela y 
times to jointly invert for P -wave velocity and V p / V s . The inclusion 
of surface waves in our joint inversion model increases resolution of 
the crust where we have fewer-to-no ray paths from body waves, par- 
ticularly in the basins between the Coastal and Western Cordillera 
(Fig. 2 A; Supplementary Fig. S2 ). Incorporating velocity measure- 
ments from surface waves also reduces data uncertainty that might 
arise from errors in picking S -wave arri v al times. 

JTSP uses a linearized approach to iterati vel y solve for perturba- 
tions to P slowness ( U p ) and V p / V s ( U s / U p ). Predicted body-wave 
traveltimes are solved for using a spherical coordinate 3-D eikonal 
equation solver (Li et al. 2009 ; Zhang et al. 2012 ). Perturbations to 
P slowness and V p / V s are solved for linearly using the partial deriva- 
tives for each observation calculated along ray paths (Roecker et al. 
2004 ; Comte et al. 2016 ). Surface wave data are incorporated us- 
ing phase delay times at given frequencies, assuming that the 3-D 

model can be constructed by combining 1-D models at each model 
grid point (Montagner, 1986 ). These delay times are calculated by 
relating deri v ati ves of shear w ave slowness U s with respect to phase 
velocity along interstation paths. The partial deri v ati ves of phase 
velocity with respect to shear wave slowness ( U s ) are then used 
to compute the sensitivity. Perturbations to S slowness are solved 
for using � U s = � ( rU p ) = U p � r + r � U p , where r = U s / U p . This
system of linear equations is solved iterati vel y using the LSQR al- 
gorithm (Paige and Saunders, 1982 ). A full description of the joint 
inversion methodology can be found in Nunn et al. ( 2014 ), Comte 
et al. ( 2016 ) and Roecker et al. ( 2017 ). 

At each iteration, the model is constrained by a maximum allowed 
per cent change in wave speed. Local earthquake hypocentres are in- 
cluded as variables in the inversion and are relocated before the next 
iteration. The entire data set is then re-e v aluated to ensure it meets 
quality control criteria (e.g. the updated velocity model may improve 
data fit enough to satisfy residual thresholds). Consequently, as the 
model improves, more data may be included. Our final model was 
produced after 12 iterations, at which point the RMS of our inverted 
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ata stopped changing significantly ( Supplementary Fig. S3 ). The
nversion also includes standard damping and smoothing regular-
zation but also allows for a posteriori smoothing of perturbations.
or our model, a posteriori smoothing is applied at each iteration by
 5 km moving average window both laterally and with depth. The
odel space extends from 12 km above sea level to 400 km depth

nd from 83 ◦W, 2 ◦N to 75 ◦W, 6 ◦S and node spacing is defined as
.05 ◦ longitude, 0.05 ◦ latitude and 5 km depth (Fig. 4 D). 

Our starting model is a 3-D velocity hybrid model based on
oveda et al. ( 2015 ), Koch et al. ( 2021 ) and IASP91 (Kennett
 Engdahl 1991 ), where we use the 1-D P - and S -wave veloc-
ty model from IASP91 and modify the depth of the Moho to reflect
he 3-D crustal thickness model of Koch et al. ( 2021 ) and Poveda
t al. ( 2015 ; Figs 4 and S4 ). We additionally choose to remove
he sharp discontinuities from the IASP91 velocity model to make
he crust more gradational and replace the Moho with a grada-
ion of velocities over a 5 km inter val. Fur ther examples of other
tarting models with their resultant seismic images are shown in
upplementary Figs S5 and S6 , including 1-D P - and S -wave ve-

ocity model from IASP91 and a hybrid 3-D Moho model with
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IASP91 velocities, including discontinuities. We interpret anoma- 
lies which are consistent across all starting models. We note that 
changes to the starting models resulted in the velocities of anomalies 
across inversions to be reasonab ly comparab le, ho wever , the depth 
of these anomalies were strongly controlled by the presence of dis- 
continuities. We therefore chose a starting model with no strong 
discontinuities to reduce this effect. 

3.1 Resolution tests 

To assess the resolution of our model, we rely on synthetic anomaly 
tests. The first of these tests is a synthetic checkerboard model 
(Figs 5 and 6 ). For this test we input alternating ± 5 per cent V p 

and ± 5 V s as synthetic anomalies into our model every 6 nodes 
( ∼30 km), with 3 nodes ( ∼15 km) of 0 per cent V p and V s in between. 
We calculate the checkerboard output using our station locations and 
hypocentres of our final model earthquake locations. The recovered 
checkerboards reveal that the synthetic input recovery is dependent 
to first order by the distribution of surface waves and local earth- 
quakes, with very low dependence on ray paths from teleseismic 
earthquakes. For our model, we have the highest recoverability in 
the crust, above ∼30 km depth beneath the forearc and arc, where 
we recover > 50 per cent of our synthetic input anomaly. In addition, 
Supplementary Figs S7 and S8 show ray hit-count cross-sections 
for the P and S waves, respectively, for our final model. 

Overall, depth resolution in our model is best above the slab in the 
upper 30 km but increases in depth under the arc. We have resolution 
down to ∼50–80 km beneath the arc but no resolution beneath the 
slab . Belo w 30 km, synthetic anomaly recovery (Fig. 6 ) is limited by 
local event-station locations. Earthquakes in this model are limited 
to 210 km depth, with the majority of events ( ∼75 per cent) located 
above 50 km depth (Figs 3 and 6 ). Between ∼1 ◦N and 2 ◦S w e ha ve
good recovery of the input anomaly amplitude ( ∼50 per cent of 
the true value) and shape are well recovered from ∼5 to ∼80 km 

depth. We do not recover any input anomalies below where the local 
earthquakes are located, limiting resolution to above the subducting 
slab. In a synthetic slab recover test ( Supplementary Figs S9 –S10 ), 
we are unable to recover much of the synthetic slab below 50 km 

depth. 

4  R E S U LT S  

4.1 Relocated Seismicity 

The initial and final locations of earthquakes are shown in map view 

(Fig. 3 ) and cross-sections (Figs 3 , 9 and 10 ). Seismicity used in 
our final model is largely located within the upper plate, as the slab 
seismicity is sparse. Of the earthquakes used within the model, 3693 
(more than 70 per cent) occurred at depths above 40 km. Seismicity 
in the upper plate is largely concentrated in the Coastal Cordillera, 
active volcanic arc, including the Western and Eastern Cordilleras, 
and thrust faults of the Subandean Zone. Between the Coastal and 
Western Cordilleras there is sparse seismicity beneath the Manab ́ı
Basin which overlaps with a gap in seismic stations. 

Along the westernmost margin of the upper plate, seismicity 
extends from the base of the crust to the surface across the margin 
between 1 ◦N and 2 ◦S (e.g. Fig. 3 ). Seismicity is largel y acti ve along 
thrusts along the Coastal Cordillera and along the plate interface. 
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e note that our data set does include the aftershock sequence of
he 2016 M7.8 Pedernales earthquake and the denser station spacing
eployed in the forearc in response to the megathrust. 

Earthquakes occurring below the arc are on a verage shallow er
han the bordering regions of the forearc and Subandean Zone,
veraging < 10 km depth (e.g. Figs 3 C–D). The maximum depth
f crustal earthquakes increases away from the volcanic arc, likely
eflecting a change in the geotherm. South of the active arc, a similar
attern emerges where depths recorded deepen to an average of
20 km and extend to ∼40 km depth along the CCPP Fault Zone

e.g. Fig. 3 A). 
Earthquakes below 40 km depth are shown in Fig. 3 (B). These

 vents largel y occur along a single surface and follow the Slab2
odel (Hayes et al. 2018 ) of the downgoing Nazca slab in the upper

00 km (e.g. Figs 3 D and F). We therefore refer to these events as the
ntraslab seismicity of the Nazca plate beneath Ecuador. Intraslab
eismicity is limited to the upper 210 km with the deepest cluster
f events recorded in our catalogue at 78 ◦W and 1.5 ◦S (Figs 3 B
nd D). This cluster, and earthquakes located updip of it, define a
lab slightly steeper than the Slab2 model (Hayes et al. 2018 ). North
f this cluster, seismicity disappears below ∼120 km depth beneath
he volcanic arc. An additional gap in slab seismicity occurs at 79 ◦W
 2  
nd 0.5 ◦S with no seismicity located between 40 and 100 km depth
Fig. 3 B). 

.2 Tomographic models 

ur final P -w ave, S -w av e and V p / V s v elocity models are shown
n depth slice and cross-section form in Figs 7 –11 . We include
dditional cross-sections of the full model in Supplementary Figs
11 –S15 . Based on the output of our synthetic tests, we focus our
esults on the crust and largest anomalies within the model ( > 30 km
idth) and portions of the model which have > 5 ray sampling paths

bove the subducting Nazca plate. For the P -wave velocity model,
esulting velocities in our model range from 4.9 to 9.2 km s −1 ,
nd the S -wave velocity model has velocities ranging from 2.7 to
.9 km s −1 . For V p / V s of the crust, values range from 1.67 to 1.87. 

At shallow depths ( < 20 km), a continuous slow velocity anomaly
n both P - and S -wave models is imaged along the western forearc
western margin of the continent) between 1 ◦N (nor ther n limit of
ur model) and 3.5 ◦S where the continental shelf begins to widen.
he anomaly is slowest beneath the Borb ón and Progreso basins,
ith P -wave velocities of 4.9–5.1 km s −1 and S -wave velocities of
.9–3.1 km s −1 , at ∼10 km depth (anomalies S1 & S2; Figs 7 –11 ).
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These slow velocities are additionally characterized by a relatively 
high V p / V s of 1.82 (H1 & H2; Figs 7 –11 ). 

Beneath the central forearc and Western Cordillera from the 
nor ther n edge of our model to 2.5 ◦S is a region of fast crustal 
velocities in the lower crust from 18 km depth to the base of the 
crust (F1; Figs 7 –11 ). This fast lower crust is characterized by P - 
and S -wave velocities of 6.8–7.2 and 3.8–4.0 km s −1 , respecti vel y, 
and a relati vel y low V p / V s of 1.67–1.70 (L1; Figs 7 –10 ). The connec- 
tion of this fast material above 20 km is ambiguous due to limited 
resolution at the centre of the forearc. Ho wever , the general surface 
of the anomaly appears to gently dip northward with the shallowest 
portion of the anomaly outcropping at the top of our model at the 
edge of the Chong ón–Colonche Fault, just north of the Progreso 
Basin (Fig. 7 ). 

Beneath the volcanic arc, slow crustal P - and S -wave velocities 
as slow as 5.4 and 3 km s −1 , respecti vel y, are imaged throughout 
the crust (anomaly S3; Figs 7 –10 ). These slow crustal velocities 
trend NNE-SSW, following the axis of the volcanic arc. The centre 
of the slow velocities occurs just east of the volcanic front and are 
limited to ∼30 km depth in the nor ther n segment of the arc and 
shallow southward to above 20 km depth at the southern end of the 
arc (Figs 9 –10 ). A high V p / V s anomaly of 1.8–1.87 overlaps with 
the slow crustal velocities at the centre of the Ecuadorian arc and in 
some cross-sections extends throughout the crust (H3, Figs 7 –11 ). 
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e also observe large variations in the seismic velocities and V p / V s 

n the lower crust from west to east (Figs 7 –11 ). 
The Nazca slab shows up beneath the forearc at ∼30 km depth

s a high P -wave and S -wave velocity and high V p / V s . Our image
f the Nazca slab is shallower than the Slab2 model in this region
Hayes et al. 2018 ). This may be in part related to our starting model
s the forearc crust is thin ∼25–30 km deep. But the starting model
as a lower V p / V s so we suggest that this high V p / V s is a signature
f the subducting slab. 
z

 D I S C U S S I O N  

eismic velocities are sensitive to many factors, such as composi-
ion, anisotropy, temperature and the presence of fluids. The ratio
f P - and S -wave velocities, V p / V s , is also af fected b y composition,
ncluding fluids and partial melt (Christensen 1996 ). At shallow
epths, variations in seismic velocities correlate well with geologic
tructures. In this section, we discuss our interpretation of our to-
ography model in the forearc, active magmatic arc, subandean

one and the subduction of the Carnegie Ridge (Table 1 ). 
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Figure 9. Cross-sections through V p (top row), V s (middle row) and V p / V s models (bottom row). Left: Generalized geologic map of Ecuador showing the 
locations of cross-sections. The locations of recorded slow slip events are shown in green (Vall ée et al. 2013 ; Rolandone et al. 2018 ; Segovia et al. 2018 ). Major 
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5.1 For ear c 

The forearc in our tomographic model has predominately high seis- 
mic velocities for the average continental crust except for the coastal 
forearc that has anomalous low seismic velocities and a high V p / V s 

ratio (e.g. Fig. 7 ). We discuss each of these regions below. 

5.1.1 Accreted oceanic terranes 

The surface outcrop of Pi ̃ n ón terrane is well-defined in the Ecuado- 
rian forearc and coincides with regions of high seismic velocity ( V p –
6.8–7.2 km s −1 ; V s –3.8–4.2 km s −1 ) at ∼10 km depth. At ∼20 km 
depth, these regions connect to form the basement of the forearc 
crust between 1 ◦N and 3 ◦S, extending to the base of the forearc 
(anomaly F1; Figs 7 –10 ). We attribute this fast velocity material to 
the mafic Pi ̃ n ón terrane. The high seismic velocities of the Pi ̃ n ón ter- 
rane are notably characterized by low V p / V s values ( ∼1.65, anomaly 
L1; Figs 7 –10 ). The Pi ̃ n ón terrane has been interpreted as an oceanic 
plateau fragment due to its geochemistry and basalt-dominated com- 
position (e.g. Kerr et al. 2002 ). The P -wave velocities of oceanic 
plateaus range from 6.4 to 7.4 km s −1 in the lower cr ust (e.g. Oper to 
& Charvis 1996 ; Miura et al. 2004 ; Worthington et al. 2012 ). These 
velocities are consistent with our images of the Pi ̃ n ón terrane which 
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Table 1. Seismic anomalies labelled in figures with our interpretation. 

V p and V s 

anomaly labels Interpretation 

F1 High velocity due to the 
Pi ̃ n ón/Pallatanga Block in the forearc 
and Western Cordillera 

F2 High velocity due to the 
Pi ̃ n ón/Pallatanga Block in the forearc 
and Western Cordillera 

S1 Low velocity due to Borb ón Basin and 
hydrated/fractured western forearc 

S2 Low velocity due to the Progreso Basin 
and hydrated/fractured western forearc 

S3 Low velocity from partial melt in 
Volcanic Arc 

V p /V s anomaly 
labels 

Interpretation 

H1 High V p / V s due to hydrated/fractured 
forearc 

H2 High V p / V s due to Progreso Basin 
H3 High V p / V s due to partial melt in 

volcanic arc 
L1 Low V p / V s in Pi ̃ n ón Block in the central 

forearc 
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s characterized by velocities of 6.8–7.2 km s −1 and with previous
tudies that have inferred the basement of the Ecuadorian forearc
s comprised of oceanic accreted material (e.g. Luzieux et al. 2006 ;
och et al. 2020 ). 
Lynner et al. ( 2020 ) imaged the same high velocity region beneath

he central forearc using ambient noise tomography. In the Lynner
t al. ( 2020 ) model, the coastal and central forearc is similarly char-
cterized by high S -wave velocities of 3.7–4.4 km s −1 below 20 km
epth. They infer these velocities to be of mafic mantle affinity and
ssociate them with the lithospheric mantle of the Pi ̃ n ón/Pallatanga
erranes or the Carnegie Ridge (Lynner et al. 2020 ). We include
heir data in this study, so it is not surprising that we observe the
ame high velocities in the central forearc. With the addition of lo-
al and teleseismic earthquake traveltimes, the high velocity zone in
ur model is relati vel y slower than that of Lynner et al. ( 2020 ), with
elocities of 3.8–4.2 km s −1 that are more consistent with oceanic
rustal velocities of the crustal component of the Pi ̃ n ón terrane. 

The eastern limit of the Pi ̃ n ón terrane at the surface is bounded by
he Macuchi and Pallatanga blocks beneath the Western Cordillera.

e image no clear distinction between these blocks seismically E–
. The Macuchi block is distinct in its composition of volcaniclastic

eposits compared to the Pi ̃ n ón terrane of mafic–ultramafic rocks
e.g. Hughes & Pilatasig 2002 ). This would imply that the two
locks should be seismically distinct in their v elocities, howev er,
he lower crust of the forearc, from the coast to the active arc, does
ot show significant variation that correlates with this juxtaposition.
sotopic analysis of the volcanic rocks of the Macuchi block suggests
he magma was sourced at deep crustal levels and contaminated
y basement composed of oceanic plateau material (e.g. Chiaradia
t al. 2004 , 2009 ; Vallejo et al. 2016 ). The lack of a distinct velocity
nomaly associated with the Macuchi block may be attributed to: (1)
he basement beneath the block is mafic oceanic plateau material,
s suggested by its geochemistry, and therefore not seismically
istinct, or (2) the deeper crust of the block was not preserved
uring or following accretion. 

In nor ther n Ecuador, where the Pallatanga block outcrops ad-
acent to the Pi ̃ n ón terrane in the Western Cordillera, we see a
light decrease in seismic velocity from the edge of the arc east
owards the coast in the upper ∼30 km (e.g. Fig. 9 ). Anomaly F1
Fig. 9 , cross-section A) extends towards the surface beneath the
allatanga block at this latitude ( ∼1.5 ◦N). In cross-sections of our
odel farther south the F1 anomaly extents westwards under both

he Pallatanga and Macuchi blocks (Figs 9 and 10 ). Hence, at this
atitude, we hesitate to correlate it with a particular block. South
f the volcanic arc ( ∼2.5 ◦S), a similar crustal high velocity zone is
bserved beneath surface outcrops of the Pallatanga block (anomaly
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F2; Figs 7 –11 ). We infer this anomaly to be related to the Pallatanga 
b lock, w hich is disconnected from the Pi ̃ n ón terrane anomaly (F1) 
by the CCPP fault zone. In most of the model, both the Pallatanga 
and Pi ̃ n ón blocks are comparable in seismic velocities ( ∼6.8–7.2 
V p ; ∼3.8–4 km s −1 V s ) and relati vel y low V p / V s (1.65–1.70). 

Work by Vallejo et al. ( 2019 ) suggests the Pallatanga and Pi ̃ n ón 
blocks are geochemically equivalent and that the two blocks are a 
single unit that is connected at depth. In this model, the Macuchi is- 
land arc block formed on top of the Pallatanga/Pi ̃ n ón block and then 
accreted to the continent, rather than prescribing three successive 
accretionary events for the Pallatanga, Macuchi and Pi ̃ n ón blocks 
(e.g. Vallejo et al. 2019 ). Although our image cannot discern this 
relationship, it is consistent with this model. 

We observe significant differences in the velocities of the crust 
across the Eastern and Western Cordilleras and backarc regions of 
Ecuador (F igs 7 –10 ). F rom our models, high velocities and low 

V p / V s anomalies (F1, F2 and L1) are limited in their eastward extent 
to Western Cordillera where a clear delineation is obscured by the 
volcanic arc that is lower in velocity in our model. We infer that 
there is a major crustal boundary between the accreted oceanic 
terranes and the South American continent, presumably beneath or 
bounded by the arc as previously postulated by Koch et al. ( 2021 ). 
We interpret the transition from high-to-low velocities and low- 
to-high V p / V s as the boundary between the more mafic basement 
under the Western Cordillera and the continental basement under 
the Interandean Valley and the Eastern Cordillera (Figs 10 and 11 ). 
This major terrane boundary has a variable dip from an east dip to 
a near vertical dip and is visible throughout the upper plate seismic 
images (Figs 7 –10 ). 

5.1.2 Faulting and hydration of the coastal for ear c 

The western limit of the oceanic terranes is unclear from seismic 
velocities alone. Along the coastal cordilleras (western forearc), 
the San Lorenzo and Pi ̃ n ón blocks crop out along the coast, how- 
ever there are no distinct high velocities associated with either in 
our models as expected from their mafic compositions. Instead, 
the upper plate along coast of Ecuador is characterized by low 

velocities ( < 5.2 km s −1 V p and < 3 km s −1 V s ) and high V p / V s 

( > 1.8) as far as ∼260 km inboard of the trench and to a depth 
of ∼20–25 km (anomalies S1 and H1; Figs 7 –11 ). Lynner et al. 
( 2020 ) and Koch et al. ( 2020 ) also observed a region of distinctly 
low shear velocities ( < 3 km s −1 V s ) beneath the forearc in the 
Manab ́ı basin. Previous studies, mainly focused on the aftershock 
sequence of the 2016 Peder nales ear thquake, repor t similar veloci- 
ties (5–5.5 km s −1 V p ) and high V p / V s ( > 1.85) beneath the Manab ́ı
basin and around Esmeraldas (Hoskins et al. 2021 ; Le ón-R ́ıos et al. 
2021 ). 

The low velocities and high V p / V s along the coast of central 
Ecuador contrast with the velocities reported for the forearc of cen- 
tral Colombia, where oceanic terranes extend northwards (Fig. 1 A). 
In this region, Syracuse et al. ( 2016 ) observed forearc V p and V s 

velocities of 7 and 3.7 km s −1 , respecti vel y, that are higher than 
what we observe in the Ecuador forearc where the CR is subduct- 
ing. Similar high seismic velocities have been reported along much 
of the South American forearc (Per ú and Chile), which is primar- 
ily composed of older batholithic materials (not oceanic accreted 
terranes) resulting from subduction erosion along the margin (e.g. 
Koulakov et al. 2006 ; Schurr et al. 2006 ; Gallego et al. 2010 ; Ward 
et al. 2013 ; Lynner et al. 2018 ). Hence, these low velocities are 
likely in part due to a different composition. 
Low velocities of the Ecuador coastal forearc and cordillera co- 
incide with the inboard projection of the subducted CR, although to 
a more limited extent. Le ón-R ́ıos et al. ( 2021 ) attribute the low seis- 
mic velocities in their model to fracturing and possible hydration 
in the overriding plate due to the subduction of the thick oceanic 
crust of the CR. Hydration and fracturing of the coastal forearc 
explain the lack of high seismic velocities associated with the mafic 
Pi ̃ n ón and San Lorenzo terranes which outcrop along the coastline. 
Both faulting and fluids would decrease seismic velocities and are 
consistent with the observed high V p / V s . Le ón-R ́ıos et al. ( 2021 ) 
suggest the heavily fractured and hydrated oceanic crust of the CR, 
e videnced b y seismicall y acti v e e xtensional faults within the CR has 
led to a localized release of fluids into the overriding plate as the 
ridge subducts. Active seismic trench surveys offshore including the 
Carnegie Ridge show bathymetry consistent with outer rise normal 
faults as it enters the trench (Marcaillou et al. 2016 ). Normal faults 
often provide conduits for water to get into the downgoing oceanic 
lithosphere that then release fluids as they subduct due to increasing 
pressure. Chesley et al. ( 2021 ) suggest that in the Hikurangi trench, 
east of New Zealand, subduction of seamounts and the Hikurangi 
plateau with thick oceanic crust (1–11 km) produces a fluid rich 
damage zone that can modulate fluid release into the upper plate. 
The CR may play a similar role as it subducts beneath the Ecuador 
coast. 

Additionally, the Coastal Cordillera, which initially uplifted ∼5.3 
Ma (Collot et al. 2019 ), is acti vel y deforming, as supported by the 
ongoing seismicity along coastal faults (e.g. this study; Beauval 
et al. 2013 ; Font et al. 2013 ; Soto-Cordero et al. 2020 ; Hoskins 
et al. 2021 ; Le ón-R ́ıos et al. 2021 ). A highly fractured upper plate 
crust along the coastal forearc may in part explain the relati vel y low 

seismic velocities and/or provide additional channels to hydrate the 
overriding plate. 

Evidence in support of a hydrated forearc includes the concur- 
rence of slow-slip seismic events (SSEs) and seismic swarms in this 
region (Fig. 9 ; Vall ée et al. 2013 ; Rolandone et al. 2018 ; Segovia 
et al. 2018 ; Hoskins et al. 2021 ). SSEs along the plate interface near 
la Plata Island, at the southern edge of the CR, occurred in 2010, 
2013 and again in 2016 following the Pedernales event (Fig. 9 ; 
Vall ée et al. 2013 ; Rolandone et al. 2018 ; Segovia et al. 2018 ). 
A series of SSEs north of the CR (Fig. 9 ; e.g. Vaca et al. 2018 ) 
and deeper SSEs inboard of the CR at ∼60 km depth both before 
and after the Pedernales earthquake have also been recorded (e.g. 
Rolandone et al. 2018 ). Aseismic slip along SSEs has been asso- 
ciated with ele v ated pore-fluid pressure from hydration (e.g. Liu & 

Rice 2007 ). Hoskins et al. ( 2021 ) analysed seismic swarms near 
Esmeraldas following the 2016 event and found the swarms consis- 
tent with fluid diffusion into the upper plate along several shallow 

faults. Hydration of the mafic upper plate forearc would likely re- 
sult in serpentinization in the deepest portions of the forearc which 
may additionally decrease seismic velocities and explain the higher 
V p / V s ratios in the forearc. 

Lastly, it is worth noting that these low velocity and high V p / V s 

anomalies coincide with the rupture area of the 2016 M w 7.8 Peder- 
nales megathr ust ear thquake (Anomaly H1, Fig. 11 , cross-section F; 
e.g. Nocquet et al. 2017 ). This ear thquake r uptured within the same 
region of the subduction zone as a 1942 M7.8 earthquake (Swen- 
son & Beck 1999 ), both of which terminated at the same latitude 
as a 1906 M w 8.8 earthquake (Kanamori & McNally 1982 ). South 
of these ruptures, ( ∼0.5 ◦S), extending to at least ∼3 ◦S and proba- 
bly farther south, no large magnitude ( > 7.7 M w ) megathrust events 
have been historically recorded (e.g. Villegas-Lanza et al. 2016 ). 
The interplay of subduction zone fluids, the megathrust supercycle 
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nd slow slip events has been investigated in many studies. Focused
tudies on the plate interface have suggested that variable friction
cross the megathrust zone along strike is linked to the rupture
agnitude and area (e.g. Lay et al. 2012 ; Audet & Schwartz, 2013 ;
oreno et al. 2018 ). Ele v ated pore pressure from fluids and tectonic

oading at subduction zones can also induce faulting by decreasing
he ef fecti ve normal stress. For Ecuador, the correlation between
ur interpreted region of high fluids and the megathr ust-r upturing
egment imply they are connected. We cannot distinguish between
ydration and a fracturing of the upper plate along the coastal fore-
rc as both processes are likely at play with the subduction of the
R. 

.1.3 Low velocities of the Progreso Basin 

he Progreso Basin in southern Ecuador is a transtensional forearc
asin (Alem án et al. 2021 ) that correlates with slow crustal veloc-
ties and high V p / V s values. This basin coincides with the southern
rigination of the CCPP fault zone and the inboard projection of the
rijalva Fracture Zone along the subducting Nazca slab, which is
resently at the trench at ∼3 ◦S (Fig. 1 ). This fracture zone emplaces
ceanic crust of 30 Ma adjacent to 21 Ma across the fracture (Hardy
991 ). Beneath the Progreso Basin of southwest Ecuador are rel-
ti vel y low P - and S -velocity anomalies (anomaly S2 in Figs 7 –8
nd 10 –11 ). In both models, the anomaly extends from the top of
ur model down to the base of the accreted terrane crust at ∼40 km
epth (Fig. 10 , cross-section E). The slowest portion of the anomaly
s limited to the upper 20 km and is 5–5.2 and 3–3.2 km s −1 for the
 - and S -wave velocities, respecti vel y. These anomalies correlate in
ap view and cross-section to a high- V p / V s anomaly (1.8–1.82; H2

n Figs 10 –11 ), at its centre at ∼20 km depth beneath the Isla Puna,
ear the southeastern edge of the Progreso Basin. 

In the upper crust the low velocities correlate with the Progreso
asin and the CCPP strike-slip fault and the Grijalva Fracture zone

n the downgoing Nazca slab. It is likely that the CCPP fault is a
onduit for fluids consistent with our seismic velocities. An off-
hore study of the subduction zone margin by Calahorrano et al.
 2008 ), found ele v ated pore pressures (8–40 MPa) from the trench,
xtending 25 km in-board, which they interpret as fluid overpressure
ithin the subduction channel. The deeper portions of the anomaly
ay reflect some amount of serpentinization at depths between 20

nd 40 km above the slab. 

.2 Ecuadorian arc 

he modern magmatic arc in Ecuador is relati vel y young ( < 1 Ma),
ith some of the most active Quater nar y volcanoes in South Amer-

ca and represents a major hazard for many residents (Bablon et al.
019 ). The arc is broad, extending across the Western and East-
rn Cordilleras and eastward into the Subandean zone along the
rojection of the subducting Carnegie Ridge in central Ecuador
e.g. Fig. 1 ). As mentioned pre viousl y, the subducting Nazca slab is
hallow but not flat, as evidenced by the active arc as well as slab
eismicity (e.g. Yepes et al. 2016 ). 

From west to east, we resolve several differences in the seismic
tructure of the Ecuadorian arc. Generally, the frontal part of the
rc is characterized by shallow, upper crustal, low velocity and
igh V p / V s regions which overlie the fast oceanic terrane material
f the Pi ̃ n ón/Pallatanga terrane (Figs 9 and 10 ). We interpret low
elocities and high V p / V s zones in arc settings as partial melt of crust.
he main arc, beneath the Interandean and Western Cordilleras, is
haracterized by low velocities and high V p / V s anomalies extending
hroughout the mid-crust. The most distinct region of partial melt
ies in the centre of the main arc, where it broadens eastward into
he Subandean Zone. In contrast, the backarc volcanoes, Reventador
nd Sumaco, show no distinct anomalies directly beneath them in
he mid- and lower crust. 

.2.1 The frontal arc 

he frontal volcanic arc resides in the Western Cordillera and
oosely parallels the trench at ∼250–275 km inboard. Low crustal
elocities are limited to the upper crust and contrast with the base-
ent which is composed of the fast velocity material of the Pi ̃ n ón

nd Pallatanga terranes as described in Section 5.1 . Beneath this
ine of volcanoes, we image seismic velocities of 5.4–5.6 km s −1 V p 

nd 3.1–3.4 km s −1 V s in the upper 20 km at the slowest regions of
he crust (Figs 7 –10 and 11 , cross-section G). 

The lowest velocities ( < 5.2 km s −1 V p and < 3.0 km s −1 V s ) be-
eath the frontal volcanic arc are beneath the Chiles and Cerro Ne-
ro volcanic complex in the upper 10 km (Figs 7 –8 , 9 A, and 12 H).
t the centre of these low velocities, V p / V s is 1.78–1.8, which is

onsistent with an increase in pore-fluid. Koch et al. ( 2021 ), sim-
larly imaged a zone of low crustal velocities ( < 2.8 km s −1 V s ) at
0 km depth directly beneath the Chiles and Cerro Negro volcanic
omple x which the y interpret as partial melt in the upper crust. Re-
ocated earthquakes in our model cluster around this slow velocity
nomaly and extend from 0 to 20 km depth. Captured in an over-
apping earthquake catalogue as used in this study, IG-EPN ( 2019 ),
eported a seismic swarm between September 2018 and July 2019,
ecording > 147 000 events ( < M 3.6; IG-EPN 2019 ). Seismicity
elated to this sw arm w as limited to the upper 20 km depth and
nterpreted as the upward migration of magma (IG-EPN 2019 ). Our
odel lends further support to the Koch et al. ( 2021 ) and IG-EPN

 2019 )’s interpretation of partial melt beneath the Chiles-Cerro Ne-
ro complex within the upper 10 km of the crust. 

From our model, the basement of the frontal arc is composed
f the high velocity material ( ∼6.8–7.2 V p ; ∼3.8–4 km s −1 V s )
f the Pi ̃ n ón and Pallatanga terranes which are of oceanic affinity
anomalies F1 and F2; Figs 7 –11 ). This mafic material, from its
eismic velocities, appears largely unaltered by the arc and may act
s a structural control which limit the depth of crustal assimilation.
eochemical analysis of lavas across the arc report that crustal

ontamination is higher in the Eastern Cordillera than in the frontal
rc ( < 10 per cent; Hidalgo et al 2012 ; Ancellin et al. 2017 ). This
odel reflects our observations of the arc, which show signs of

artial melt limited to the upper 20 km beneath the frontal arc. We
ote, ho wever , that the MORB-like basaltic basement of the frontal
rc makes it difficult to interpret isotopic signatures as derived from
he mantle versus crust (e.g. Hidalgo et al. 2012 ). 

.2.2 The main arc 

he crust beneath the main arc of the Interandean and East-
rn Cordillera is characterized by relatively low velocities (5.6–
.4 km s −1 V p and 3–3.6 km s −1 V s ) compared to the Western
ordillera. Main arc lavas are more felsic to intermediate in com-
osition compared to the frontal arc, with no signature of the
allatanga/Pi ̃ n ón terranes from geochemical analysis (Samaniego
t al. 2010 ; Ancellin et al. 2017 ). This decrease in velocity maybe
epresentative of a combination of a compositional change in the
ocks and potential partial melt beneath the arc. Beneath the central
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part of the main arc at ∼0.5 ◦S we image a distinct low velocity 
anomal y (anomal y S3; Figs 8 –11 ). This low velocity zone extends 
along-strike of the cordilleras and is characterized by a high V p / V s 

(H3) anomaly beneath much of the arc spanning 10–30 km depth 
(Figs 7 –12 ). The central part of this anomaly lies beneath vol- 
canoes Antisana, Chacana and Cotopaxi (Figs 9 –11 ). These low 

velocities and high V p / V s ratios ( ∼1.78–1.82) are consistent with 
partial melt of the crust. Both Antisana and Cotopaxi are consid- 
ered active and have erupted in the last 200 yr (e.g. Siebert et al. 
2011 ). Beneath Cotopaxi, estimates of magma storage depth have 
ranged between 3 and 17 km depth (Martel et al. 2018 ; Saalfield 
et al. 2019 ) which is consistent with the depth estimate from our 
model. 

Following Koch’s et al. ( 2021 ) curves of V s versus percentage of 
partial melt for main arc in the Eastern Cordillera, we estimate the 
maximum percentage of partial melt for the S3 anomaly. It is not 
straightforward to calculate partial melt from V s velocities due to 
uncertainties in composition, interconnection of pore-space and a 
nonlinear relationship between melt, composition and V s . Ho wever , 
we can make some simple estimates if we assume a composition and 
then use the V s and V p / V s . Koch et al. ( 2021 ) assumed the main arc
beneath the Eastern Cordillera had a felsic to intermediate compo- 
sition basement with 62–64 per cent SiO 2 (Samaniego et al. 2010 ; 
Ancellin et al. 2017 ) based on the recent eruption material there 
is little direct information about the Eastern Cordillera basement. 
Using the lowest V s , ∼3.1 km s −1 , at 20 km depth at the centre of 
the S3 anomaly, we estimate a maximum of 6.5–9 per cent partial 
melt ( Fig. S16 ). 

Compared to the frontal arc, we image a wider depth range of 
partial melt regions. The frontal arc has regions of partial melt 
limited to the upper crust, whereas the main arc displays partial melt 
throughout the mid-crust. 1-D velocity profiles averaged beneath 
volcanoes display this general trend ( Supplementary Fig. S17 ). This 
east–west trend to deeper and larger magmatic reservoirs is also 
recorded by the geochemistry of arc lavas. Work from Hidalgo 
et al. ( 2012 ) and Ancellin et al. ( 2017 ) show that the volcanic 
arc lavas increase in crustal assimilation west to east, where it is 
highest within the main arc. This is true for both upper and lower 
crust assimilation (Ancellin et al. 2017 ). 

5.2.3 The backarc 

In contrast to the frontal and main arc, seismic velocities in the 
backarc are consistent with average continental crust and show no 
distance regions which would be interpreted as partial melt. These 
volcanoes are some of the youngest in the arc at < 600 ka (Bablon et 
al., 2019 ). They are also isolated spatially and lie along the edge of 
resolution within our model. Given the young age of the volcanoes, 
it’s possible the volcanic arc is not w ell-developed here, so w e might 
not expect a magma storage body at the same scale as the frontal 
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nd main arc. We additionally note that from our resolution tests,
e would not be able to image a low velocity anomaly in this region
 30 km wide (e.g. Fig. 4 ). 
The basement of the Subandean zone and backarc is made up

f typical continental crustal material. Velocities here are lower
han the Pi ̃ n ón/Pallatanga terranes, averaging ∼6 km s −1 V p and
.5 km s −1 V s , and unlike the Pi ̃ n ón/Pallatanga terranes, V p / V s in
he backarc ( ∼1.73–1.75) is more typical of continental crust (e.g.
hristensen 1996 ). We interpret the crust here to be that of con-

inental South America, with the boundary between the accreted
erranes and the continental crust somewhere beneath the volcanic
rc and likely beneath the Interandean Valley. The basement of the
ackarc is Precambrian in age and composed of granulites which
re overlain by Devonian sedimentary sequences (Feininger 1987 ).

.3 A nascent flat slab beneath Ecuador 

he relati vel y young age of the Nazca plate (24–12 My; e.g. M üller
t al. 2008 ) and thickness of the CR (15–19 km; Graindorge et al.
004 ) suggests there should be enough buoyancy force locally to
atten the Nazca slab beneath Ecuador (e.g. Huangfu et al. 2016 ).
o wever , there is little-to-no evidence supporting a significant

hange in the dip of the downgoing Nazca plate in-board of the
idge. Prior seismic imaging and earthquake re-location work in
cuador has shown that the slab in-board of the ridge is subducting
t a relati vel y normal angle ( ∼20 ◦–30 ◦; e.g. Guillier et al. 2001 ;
epes et al. 2016 ; Araujo et al. 2021 ; Rodr ́ıguez et al. 2024 ). The
ctive volcanic arc of Ecuador also indicates that the mantle wedge
s still present. Fur ther more, the timing of the subduction of the
R is not readily linked to any single event in the overriding plate,
hich has led to a large range of uncertainty ( ∼15–1.5 Ma) as to
hen the CR began to subduct (e.g. Gutscher et al. 1999 ; Longs-
ale 2005 ; Michaud et al. 2009 ; Spikings et al. 2010 ). The lack of
vidence supporting flat slab subduction and the mystery surround-
ng the timing of the CR subduction has led many to question how
ar into the subduction zone the ridge currently is and what it may
eveal about the flat slab subduction process. 

Considering that similar factors (e.g. oceanic crustal age and
hickness) are considered sufficient to induce slab flattening else-
here in South America (e.g. Peruvian flat slab, Pampean flat slab)
hen given enough time, we consider it most likely that the CR has
ot subducted very far into the subduction system and the system is
n an early stage of flat slab subduction. We note that for the Pam-
ean flat slab in Chile and Argentina, one of the best studied flat
labs, the Nazca slab took ∼5–6 My to flatten (e.g. Kay & Mpodozis
002 ). Based on the magmatic record, it is inferred that the onset of
at-slab formation at current latitudes of 29 ◦–30 ◦ began at ca. 11
a (Y á ̃ nez et al. 2001 ) and reached its current geometry by ca. 5
a with the cessation of volcanism ∼5–2 Ma (e.g. Gutscher et al.

000 ; Kay & Mpodozis 2002 ; L öbens et al. 2011 ). 
Estimates of the CRs arri v al in the trench come from a variety

f potential markers, including changes in the magmatic arc (both
eochemically and spatially; e.g. Samaniego et al., 2005 ), pulses
f uplift across the cordilleras (e.g. Spikings & Crowhurst 2004 ;
pikings et al. 2010 ; Margirier et al. 2023 ; George et al., 2021 ),
nd the re-acti v ation of se veral fault-systems (e.g. Alv arado et al.
016 ). Work from Margirier et al. ( 2023 ) has suggested that earliest
stimates of the timing of the CR between 15 and 7 Ma (e.g. Spikings
t al. 2010 ), largely recorded in the Eastern Cordillera, represent an
arlier stage of cooling and exhumation, unrelated to the subduction
f the CR. In their geochronological and thermochronological study,
argirier et al. ( 2023 ) see no evidence of this earlier event recorded
n the Western Cordillera and instead constrain a distinct uplift event
hich initiated at ∼6–5 Ma which they attribute to the arri v al of the
R at the trench. 
Our images of the crust provide some evidence that we may

e seeing the beginnings of the slab flattening process and give
stimates to timing of the CRs arri v al. If the low velocities of the
oastal forearc are related to the subduction of the CR, that would
mplace it ∼260 km inboard of the trench and ∼180 km from
he coast. If this is the extent of the subduction of the CR, then
 5.6 cm yr −1 Nazca-South America convergence rate (Trenkamp
t al. 2002 ) suggests the ridge has only been subducting ∼4.6 Myr.
olcanoes of the Subandean Zone are the youngest of the arc and our

mages show no signs of a well-developed magma storage system as
e image in the frontal and main arcs to the west. This suggests that

he arc is in the process of broadening east. Flat slab subduction is
arked by the in-board migration of the volcanic arc as the mantle
edge closes during the flattening process for both the Peruvian and
ampean flat slabs (e.g. Ramos & Folguera 2009 ). Thus, it is likely

hat the inboard migration of the volcanic arc is due to the on-going
attening of the Nazca slab from the subduction of the CR. We

herefore infer that the buoyant CR has not subducted far enough
eneath the system to cause a completely flat slab, but rather we are
eeing the process of slab flattening as the arc migrates inboard. 

 C O N C LU S I O N S  

e present P , S wave and V p / V s models across the Ecuadorian fore-
rc, volcanic arc and edge of the Subandean crust from a joint inver-
ion of seismic traveltimes from body and surface waves dispersion.
e observe several seismically distinct regions which correlate well
ith surface geology. Along the coast, low seismic velocities and
igh V p / V s values in the overlying plate (western forearc) coincide
ith the projection of the Carnegie Ridge beneath the subduction

one. These slow velocities are likely related to a localized increase
n fluids released as the ridge subducts and are the consequence of
he subduction of the thick oceanic crust which is heavily fractured
nd hydrated. Active faulting within the Coastal Cordilleras may
lso facilitate the hydration of the forearc crust. Beneath the central
orearc, we image the Pi ̃ n ón/Pallatanga terranes as a high velocity
egion which comprises most of the lower crust ( > 20 km depth).
he eastern limit of these terranes is obscured by low velocities

elated to the volcanic arc, however they extend through at least the
estern Cordillera. 
Our seismic images of the magmatic arc are consistent with a
ush zone of partial melt in the lower crust and an upper- to mid-

rust anomaly also consistent with some partial melt and indicates
hat there are multiple storage/stagnation zones within the crust
s observed in many other arcs (Delph et al. 2017 , 2021 ). The
epth of storage varies across the arc and may be limited to the
pper crust in the frontal arc, where the arc overlies the oceanic
erranes. Beneath the main arc, magmatic storage is at mid-crustal
evels and low velocity extends throughout the crust, which may
e indicative of a more developed magmatic system with up to
.5–9 per cent partial melt. Backarc volcanoes in the Subandean
one overlie the continental South American crust and does not
how any modification or partial melt in the crust at the scale of our
maging. This suggests we may be seeing the very initial stage of flat
ubduction from the thick oceanic crust of the Carnegie Ridge. This
mplies the Carnegie Ridge has not subducted far enough beneath
he cordillera system to cause a flat slab geometry. 
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S U P P O RT I N G  I N F O R M AT I O N  

Supplementary data are available at GJIRAS online. 
Figure S1 . Histograms of our initial (left column) and final (right 
column) model data sets. A–B: histograms for of the initial (A) and 
final (B) local P -wave residual arrival time. C–D: histograms for of 
the initial (C) and final (D) local S -wave residual arrival time. E–F: 
histograms for of the initial (E) and final (F) teleseismic P -wave 
residual arri v al time. G–H: histo grams for of the initial (G) and 
final (H) teleseismic S -wave residual arrival time. 
Figure S2 . Depth slices of tomographic models derived from each 
data set. Left column—S -w ave tomo graphy model from surface 
w aves onl y. The black line delimits the outer edge of interstation 
paths. Right columns—S - (centre) and P -wave (far right) tomo- 
graphic models derived from local and teleseismic earthquakes. The 
black line delimits model nodes with ≥5 rays. For all depth slices, 
depth is denoted in the bottom right of the figure. The magenta line 
indicates the top of the Nazca plate from the Slab2 model (Hayes 
et al., 2018). Models were created using the same data criteria and 
model parametrization as described in the main text. 
Figure S3. Plot of data RMS versus inversion iteration for tele- 
seismic and local earthquake data. Our final tomography model is 
shown by the yellow star (iteration 12). 
Figure S4 . Depth to Moho map of Ecuador used for the starting 
model. Interpolated model of the depth to Moho derived from Koch 
et al. (2021) and Poveda et al. (2015). The Carnegie Ridge is outlined 
in white. Black triangles denote the location of Holocene Volcanoes. 
The location of the trench is shown as a thick black line. 
Figure S5 . Effects of different starting models in cross-section. 
Column 1–The 3-D Moho and IASP91 hybrid model. Column 2–
IASP91. Column 3–Same as Column 1 except there are no crustal 
discontinuities (the velocity model of the crust is a smooth gradi- 
ent). Cross-section locations are shown on the left. For each cross- 
section Holocene volcanoes are plotted as red triangles. Earthquake 
locations from the joint inversion are plotted as crosses. 
Figure S6 . Map slices of seismic tomography with different starting 
models. Columns are labelled by the starting velocity model used 
for the inversion. 3-D Moho IASP91 refers to the IASP91 starting 
model with the Moho modified (discontinuities are included). 1-D 

IASP91 refers to the original IASP91 1-D model of Kennett and 
Engdahl (1991). Left: P -wave model. Right: S -wave model. For each 
depth slice, triangles denote the location of Holocene volcanoes. 
Figure S7. Ray hit-count cross-sections for the P -waves of our final 
model. Plotted as small crosses are the locations of earthquakes 
used in the model. The black contour indicates nodes with > 5 ray 
paths. 
Figure S8 . Ray hit-count cross-sections for the S -waves derived 
from body waves of our final model. Plotted as small crosses are 
the locations of earthquakes used in the model. The black contour 
indicates nodes with > 5 ray paths. 
Figure S9. Cross-sections through synthetic slab tests (per cent 
d V p ). Black lines define the synthetic input anomalies. Solid black 
lines show input slab of + 5 per cent V p . Black crosses show the lo- 
cations of earthquakes used in the inversion that are located within 
10 km of the cross-section. Each cross-section line is shown in 
mapview in the upper right corner and includes topography plot- 
ted above. Red triangles show the location of Holocene volcanoes 
within 10 km of the cross-section. Magenta line shows the Slab2 
model (Hayes et al., 2018). In general the slab is not well resolved 
in our synthetic test. 
Figure S10. Cross-sections through synthetic slab tests (per cent 
d V s ). Black lines define the synthetic input anomalies. Solid black 
lines show input slab of + 5 per cent V s . Black crosses show the lo- 
cations of earthquakes used in the inversion that are located within 
10 km of the cross-section. Each cross-section line is shown in 
mapview in the upper right corner and includes topography plot- 
ted above. Red triangles show the location of Holocene volcanoes 
within 10 km of the cross-section. Magenta line shows the Slab2 
model (Hayes et al., 2018). 
Figure S11. Additional P -wav e v elocity cross-sections through the 
crust of our final model. The scale is in km s −1 . Each cross-section 
line is shown in mapview in the upper right corner and includes 
topography plotted above. Black crosses show the hypocentres of 
earthquakes from this study. Red triangles show the location of 
Holocene volcanoes within 10 km of the cross-section. Magenta 
line shows the Slab2 model (Hayes et al., 2018). Faint black line is 
the > 5 ray paths contour. Thick black line shows the depth of the 
Moho from Koch et al. (2021) which we use as our starting model. 
Figure S12. Additional P -wav e v elocity cross-sections through the 
upper mantle of our final model. The scale is in km s −1 . Each cross- 
section line is shown in mapview in the upper right corner and 
includes topography plotted above. Black crosses show the hypocen- 
tres of earthquakes from this study. Red triangles show the location 
of Holocene volcanoes within 10 km of the cross-section. Magenta 
line shows the Slab2 model (Hayes et al., 2018). Faint black line is 
the > 5 ray paths contour. Thick black line shows the depth of the 
Moho from Koch et al. (2021) which we use as our starting model. 
Figure S13. Additional S -wave velocity cross-sections through the 
crust of our final model. The scale is in km s −1 . Each cross-section 
line is shown in mapview in the upper right corner and includes 
topography plotted above. Black crosses show the hypocentres of 
earthquakes from this study. Red triangles show the location of 
Holocene volcanoes within 10 km of the cross-section. Magenta 
line shows the Slab2 model (Hayes et al., 2018). Faint black line is 
the > 5 ray paths contour. Thick black line shows the depth of the 
Moho from Koch et al. (2021) which we use as our starting model. 
Figure S14. Additional S -wave velocity cross-sections through the 
upper mantle of our final model. The scale is in km s −1 . Each cross- 
section line is shown in mapview in the upper right corner and 
includes topography plotted above. Black crosses show the hypocen- 
tres of earthquakes from this study. Red triangles show the location 
of Holocene volcanoes within 10 km of the cross-section. Magenta 
line shows the Slab2 model (Hayes et al., 2018). Faint black line is 
the > 5 ray paths contour. Thick black line shows the depth of the 
Moho from Koch et al. (2021) which we use as our starting model. 
Figure S15. Additional V p / V s cross-sections through the crust of 
our final model. Each cross-section line is shown in mapview in the 
upper right corner and includes topography plotted above. Black 
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rosses show the hypocentres of earthquakes from this study. Red
riangles show the location of Holocene volcanoes within 10 km of
he cross-section. Magenta line shows the Slab2 model (Hayes et
l., 2018). Faint black line is the > 5 ray paths contour. Thick black
ine shows the depth of the Moho from Koch et al. (2021) which we
se as our starting model. 
igure S16. Curve showing V s verses per cent partial melt main
rc in the Eastern Cordillera magmatic arcs in the mid-crust
rom anomaly S3. Diamonds plotted show the intersection of
 s = 3.1 km s −1 with the curves without (solid green) and with
0 per cent anisotropy (dashed line). Modified from Koch et al.
 2021 ). 
igure S17. 1-D averaged V p , V s and V p / V s models through the
olcanic arc. A) Map view of volcanoes (triangles). Each volcano
s coloured by its categorization (see legend within). Circles show
he points within the model sampled to create 1-D averaged V p , V s 

nd V p / V s profiles. Volcanoes are labelled by number: 1–Azufral; 2–
umbal; 3–Chiles-Cerro Negro; 4–Chachimbiro; 5–Cuicocha; 6–
ululahua; 7- Pichincha; 8–Atacazo; 9–Illiniza; 10–Quilotoa; 11–
himborazo; 12–Imbabura; 13–Mojanda; 14–Licto; 15–Soche; 16–
ayambe; 17–Chacana; 18–Antisana; 19–Aliso; 20–Cotopaxi; 21–
ungurahua; 22–Sangay; 23–Reventador; 24–Sangay . B.) Averaged
-D P-wav e v elocity models through each of the volcanoes (see
). Solid lines show the average, shaded areas show one standard
eviation. C) Averaged 1-D S -wav e v elocity models through each
f the volcanoes (see A). Solid lines show the average, shaded
reas show one standard deviation. D) Averaged 1-D V p / V s models
hrough each of the volcanoes (see A). Solid lines show the average,
haded areas show one standard deviation. 

Please note: Oxford University Press is not responsible for the
ontent or functionality of any supporting materials supplied by
he authors. Any queries (other than missing material) should be
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ATA  AVA I L A B I L I T Y  

he data are from the Ecuador National Seismic Network (REN-
IG; Ruiz 2016 ; Alvarado et al. 2018 ), Red Sismol ógica Nacional
e Colombia (Servicio Geol ógico Colombiano 1993 ) with open
tations provided at the EarthScope Data Center. The initial local
arthquake catalogue can be found at RENSIG ( https://www.igep
.edu.ec ). Data from the temporary station deployments following
he 2016 Pedernales earthquake are available at the Earthscope Data
enter. The final models and traveltime data will be made available
t https://github.com/mlerdrgz/Published- Velocity- models . 
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geol ógico de la Cordillera Occidental del Ecuador entre 1-2 S., escala
1/200.000, CODIGEM-Min. Energ. Min. BGS publs., Quito. 
eltzer , A. et al. 2019. The 2016 M w 7.8 P edernales, Ecuador , earthquake:
rapid response deployment, Seismol. Res. Lett., 90 (3), 1346–1354. 
ichaud , F. , Witt, C. & Royer, J.Y., 2009. Influence of the subduction of
the Carnegie volcanic ridge on Ecuadorian geology: reality and fiction,
in Backbone of the Americas: Shallow Subduction, Plateau Uplift, and
Ridge and Terrane Collision, Vol. 204, pp. 217, eds Kay, S. M., Ramos,
V. A. & Dickinson, W. R., Geological Society of America. 
iura , S. , Suyehiro, K., Shinohara, M., Takahashi, N., Araki, E. & Taira,
A., 2004, Seismological structure and implications of collision between
the Ontong Java Plateau and Solomon Island Arc from ocean bottom
seismometer-airgun data, Tectonophysics, 389 (3–4), 191–220. 
ontagner , J.P. , 1986. Regional three-dimensional structures using long-
period surface waves, Ann. Geophys,, 4(B3) 283–294 
oreno , M. et al. 2018. Chilean megathrust earthquake recurrence linked
to frictional contrast at depth, Nat. Geosci., 11 (4), 285–290. 
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ervicio Geol ógico Colombiano , 1993. Red Sismologica Nacional de
Colombia [Data set] . International Federation of Digital Seismograph
Networks. https://www.sgc.gov.co/ 

eton , M. et al. 2020. A global data set of present-day oceanic crustal age
and seafloor spreading parameters, Geochem. Geophys. Geosyst., 21 (10),
e2020GC009214, doi: 10.1029/2020GC009214. 

iebert , L. , Simkin, T. & Kimberly, P., 2011. Volcanoes of the World, Uni-
versity of California Press. 

oto-Cordero , L. et al. 2020. Structural control on megathrust rupture
and slip behavior: insights from the 2016 M w 7.8 Pedernales Ecuador
earthquak e, J. g eophys. Res.: Solid Earth, 125 (2), e2019JB018001, doi:
10.1029/2019JB018001. 

pikings , R.A. & Crowhurst, P.V., 2004. (U–Th)/He thermochronometric
constraints on the late miocene–Pliocene tectonic development of the
nor ther n Cordillera Real and the Interandean Depression, Ecuador, J.
South Am. Earth Sci., 17 (4), 239–251. 

pikings , R.A. , Crowhurst, P.V., Winkler, W. & Villagomez, D., 2010.
Syn-and post-accretionary cooling history of the Ecuadorian Andes con-
strained by their in-situ and detrital thermochronometric record, J. South
Am. Earth Sci., 30 (3-4), 121–133. 

wenson , J.L. & Beck, S.L., 1999. Source characteristics of the 12 Novem-
ber 1996 M w 7.7 Peru subduction zone earthquake. Seismogenic and
tsunamigenic processes in shallow subduction zones, 731–751,. 

yracuse , E.M. , Maceira, M., Prieto, G.A., Zhang, H. & Ammon, C.J.,
2016. Multiple plates subducting beneath Colombia, as illuminated by

http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/10.1038/s41561-018-0089-5
http://dx.doi.org/10.1029/2007GC001743
http://earthquake.usgs.gov/earthquakes/search/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/10.1029/96JB01758
http://dx.doi.org/10.1145/355984.355989
http://dx.doi.org/10.1016/j.cageo.2009.10.008
http://dx.doi.org/10.1029/2019JB017884
http://dx.doi.org/
http://dx.doi.org/10.1144/SP327.3
http://dx.doi.org/
http://dx.doi.org/10.1093/gji/ggad421
http://dx.doi.org/10.1093/gji/ggx220
http://dx.doi.org/10.1029/2003GL019396
http://dx.doi.org/10.1016/j.tecto.2006.02.026
http://dx.doi.org/10.1126/sciadv.aao6596
http://dx.doi.org/10.1130/G45429.1
https://ds.iris.edu/ds/newsletter/vol18/no2/467/ecuador-rensig-data
http://dx.doi.org/10.1016/j.jsames.2019.04.019
http://dx.doi.org/10.1016/S0012-821X(03)00373-X
http://dx.doi.org/10.1093/petrology/egi053
http://dx.doi.org/10.1007/s00410-009-0475-5
http://dx.doi.org/
http://dx.doi.org/10.1016/j.tecto.2010.04.015
http://dx.doi.org/10.1029/2017TC004771
http://dx.doi.org/10.7914/SN/CM
https://www.sgc.gov.co/
http://dx.doi.org/10.1029/2020GC009214
http://dx.doi.org/10.1029/2019JB018001
http://dx.doi.org/10.1016/j.jsames.2004.07.001
http://dx.doi.org/


1572 E.E. Rodr ́ıguez et al. 

 

seismicity and velocity from the joint inversion of seismic and gravity 
data, Earth planet. Sci. Lett., 444, 139–149. 

Trenkamp , R. , K ello gg, J.N ., Freymueller, J.T. & Mora, H.P., 2002. Wide 
plate margin defor mation, souther n Central America and nor thwester n 
South America, CASA GPS observations, J. South Am. Earth Sci., 15 (2), 
157–171. 
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