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S U M M A R Y 

The Nazca-South America subduction zone in Ecuador is characterized by a complicated 

along-strike geometry as the slab transitions from flat slab subduction in the south, with the 
Peruvian flat slab, to what has been characterized as ‘normal’ dipping subduction beneath 

central Ecuador. Plate convergence additionally changes south to north as the trench takes on a 
conv e x shape. Highl y hetero geneous bathymetry at the trench, including the aseismic oceanic 
Carnegie Ridge (CR), and sparse intermediate-depth seismicity has led many to speculate 
about the behaviour of the downgoing plate at depth. In this study, we present a finite- 
frequency teleseismic P -wave tomography model of the northern Andes beneath Ecuador and 

Colombia from 90 to 1200 km depth. Our model builds on prior tomography models in South 

America by adding relative traveltime residuals recorded at stations in Ecuador. The complete 
data set is comprised of 114 096 relative traveltime residuals from 1133 stations across South 

America, with the added data serving to refine the morphology of the Nazca slab in the mantle 
beneath the nor ther n Andes. Our tomography model shows a Nazca slab with a fragmented 

along-strike geometry and the first teleseismic images of several proposed slab tears in this 
region. At the nor ther n edge of the Peruvian flat slab in southern Ecuador, we image a shallow 

tear at 95–200 km depth that appears to connect mantle flow from beneath the flat slab to 

the Ecuadorian Arc. Beneath central Ecuador at the latitudes of the CR, the Nazca slab is 
continuous into the lower mantle. Beneath southern Colombia, the Malpelo Tear breaks the 
Nazca slab below ∼200 km depth.

Key words: South America; Seismic tomography; Dynamics of lithosphere and mantle; 
Subduction zone processes. 

1

T  

c  

S  

p  

e  

∼
G  

T
6  

C  

c  

b  

a  

F  

i  

o  

o  

a
 

E  
 I N T RO D U C T I O N  

he nor ther n Andean margin in Ecuador and western Colombia is
haracterized by ongoing subduction of the Nazca plate beneath
outh America and the presence of accreted oceanic terranes com-
rising the western margin of the overriding plate. Along the north-
rn Andean margin, the Nazca plate is notab ly y oung, ranging from
30 to 9 Ma at the trench compared to > 30 Ma south of the
rijalva Fracture Zone (Grijalva FZ, Fig. 1 , e.g. Seton et al. 2020 ).
he Nazca plate converges with South America at a rate of ∼5.6–
 cm yr −1 in the direction of ∼81 ◦–83 ◦ N (Trenkamp et al. 2002 ).
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
onvergence is increasingly oblique north of Ecuador following the
onv e x trench. The Nazca plate at these latitudes is characterized
y a heterogeneous bathymetry, comprised of various fracture zones
nd failed rifts related to the reorganization of the Nazca, Cocos, and
arallon plates and the Gal ápagos hotspot track (e.g. Lonsdale & Kl-
tgord 1978 ). Among these, the Carnegie Ridge (CR) is an aseismic,
ceanic ridge formed at the Gal ápagos hotspot with ∼19 km thick
ceanic crust and 1 km of bathymetry that is presently subducting
t the trench between ∼2 ◦ S to 0.5 ◦ N (e.g. Gailler et al. 2007 ). 

Relati vel y sparse intermediate-depth slab-seismicity beneath
cuador has made it difficult to discern the upper-mantle geom-
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Figure 1. Tectonic map of nor thwester n South America. Circles denote the location of M > 5.0 earthquakes from the NEIC catalogue (1960–2022) and are 
coloured by depth and scaled by magnitude. Red triangles represent the location of Holocene volcanoes (Siebert et al. 2011 ). Ocean plate ages are contoured 
on the downgoing plate (Muller et al. 2008 ) and Slab2 contours of the top of the Nazca slab (Hayes et al. 2018 ) are shown with the same colour scale as 
earthquake depth. Aseismic ridges are shaded in white by their −2300 m bathymetric contour. 
etry of the downgoing Nazca plate below 200 km depth (Fig. 1 ). 
South of ∼2 ◦ S earthquake hypocentres reveal slab dipping at ∼10 ◦–
20 ◦ at ∼100 km depth for ∼600 km inboard of the trench before 
re-steepening, marking the nor ther n continuation of the Per uvian 
flat slab. North of ∼2 ◦ S the slab resumes a more normal angle of 
subduction ( ∼20 ◦–45 ◦) and an active v olcanic arc is present, cor - 
responding to the southern extent of the Northern Andean Volcanic 
Zone. Beneath the volcanic arc in central Ecuador, intermediate- 
depth seismicity disappears below 120 km depth, with very few 

earthquakes recorded within the slab (Fig. 1 , Gutscher et al. 1999 ; 
Guillier et al. 2001 ; Yepes et al. 2016 ; NEIC 2022 ). 

Tectonic models of the region from earthquake hypocentre 
studies associate this discrete change in seismicity with the inboard 
projection of the Grijalva FZ (Fig. 1 , Gutscher et al. 1999 ; Yepes 
et al. 2016 ). The Grijalva FZ is an old scarp which places ∼30 Ma 
crust next to 21 Ma crust across the fracture (e.g. Hardy 1991 ). 
Gutscher et al. ( 1999 ) and Yepes et al. ( 2016 ) cite the Grijalva FZ 

as a controlling feature for the anomalous pattern in seismicity. 
For Gutscher et al. ( 1999 ), the FZ provides a zone of weakened 
lithosphere which makes it predisposed to tearing, suggesting the 
CR has flattened the slab to the north and is torn along the FZ to 
accommodate differences in slab buoyancy (Gutscher et al. 1999 ). 
They suggest that nor ther n edge of the CR is additionally torn in 
a similar fashion along the Malpelo fossil rift ( ∼2.8 ◦ N; Fig. 1, 
Gutscher et al. 1999 ), an old spreading centre which failed ∼8 Ma 
(e.g. Hardy 1991 ). The lack of deeper intermediate seismicity in 
the Gutscher et al. ( 1999 ) model is due to the flattening of the slab. 
Rosenbaum et al. ( 2019 ) similarly infer a slab tear in the same 
region based on analysis of tension axes from focal mechanisms 
which exhibit NE-SW extension within the El Puyo seismic cluster 
(Fig. 1 ) and the spatial relation of a backarc volcano, Sumaco, which 
displays geochemical signals associated with an upper-mantle melt 
source. In this model, the slab is tearing locally along the edge of 
the Peruvian flat slab and El Puyo seismic cluster (Rosenbaum et al. 
2019 ). 

In contrast, Yepes et al. ( 2016 ) point to the difference in age, 
∼9 Ma, across the Grijalva FZ to explain the lack of seismicity.
In their model, there are no tears along the margin or significant 
flattening of the slab due to the CR (Yepes et al. 2016 ). Instead, 
the lack of seismicity in the north is attributed to the younger 
slab being too warm to produce earthquakes at depth (Yepes et al. 
2016 ). 

In this study, we present a finite-frequency teleseismic P -wave 
tomography model of the northern Andes beneath Ecuador and 
Colombia from 90 to 1200 km depth to improve our knowledge of 
the geometry of the slab and identify tears in the slab. Our model 
builds on prior tomography models in South America by adding 
relativ e trav eltime residuals recorded at stations in Ecuador to im- 
prove the tomographic images of the Nazca slab beneath Ecuador 
and Colombia. 
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.1 Pr e vious seismic imaging of the Nazca slab beneath 

cuador and Colombia 

omographic studies of the Nazca slab beneath the northern An-
es remain challenging, particularly below ∼150 km depth, due to
he limited slab seismicity, and an uneven distribution of publicly
vailable seismic data from eastern Ecuador and western Brazil.
lobal tomography models reveal two alternate regional images of

he Nazca slab in nor ther n South America: (1) a continuous slab
long the margin from the top of the subduction zone into the lower
antle (e.g. Montelli et al. 2004 ; Simmons et al. 2012 ) and (2) a

iscontinuous slab anomaly in the upper mantle, where no slab is
resent near the latitudes of Ecuador (e.g. Li et al. 2008 ; Moham-
adzaheri et al. 2021 ). Recent teleseismic tomography models in

his region combined data from across the South America continent
o reveal a continuous image of the Nazca slab extending from 100
o 1000 km depth beneath much of South America (Portner et al.
020 ; Rodriguez et al. 2021 ). Both studies were notably limited
n lateral resolution in the upper ∼200 km in beneath Ecuador and
outhern Colombia due to persistent gaps in station coverage for the
or ther n Andes. Similarly, an adjoint waveform tomography study
rom Ciardelli et al. ( 2022 ) imaged a continuous Nazca slab beneath
or ther n South America. 

Local tomography studies from Araujo et al. ( 2021 ), focus on
he megathrust interface using crustal seismicity within the region.
n their study they image a continuous Nazca slab within the upper
120–200 km across nor ther n Ecuador. At ∼2 ◦ S near the Puyo

eismic nest (Fig. 1 ), Araujo et al. ( 2021 ), postulate the presence of
 tear in the Nazca slab (above ∼120 km) beneath central Ecuador,
ut the limited intermediate-depth seismicity in Ecuador limits their
odel to the upper 150 km for most of the margin. 
In this study, we update the SAM5 P 2019 teleseismic P -wave

elocity model from Portner et al. ( 2020 ), with particular emphasis
n improving our image of the Nazca slab beneath Ecuador and
outhern Colombia. We enlarge their P -wave residual data set by
dding more than 30 000 new arrival time picks recorded at 20
ew stations, totalling 149 stations, deployed across Ecuador and
olombia. Additionally, we modify the model geometry such that

he smallest grid spacing is centred around Ecuador to refine resolu-
ion in the study region. Results from this model update illuminate
 more complex geometry of the Nazca-South America subduction
one in the nor ther n Andes than pre viousl y seen extending from 90
o 1000 km depth. 

 DATA  A N D  M E T H O D S  

.1 Data 

e combine relative P -wave traveltime residuals from Portner et al.
 2020 ; n = 83 675) with 34 518 new relative P and PKiKP resid-
als recorded at stations across Ecuador and Colombia from the
cuador National Seismic Network (RENSIG; Ruiz 2016 ; Alvarado
t al . 2018), Red Sismol ógica Nacional de Colombia (Servicio
eol ógico Colombiano 1993 ) and temporary station deployments

ollowing the 2016 Peder nales ear thquake (Regnier et al. 2016 ;
eltzer et al. 2019 , Fig. 2 ). Following Portner et al. ( 2020 ), we

ncorporate > M 5.0 earthquakes from teleseismic distances of
0 ◦–90 ◦ for P ( n = 30 432) and 155 ◦–180 ◦ for PKiKP ( n = 4086)
rri v als recorded at 141 stations in Ecuador and 8 stations in Colom-
ia (Fig. 2 and Figs S1 –S3, Supporting Information ). Arri v al times
re picked in four frequency bands: 0.5–1.5 Hz (26.9 per cent of
he full data set), 0.2–0.8 Hz (29.7 per cent), 0.1–0.4 Hz (19.5 per
ent) and 0.04–0.16 Hz (23.9 per cent), on the vertical component
sing the multichannel cross-correlation technique of VanDecar &
rosson ( 1990 ), modified by Pavlis & Vernon ( 2010 ). Following
ata exclusion related to duplicate picks and data outliers (e.g.
esiduals > 1.5 s), our final data set includes 114 096 relative
raveltime residuals from 1133 stations across South America and
340 unique events. 

T ra veltime residuals are calculated relative to the 1-D IASP91
 -wav e v elocity model (Kennett & Engdahl 1991 ). T ra veltimes
re corrected for differences in crustal thickness from the 1-D
ASP91 model using the same crustal model from Portner et al.
 2020 ) with a revised crustal model for Ecuador from Koch et al.
 2021 ; Fig. S2, Supporting Information ). We additionally correct
tation traveltimes to account for the relati vel y fast forearc observed
hroughout the Nor ther n Andean margin (e.g. Araujo et al. 2021 ;
ynner et al. 2020 ). Relative residuals of each event are demeaned
efore inclusion in our inversion (Fig. 3 c). 

.2 Tomographic inversion 

ur final P -wave velocity model was created using the finite-
requency teleseismic tomography inversion method of Schmandt &
umphreys ( 2010 ). The model domain extends from 36 to 1450 km
epth and is parametrized such that the smallest lateral node spac-
ng is beneath Ecuador, at 35 km in width, and widens laterally to
15 km across most of the continent of South America to preserve
he original expanse of the Portner et al. ( 2020 ) data set (Fig. 3 and
ig. S3, Supporting Information ). Model nodes additionally dilate
ith depth, expanding vertically from 24 to 70 km. 
Follo wing P ortner et al. ( 2020 ), rays are initially traced through

he model using the 1-D IASP91 P -wave velocity model (Kennett
 Engdahl 1991 ) and the sensitivity of each ray within the model

s approximated using the first Fresnel zone (Dahlen et al. 2000 ).
fter an initial inversion using the 1-D velocity model is created we
pdate the travel paths of rays through the resulting 3-D velocity
odel using the FMTOMO wave-front tracking algorithm from de
ool et al. ( 2006 ) and Rawlinson et al. ( 2006 ) and re-invert. This
rocess is repeated iterati vel y four times, until the resulting model
ecomes stable (e.g. the data variance no longer improves; Fig.
4, Suppor ting Infor mation ). We additionally choose smoothing
nd damping parameters of 4 and 5, respecti vel y, based on L2-norm
nalysis of the model ( Fig. S5, Supporting Information ). Our choice
n model parameters results in a 70 per cent variance reduction of
ur data. We include comparisons to the SAM5 P 2019 teleseismic
 -wav e v elocity model from Portner et al. ( 2020 ) in Supporting

nformation, Fig. S6 . 

.3 Resolution tests 

o understand the resolvability of our model, we rely on a hit-
uality measurement, following Schmandt & Humphreys ( 2010 ),
nd a suite of synthetic tests using the event-station geometry of our
ata set. The hit quality is a parameter used as a proxy to estimate
he number of crossing rays within each of our model nodes. It is
ased on the number of rays in the node and weighted by the number
f backazimuthal bins sampled, normalized to 1.0. For example, a
.2 hit-quality score represents a node which has more than two
ackazimuth bins sampled, between 11–20 rays within the node
r a combination of both. To estimate an appropriate hit-quality
hreshold for our model, we rely on the synthetic tests described

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
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Figure 2. Stations in nor thwester n South America. Location of stations used in our model represented by magenta inverted triangles. Black lines show the 
location of cross-sections show in Figs 5 and 7 . Yellow circles correspond to the trench location for each cross-section. Inset: all stations used in our inversion. 
Aseismic ridges are outlined in white by their −2300 m bathymetric contour. 

(a) (c)

(b)

Figure 3. Model information. (a) Map of model node centres (black dots) used in our model at 95 km depth in nor thwester n South America. Yellow inverted 
triangles show the location of stations used in our inversion. The red line shows the location of the cross-section shown in subplot B. (b) A cross-section 
through our model showing model node centres (black circles) at depth. The red line shows the location of the cross-section in (a). (c) The blue histogram 

shows the distribution of the relative residuals used in our model after crustal and fast-forearc traveltime corrections and demeaning. The red (semi-transparent) 
histogram shows the distribution of the relative residuals in our final model, after the inversions. 
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The first synthetic test created is a synthetic checkerboard. In
his test, we input alternating anomalies of ± 5 per cent d Vp into
ur model comprising 2 × 2 × 2 model nodes, with 2 nodes of 0
er cent d Vp in between (Fig. 4 , and Figs S7 and S8, Supporting
nformation ). The results of this test reveal that within the ≥ 0.2
it-quality contour we recover on average ∼50 per cent of our input
nomaly beneath Ecuador between 95 and 1200 km depth. Outside
f the ≥ 0.2 hit-quality contour we recover on average < 10 per cent
f our synthetic input. The highest amplitudes recovered ( > 50 per
ent of our input anomaly on average) are within the upper 400 km
epth beneath Ecuador with very little lateral smearing between
odes (Fig. 4 ). At shallow ( < 400 km) depths beneath Colombia, we
ecov er v ery little of our input anomaly ( < 20 per cent on average)
ut do accurately recover the anomaly polarity at the centre of each
nput checker. 

Below 400 km depth the amplitudes of the recovered checkers are
iminished, but the input pattern is recovered with very little lateral
nd vertical smearing between nodes (Fig. 4 ). Beneath Colombia,
eco very impro ves significantly to ∼50 per cent of our input. Re-
overed amplitudes are also higher between 800 and 1200 km where
e recover ∼50 per cent of the input anomaly (Fig. 4 ). The high-
st recovered amplitudes at this depth are beneath western Brazil,
olombia and nor ther n Per ú due to spreading ray geometries from
cuador. We note lateral smearing which increases with depth and

s most pre v alent along the edges of the ≥ 0.2 hit-quality contour.
or all recovered anomalies, the highest recovered amplitudes occur
t the centre of our synthetic input. 

In addition to the checkerboard tests, we created a synthetic slab
s an input (Fig. 5 ). The synthetic slab was created by tracing the
lab2 contour of the Nazca plate from Hayes et al. ( 2018 ) into our
odel. The slab w as gi ven a width of three model nodes and an input

nomaly of + 5 per cent d Vp . We test three potential geometries of
he slab: (1) a coherent slab which extends from the surface of our
odel (36 km) to 935 km depth (Fig. 5 , top row; depth slices are

ncluded in Fig. S9, Supporting Information ), (2) a slab extending
rom 36 to 935 km depth with a gap from 195 to 580 km depth
Fig. 5 , middle row) and (3) a slab which ends at 580 km depth
Fig. 5 , bottom row). We additionally include a test which focuses
n the model’s ability to recover a horizontal tear in the upper
65 km depth beneath south-central Ecuador ( Fig. S10, Supporting
nformation ). From the slab recovery tests, we observe the same
attern of recoverability as seen by the checkerboards, with highest
esolution at shallow depths beneath Ecuador and deeper depths in
he regions surrounding Ecuador. 

The highest amplitudes recovered in our synthetic slab occurs
eneath central Ecuador between ∼200 and 900 km depth with
inimal lateral smearing. In nor ther n Ecuador, where w e ha ve the

ensest ray coverage, we recover the upper 200 km with ∼50 per
ent of the input anomaly (Fig. 5 , cross-sections b). The synthetic
lab gap test shows vertical smearing beneath Ecuador in the mantle
ransition zone (410–660 km; Fig. 5 , middle ro w); ho wever , the high-
st recovered amplitudes are at the centre of the input slabs (Fig. 5 ,
iddle row), with the exception of the region beneath Colombia,
here we recover close to 0 per cent of our synthetic input anomaly

n the upper 200 km (Fig. 5 , column A). Similarly, our synthetic
lab test for a shallow (60–165 km depth) horizontal tear shows
here is some vertical smearing how ever w e are largely able to re-
over the central input anomaly of the slab and tear with minimal
ateral smearing ( Fig. S10, Supporting Information ). 

Overall, our synthetic tests reveal that we have best resolution
n our model within the upper ∼300 km depth beneath Ecuador
nd poorest above ∼200 km depth beneath Colombia. At greater
epths beneath Ecuador the model recovers less amplitude, while the
heckerboard pattern is still recognizable with some lateral smear-
ng along the edges of the ≥ 0.2 hit-quality contour. Recoverabil-
ty beneath Colombia improves significantly in the lower mantle
 > 600 km depth). Our synthetic slab tests reveal that for the entire
argin of Ecuador and Colombia, we should be able to recover a

lab below 200 km depth for Colombia and below a depth of 95 km
or Ecuador. 

 R E S U LT S  

ur resulting teleseismic P -wave velocity model is shown in se-
ected depth slices and cross-sections in Figs 6 and 7 , respec-
i vel y. Depth slices of the full model are included as Fig. S11
 Suppor ting Infor mation ). Results are shown as per cent d Vp , or
elati ve P -w ave velocities. A prominent feature within our model
s a relati vel y high velocity anomal y which follows the modelled
ocation of the Nazca slab from Slab2 (Hayes et al. 2018 ), where
 e ha v e resolution, and e xtends dipping eastward into the lower
antle (Figs 5 and 6 ). This anomaly overlaps with Wadati–Benioff

one earthquakes where present down to ∼200 km (e.g. NEIC 2022 ,
igs 6 and 7 ). We therefore interpret this anomaly as the subducting
azca plate and will refer to it as the Nazca slab herein. 
In the upper 200 km beneath Ecuador, the slab is imaged from
2 ◦ N to 3 ◦ S parallel to the trench with an eastward dip of ∼20 ◦

F ig. 6 ). F rom 3 ◦ S to ∼5 ◦ S, the slab appears to extend farther
nboard to ∼500 km from the trench, with a slight dip ( ∼10 ◦)
etween 100 and 200 km depth, but shallow resolution at these
atitudes is limited by the sparse station distribution (Fig. 6 , 90 km
epth slice, and Fig. 7 f). At the edge of this transition from a flat
o more steeply dipping slab, ∼79 ◦ W and 3 ◦ S, at 95 km depth the
lab anomaly is segmented and separated by a series of low velocity
nomalies, S1, which extends from beneath the slab to beneath the
odern arc (Fig. 7 e). This gap in the slab is relati vel y shallow

nd laterally limited, extending from only ∼95–165 km depth and
100 km across. North of this gap, the slab is relati vel y continuous

eneath the margin of Ecuador. 
Below 200 km depth, the slab beneath central Ecuador is con-

inuous to ∼1000 km depth. The angle of the slab is uniform in
he upper mantle and begins to flatten in the lower mantle where
he slab appears to stagnate at ∼900–1000 km depth (e.g. Figs 7 c
nd d). In south-central Ecuador, we do not recover a slab between
00–600 km depth (Fig. 7 f). In southernmost Ecuador, the slab is
utside of where we are able to recover predicted slab structure
Hayes et al. 2018 ). Ho wever , from 600 to ∼1000 km depth we
ecover a high velocity anomaly in the lower mantle which connects
long strike to the Nazca slab (Fig. 7 f). Synthetic slab recovery tests
n this area also show we cannot recover the slab in this region be-
ween 200–600 km depth (Fig. 5 , column F) so we do not interpret
he apparent gap in the Nazca slab as reflecting true structure. 

Between 0 ◦ and 3 ◦ N we do not image a coherent high velocity
nomal y indicati ve of the Nazca slab beneath southern Colombia
or all depths. Synthetic slab recovery tests of this region show that
f a slab anomaly exists in this region, we should be able to recover
t below 200 km depth (Figs 7 , column A). Below 200 km (Fig. 6 ),
he Nazca slab appears segmented at these latitudes and in some
epth slices (320–600 km depth) a low velocity anomaly separates
he two segments (S2; Figs 6 and 7 ). 

Our seismic image of the upper mantle in Colombia is limited by
tation aperture, ho wever , between 4 ◦–8 ◦ N a high velocity anomaly
s present which follows the Slab2 contour of the Nazca slab and

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad421#supplementary-data
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Figure 4. Depth slices through our synthetic checkerboard test. The black solid contours denote the location of + 5 per cent Vp as our synthetic input and the 
dashed contours −5 per cent Vp . Each checker is 2 × 2 × 2 model nodes in volume. Depth slices of the synthetic input of the checkerboard test are provided in 
Fig. S7 ( Supporting Information ). The grey line shows the ≥ 0.2 hit-quality contour which we use as a marker of resolution in our final model. The magenta 
line is the top of the Nazca slab from the Slab2 model (Hayes et al. 2018 ) as a point of reference. 
Wadati–Benioff zone (Fig. 6 ). Its connection and continuation in 
southern Colombia to the slab beneath Ecuador is ambiguous due to 
an uneven station distribution. This high velocity anomaly extends 
from 200 to 700 km depth (Fig. 7 a). Our resolution tests show we 
hav e v ery poor recov ery within the upper 200 km for synthetic slab 
anomaly in this region and earthquake hypocentres continue where 
the model does not resolve a slab-like anomaly. The apparent lack 
of slab in the upper 200 km is therefore not resolvable at these 
latitudes within the model. 

4  D I S C U S S I O N  

4.1 Slab tearing beneath Colombia and Northern Ecuador 

Our results reveal an image of a fragmented Nazca slab beneath 
Ecuador and Colombia. North of 4 ◦ N, beneath central Colombia 
we image the slab extending ∼200 km depth into the lower mantle 
where it appears to terminate at ∼800–1000 km depth (Fig. 7 a). 
Further south, between ∼3 ◦ N and 0 ◦ we image a gap in the Nazca 
slab anomaly (Fig. 7 b). Earthquake hypocentres in this region extend 
to ∼150 km depth and the presence of an active arc also suggests 
that the slab most likely subducts to at least ∼100–150 km depth 
where arc flux melting is typically initiated (e.g. Syracuse & Abers 
2006 ). The gap in the slab extends to the nor ther n edge of the 
subducted CR (Fig. 7 , cross-section b). Hence, it is a slab gap of 
over 300 km along strike starting at ∼200 km depth (Fig. 6 ). In 
synthetic slab tests (Fig. 5 ), we recover almost none of the input 
anomaly above 200 km in this region and therefore suggest that an 
absence of a slab anomaly above these depths does not imply the 
absence of a slab . Ho wever , at depths deeper than 200 km, a slab 
is suf ficientl y recoverable such that its absence in our tomo graphy 
model is robust evidence for a deeper slab gap. 

Sun et al. ( 2022 ), using teleseismic tomography, image two dis- 
crete slabs beneath Colombia. The first is the Caribbean slab which 
extends north of 5.5 ◦ N and overlaps with the second slab which 
extends southward and is interpreted as the Nazca slab (Sun et al . 
2022 ). South of 3 ◦ N, their Nazca slab anomaly disappears below 

∼230 km depth, consistent with our image of the region (Sun et al .
2020; their figs 3 and 5 e). 

A slab gap in this region has been inferred from several stud- 
ies including shear wave splitting which shows a change in regional 
splitting patterns from trench parallel in the north to a more spurious 
pattern south of 3 ◦ N (Fig. 6 ; Id árraga-Garc ́ıa et al. 2016 ), geochem- 
ical studies of the arc related to an increase in alkaline volcanism 

interpreted to be related to an asthenospheric window (Borrero 
& Castillo 2006 ), and earthquake hypocentre studies which note 
a clear decrease in intermediate-depth earthquakes in this region, 
with sparse seismicity > 150 km (e.g. Syracuse et al. 2016 ), com- 
pared to north of 3 ◦ N. These studies name this gap the Malpelo 
Tear, with inferred origins related to the subduction of an ancient 
spreading ridge, the Malpelo Rift (Fig. 1 ), which presently resides 
in the trench at 2.8 ◦ N (Gutscher et al. 1999 ; Borrero & Castillo 
2006 ; Id árraga-Garc ́ıa et al. 2016 ). 

4.2 Central Ecuador and the Carnegie Ridge 

Beneath central-nor ther n Ecuador, ∼1 ◦ S–2 ◦ S, where the centre 
of the CR (Fig. 7 , cross-section c) currently enters the trench, we 
image a continuous Nazca slab extending from 95 to ∼1000 km 

depth. The slab retains a relati vel y uniform dip of ∼20 ◦ within the 
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(a) (b) (d) (f)

(a) (b) (d) (f)

(a) (b) (d) (f)

Figure 5. Synthetic slab test cross-sections. Each column shows the same cross-section corresponding to Fig. 2 . Each row shows a different slab geometry 
test. Top row: the synthetic slab extends from 36 to 935 km depth. Additional depth slices are included in Fig. S9 (Suppor ting Infor mation ). Middle Row: the 
synthetic slab extends from 36 to 935 km depth with a gap from 195 to 580 km depth. Bottom row: the synthetic slab anomaly ends at 580 km depth. For all 
figures, the black line corresponds to the location of a + 5 per cent Vp synthetic input anomaly. The colour map shows the resulting output anomaly. The grey 
line contours the ≥ 0.2 hit quality. 
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pper mantle. Despite prior inferences associating the CR to other
ubducting hotspot tracks along the western South American margin
e.g. Gutscher et al. 1999 ), we see no evidence for local flattening
f the slab due to CR subduction. Local earthquake studies have
imilarly observed no significant changes in the Nazca slab’s dip
elated to the CR (Fig. 7 , cross-sections b and c, Guillier et al. 2001 ;
epes et al. 2016 ; Araujo et al. 2021 ). 
The CR is an oceanic ridge, ∼200 km wide, with 1 km of bathy-
etric relief that formed at the Gal ápagos hotspot and has an oceanic

rustal thickness of ∼19 km as it enters the trench (Sallar ès &
harvis 2003 ; Graindorge et al. 2004 ; Gailler et al. 2007 ). In con-

rast to along-margin examples of ridge subduction (Nazca Ridge
n Per u, Juan Fer nandez Ridge in Chile), there does not appear to
e a flat slab associated with the thick, buoyant oceanic crust of the
R. Models of the timing of the CR’s arri v al into the trench vary
 xtensiv ely from 1.4 to 15 Ma (e.g. Gutscher et al. 1999 ; Lonsdale,
005 ; Michaud et al. 2009 ; Spikings et al. 2010 ) due to uncertainty
n the timing of when the Cocos spreading ridge first reached its
urrent position atop the Gal ápagos hotspot. Using the current con-
ergence rate of the South America and Nazca plates of 6 cm yr −1 

s a conserv ati ve minimum (Trenkamp et al. 2002 ), this would pre-
ict the CR to be anywhere from ∼85 to 900 km in the subduction
one. 

There are two scenarios which may in part explain the lack of
 flat slab observation: (1) the CR has not subducted as far in
he subduction zone as suggested by some models and hence, has
ot had time to flatten the subducting slab (e.g. Gutscher et al.
999 ) or to reach a depth of neutral buoyancy; or (2) the above
verage thickness crust ( ∼19 km) of the CR does not provide enough
uoyancy on its own to flatten the slab even if it has subducted deep
nto the subduction system. The thick CR oceanic crust off-shore
oday (Graindorge et al. 2004 ; Gailler et al. 2007 ) suggests that
t should have significant buoyancy compared to the surrounding
antle until the thick oceanic crust transforms to eclogite ( Fig. S12, 
uppor ting Infor mation ; Huangfu et al. 2016 ). Numerous models
ave suggested additional mechanisms may be required to flatten
labs such as over thr usting of the overriding plate and young age
f the subducting lithosphere (van Hunen et al. 2002 ; Huangfu
t al. 2016 ), subslab overpressure (Schepers et al. 2017 ), slab-
uction (Manea et al. 2012 ), or if additional buoyancy from the
ub-slab mantle (Bishop et al. 2017 ). Hence, we cannot be sure
f the CR has not subducted far enough into the system to cause
at subduction (except for the very shallow part of the system) or

f additional factors are needed. Factors favouring flat subduction
n this region are the thick oceanic crust and the young age of
he oceanic crust (15–24 Ma) subducting at the trench ( Fig. S10, 
uppor ting Infor mation ). Factors that do not favour flat subduction
re motion of the overriding plate which is part of the Andean
lock that is moving northward and not overriding the Nazca plate
nd the warm subduction zone suggesting a shallower depth for
he basalt to eclogite transition ( ∼60–70 km depth; Wada & Wang
009 ). Considering that similar factors are considered sufficient to
nduce slab flattening elsewhere in South America (Peruvian flat
lab, Chilean flat slab) when given enough time, we infer it most
ikely that the CR has not subducted very far into the subduction
ystem. 
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Figure 6. Depth slices through our P -wave velocity model. The depth of each map view is denoted in the bottom right corner. Yellow arrows in the top left 
panel (90 km depth) show the fast-splitting directions of XKS waves from Condori et al. ( 2021 ) and Id árraga-Garc ́ıa ( 2016 ). Black triangles show the surface 
location of Holocene volcanoes (Siebert et al. 2011 ). The magenta line represents the top of the Nazca slab at each depth slice from Slab2 (Hayes et al. 2018 ). 
The thick, solid black line denotes the location of the trench. Green circles correspond to hypocentre locations of > M 4 earthquakes within 10 km of the depth 
slice (NEIC 2022 ). Black dashed lines indicate our interpretation of the subducting slab based on tomography and earthquakes. There are few earthquakes in 
the slab below ∼200 km. We grey out regions of the model which are below the 0.2 hit-quality threshold. The location of cross-sections shown in Figs 5 and 7 
are shown in the bottom left panel (435 km depth). We note that the cross-sections extend outside of the panel (see Fig. 2 ). 
Within the lower mantle, the slab appears to stagnate at ∼1000 km 

depth beneath central Brazil (Fig. 7 ; cross-sections c and d). This 
image of the lower mantle slab is consistent with studies of the slab 
from Portner et al. ( 2020 ), whose data are included in this study, 
Rodr ́ıguez et al. ( 2021 ) and Ciardelli et al. ( 2022 ). Stagnation of 
the slab at lower mantle depths ( ∼1000 km) in our study and other 
studies are related to possible changes in the rheology of the slab 
or the viscosity of the surrounding mantle (Portner et al. 2020 ; 
Rodr ́ıguez et al. 2021 ; Ciardelli et al. 2022 ). Ho wever , in a model by 
Faccenna et al. ( 2017 ), stagnation of the Nazca slab occurs without 
changes to the properties of the slab or mantle and is invoked simply 
by the observed westward retreat of the trench which is estimated 
to be ∼1000 km (Schepers et al. 2017 ). 

4.3 Southern Ecuador 

In southern Ecuador, above 200 km depth, we observe a small gap 
in the observed slab anomaly east of the Gulf of Guayaquil, along 
the nor ther n edge of the Per uvian flat slab (Figs 6 and 7 e; anomaly 
S1). This slab gap extends for ∼100 km in depth, from the top 
of our resolvable model space, 95 to 200 km depth. We note that 
we are not able to resolve the top of the tear. The existence of 
earthquakes within or on the edge of the gap additionally points to 
the gap being shallower than resolved in our model and is supported 
by the vertical smearing resolved in our synthetic slab test ( Fig. 
S10, Suppor ting Infor mation ). This slab gap sho ws a lo w velocity 
anomaly (S1), which laterally extends from the southern edge of 
our model northeastward through the slab gap where it appears to 
connect with a low velocity anomaly beneath the modern volcanic 
arc. We interpret this gap to be a localized tear within the Nazca 
slab. This slab tear is not orientated in the dip direction of the slab; 
hence its geometry is complex. Below ∼200 km depth the slab looks 
more continuous. 

Similar tears along the South America margin have been pre- 
dicted and observed at the edges of flat slabs (Antonijevic et al. 
2015 ; Hu & Liu 2016 ; Portner et al. 2017 ) and at the Ecuadorian 
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(a) (d)

(b) (e)

(c) (f)

Figure 7. Cross-sections through our P -wave velocity model. Plotted above is topography along the cross-section. Red triangles represent the location of 
volcanoes within 20 km of the cross-section line. The yellow circles correspond to the location of the trench at each cross-section. Green circles represented 
hypocentres of earthquakes > M 4 from the NEIC catalogue (NEIC 2022 ). Black dashed lines indicate our interpretation of the subducting slab based on 
tomography and earthquakes. We grey out regions of the model which are below the 0.2 hit-quality threshold. 
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argin (Gutscher et al 1999 ; Rosenbaum et al. 2019 ). Araujo et al .
 2021 ) imaged a tear in their local tomography model at the same
ocation and depth as the previous studies. Araujo et al . (2016) in-
erpret this tear as a result of the sharp curvature of the trench and
lab in which they describe compressional stresses that buckle the
lab at its axis, which is collocated with the El Puyo seismic cluster
Fig. 1 ; Araujo et al . 2021 ). Alternati vel y, a slab tear w as inferred
n the same location by Rosenbaum et al. ( 2019 ) and Gutscher et al.
 1999 ) using the ISC-EHB earthquake catalogue. They inferred a
ear based on an abrupt change in seismicity north of the El Puyo
eismic cluster (e.g. sparse intermediate seismicity > 90 km). Both
odels propose tearing from extensional forces within the Nazca

late, howev er the y point to different sources: Rosenbaum et al.
 2019 ) observ ed e xtension within the plate at its transition from flat
o normal subduction along the nor ther n edge of the Peruvian flat
lab while Gutscher et al. ( 1999 ) point to tearing of the slab along
he Grijalva FZ as a result in the differences in buoyancy caused
y a proposed flat slab associated with the CR. The subduction of
 fracture zone would additionally introduce more fluids into the
ceanic lithosphere, presumably weakening the slab locally (e.g.
anero et al. 2003 ). 
The coincidence of this slab tear along the nor ther n edge of the

eruvian flat slab and the inboard projection of the Grijalva FZ,
s well as over the Puyo seismic cluster, which is characterized
y downdip, NE-SW oriented extensional focal mechanisms (e.g.
epes et al. 2016 ; Rosenbaum et al. 2019 ; Vaca et al. 2019 ) leads
s to favour a tear by extension. The apparent low velocity anomaly,
1, through the tear and its apparent connection to the volcanic
rc suggests flow through this tear between < 95–200 km depth
onnecting the hot sub-slab mantle beneath the Peruvian flat slab
o the mantle beneath the Ecuador arc. Flow through the slab tear
s supported by a distinct northward rotation in shear wave splitting
irections from trench subparallel to nearly perpendicular between
 

◦–6 ◦ S (Fig. 6 ; Condori et al. 2021 ). It is possible that the sharp
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Figure 8. Summary diagram showing the interpretation of our P -wave tomography model including the two tears in the slab. The top of the Nazca slab 
based on our tomographic images is shown as the coloured surface. Black contours are depth of the subducting Nazca plate every 50 km. Black circles show 

earthquake hypocentres from the NEIC catalogue (NEIC 2022 ). Red triangles denote the locations of Holocene volcanoes (Siebert et al. 2011 ). Backarc 
volcanoes, Reventador and Sumaco, are shown in dark purple. Light blue lines show the fast-splitting directions of XKS waves from Condori et al. ( 2021 ) 
and Id árraga-Garc ́ıa ( 2016 ). The light blue arrow shows our interpretation of mantle flow through the shallow slab tear. GFZ—Grijalva Fracture Zone; 
CR—Carnegie Ridge and MR—Malpelo Rift. 

 

transition in the geometry of the subducting slab, both laterally, 
from flat to steeper, and along-strike coupled with the difference in 
buoyancy related to the Peruvian flat slab, produced a tear along the 
edge. The change in mantle flow here and the connection of low 

velocity anomalies beneath the Nazca slab to the mantle wedge may 
indicate southwest–northeast flow through the tear (Fig. 8 ). 

Rosenbaum et al. ( 2019 ) point out that the volcanic arc in Ecuador 
is broadest in this region, with anomalous backarc volcanism de- 
spite the system being in compression (e.g. no backarc extension). 
Rosenbaum et al. ( 2019 ) and Ancellin et al . ( 2017 ) additionally 
connect changes in the geochemical composition of backarc lavas, 
most notably at Sumaco volcano, to a proposed tear which exhibits 
higher alkalinity and rare-earth element enrichment and lower silica 
content than the rest of the Ecuadorian arc (Rosenbaum et al. 2019 ; 
Ancellin et al . 2017 ). Other authors have noted a more regional 
change in the across-arc geochemistry from Sr––Nd-Pb isotopes, 
inferring a general increase in mantle-derived magmas eastward 
(e.g. Hidalgo et al. 2012 ; Ancellin et al . 2017 ). Hidalgo et al. ( 2012 
and references therein) have noted this change in composition, how- 
ever the origin of this change and the adakitic signature of the arc in 
Ecuador is heavily debated with hypotheses including the presence 
of a slab tear, underplating, changes in sediments in the subduc- 
tion zone, changes in basement composition and changes in crustal 
thickness. We note that the geochemical changes across and along 
the arc are consistent with a slab tear interpretation, ho wever , we 
acknowledge that adakites can also be generated by assimilation 
and garnet fractionation in thick Andean crust (Kay et al. 2005 ). 

4.4 Slab tearing along the Andean margin 

Seismic imaging of the Nazca slab beneath South America reveals 
the existence of several tears along the margin in addition to those 
imaged in this study (Fig. 9 ). These tears have been linked to two 
main mechanisms which promote internal tearing, both of which 
are related to the subduction of prominent bathymetric features on 
the incoming plate. The first is that internal differences in slab buoy- 
ancy cause differential rates of slab sinking which must be accom- 
modated by stretching and thinning of the slab and eventual tearing 
(e.g. Gutscher et al 2000 ; Hu & Liu 2016 ). Such tears have been 
interpreted around both the Peruvian (e.g. this study; Antonijevic 
et al. 2015 ; Scire et al. 2016 ) and Pampean flat slabs (e.g. Portner 
et al. 2017 ; Gao et al. 2021 ; Liu & Gao 2022 ) due to the relative 
buoyancy differences between the flat slabs and the surrounding 
lithosphere. In both regions, tears are imaged at the edges of and 
along the inboard projection of the subducting buoyant Nazca and 
Juan Fern ández Ridges, respecti vel y, which are broadly considered 
to contribute to the local slab shallowing (Fig. 9 , Antonijevic et al. 
2015 ; Scire et al. 2016 ; Portner et al. 2017 ; Gao et al. 2021 ; Liu &
Gao 2022 ). 

The second mechanism is related to the subduction of 
lithospheric-scale boundaries or zones of weakness. Such tearing 
has been inferred in South America associated with differential 
motion across fracture zones and with window formation at sub- 
ducting rift zones. These include the Maule tear in Chile associated 
with the Mocha fracture zone (Pesicek et al. 2012 ), the Malpelo Tear 
in southern Colombia associated with and the Malpelo Rift in south- 
ern Colombia (this study; Borrero & Castillo 2006 ; Id árraga-Garc ́ıa 
et al 2016 ) and the Caldas tear in central Colombia associated with 
the Sandra Rift (Vargas & Mann 2013 ; Sun et al. 2022 ), though 
the latter has alternati vel y been associated with flat slab subduction 
(Wagner et al. 2017 ) or the nor ther n edge of the Nazca plate (e.g. 
Cort és & Angelier 2005 ; Vargas & Mann 2013 ; Syracuse et al. 
2016 ; Sun et al. 2022 ). 

The slab tears we image beneath Ecuador and southern Colombia 
exhibit each of these two primary mechanisms of slab tearing, re- 
specti vel y, and add to this growing body of evidence that the Nazca 
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Figure 9. Proposed slab tears along the Andean margin from local and re- 
gional tomography studies. Grey polygons show the generalized location of 
slab tears within the Nazca slab (Antonijevic et al. 2015 ; Scire et al. 2016 ; 
Sun et al. 2022 ; Liu & Gao 2022; Pesicek et al. 2012 ; Portner et al. 2017 ; 
Gao et al. 2021 ). Upper-mantle geometry of the top of the Nazca slab is 
shown as coloured contours at every 50 km depth (see colour scale within, 
Hayes et al. 2018 ). The thick, solid black line denotes the location of the 
trench. Red triangles show the locations of Holocene volcanoes (Siebert et 
al., 2012). Prominent bathymetric features are highlighted in white includ- 
ing the Carnegie, Nazca, Iquique and Juan Fern ández (Juan Fdz) aseismic 
oceanic ridges and major fractures/rifts: SR—Sandra Rift, MR—Malpelo 
Rift, GFZ—Grijalva fracture zone and MFZ—Mocha Fracture Zone. 
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lab is torn and deformed, and that heterogeneity in the subducting
late is a controlling factor in Nazca slab fragmentation. A partially
ragmented Nazca slab, as opposed to a coherent slab, has signif-
cant implications for regional mantle flow and wedge dynamics
Antonijevic et al. 2016 ; Id árraga-Garc ́ıa et al. 2016 ; Lynner et al.
017 ; Schepers et al. 2017 ; Kir ál y et al. 2020 ), the e volution of flat
labs (e.g. Antonijevic et al. 2015 ; Taram ón et al. 2015 ) and magma-
ism in the South American cordillera (e.g. Hu & Liu 2016 ; Gianni
t al. 2019 ). Evidence for tears in the Nazca slab along parts of the
ubduction margin (Fig. 9 ) call into question the traditional concept
f slabs as strong, coherent bodies that passi vel y sink through the
pper mantle. Instead, at least parts of the Nazca slab are prone to
nter nal defor mation star ting as soon as they subduct into the upper
antle. l  
 C O N C LU S I O N S  

e present a finite-frequency teleseismic P -wave tomography
odel of the nor ther n Andes beneath Ecuador and Colombia from

0–1200 km depth. Our model builds on the w ork of P ortner et al.
 2020 ) to refine the morphology of the Nazca slab in the mantle
eneath the nor ther n Andes. Our results show a Nazca slab with a
omplicated along-strike geometry and the first teleseismic images
f several proposed tears in this region. Beneath Ecuador, we image
 shallow tear in the upper 200 km along the transition from flat slab
ubduction beneath Per ú to a steeper subducting slab in the north.
e infer the origins of this tear to be related to the stretching of the

lab locally as it steepens. Additionally, we image a low velocity
nomaly which extends through the tear and connects to a low veloc-
ty anomaly beneath the modern arc of Ecuador. Flow through this
lab tear into the arc could explain the anomalous broadening of the
rc and is supported by regional changes of the arc geochemistry. 

Inboard of the CR, the Nazca slab is continuous from 90 to
000 km depth. The slab retains an average dip, ∼20 ◦, into the
antle transition zone where the slab begins to shallow and stag-

ate at ∼1000 km depth. Our model shows no evidence of the CR
attening the slab below 95 km depth as suggested by some models.
At the border of Colombia and Ecuador, there is no imaged slab

nomaly. We do not have resolution above 200 km depth, ho wever ,
he lack of a slab anomaly below 200 km suggests a resolvable slab
ear. This tear, pre viousl y named the Malpelo Tear, likel y originates
rom the subduction of the Malpelo fossil rift which is currently at
he trench. This tear is relati vel y small laterally, ∼3 ◦ N–0 ◦, but it
xtends in the lower mantle. North of 3 ◦ N we image the nor ther n
ontinuation of the Nazca slab from the top of our resolution at 200
own to ∼800 km depth. 
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Figure S1. Data used in our inversion. (a) Map of all event
ocations used in this study. Circles represent hypocentre locations
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colour coded by phase (see the legend) and all are at teleseismic 
distances for some stations in our entire study. We note that only 
the station-side path is used in our study, we do not resolve source- 
side structure. (b) Distribution of event backazimuths coloured by 
phase (red—direct P and blue—PKiKP ). (c) Histogram of relative 
residuals used in our inversion coloured by phase. (d) Distribrution 
of event backazimuths coloured by station locations (purple—full 
data set and orange—events recorded at stations in Ecuador and 
Colombia. (e) histogram of relative residuals used in our inversion 
coloured by station location. 

Figure S2. Crustal thickness traveltime correction maps and 
plots. (a) Each circle shows the location of a station used in the 
inversion colour coded by the estimated Moho depth used to correct 
tra veltimes. (b) T ra veltime corrections for each station (not includ- 
ing a fast forearc correction). (c) Average station traveltime residual 
for each station before crustal traveltime correction. (d) Average 
station traveltime residual for each station after crustal traveltime 
correction. (e) Histogram of traveltime residuals before traveltime 
correction. (f) Histogram of traveltime residuals after traveltime cor- 
rection. T ra veltime residuals generally improve except for a small 
cluster at ∼1.6 ◦ S where there are red circles indicating that at those 
stations the crustal traveltime correction adds scatter. 

Figure S3. Map of model node centres (black dots) used in our 
model at 95 km depth in our full model. Yellow inverted triangles 
show the location of stations used in our final model. 

Figure S4. Variance reduction difference vs. number of inversion 
iterations. This plot summarizes the variance reduction between 
each 3-D ray tracing iteration. We highlight with a yellow star the 
iteration used as our final model. Following iteration 4, variance 
reduction was greatly reduced. 

Figure S5 . Trade-off analysis curve. Data variance reduction 
versus L2 model norm for choices of smoothing and damping pa- 
rameters ranging from 1 to 10 are plotted by the red and blue circles. 
The solid/dashed lines correspond to constant damping (denoted as 
D 1–10) and smoothing (denoted as S 1–10) trends, respecti vel y. 
The model with a damping parameter of 4 and smoothing parameter 
of 4 (yellow star) were chosen for our final model using the initial 
1-D ray tracing. 

Figure S6. Comparison cross-sections of our P -wave tomography 
model and SAM5 P 2019 (Portner et al. 2020 ). The left-hand col- 
umn shows cross-sections through our model and the right through 
SAM5 P 2019. The location of each cross-section is shown in the 
map view. 

Figure S7. All depth slices through our synthetic checkerboard 
test. The black solid contours denote the location of + 5 per cent 
and the dashed contours −5 per cent Vp of our synthetic input 
respecti vel y. Each checker box is 2 × 2 × 2 model nodes in volume. 
The grey line shows the ≥ 0.2 hit-quality contour which we use as 
an indication of resolution in our final model. The magenta line is 
the top of the Nazca slab from the Slab2 model (Hayes et al. 2018 ) 
as a point of reference. 

Figure S8. All depth slices through our synthetic checkerboard 
test. The black solid contours denote the location of + 5 per cent 
and the dashed contours −5 per cent Vp of our synthetic input, 
respecti vel y. Each checker box is 2 × 2 × 2 model nodes in volume. 
The grey line shows the ≥ 0.2 hit-quality contour which we use as 
an indication of resolution in our final model. The magenta line is 
the top of the Nazca slab from the Slab2 model (Hayes et al. 2018 ) 
as a point of reference. 

Figure S9. Depth slices through our synthetic slab test. The black 
solid contours denote the location of + 5 per cent Vp as our synthetic 
slab input. We note that the synthetic slab extends only to 895 km 
depth. The grey line shows the ≥ 0.2 hit-quality contour which we 
use as an indication of resolution in our final model. The magenta 
line is the top of the Nazca slab from the Slab2 model (Hayes et al. 
2018 ) as a point of reference for depths less than 660 km. 

Figure S10. Depth slices through a synthetic slab test with a 
horizontal tear. The black solid contours denote the location of + 5 
per cent Vp as our synthetic slab input. A horizontal tear was in- 
serted between 60–165 km depth at ∼3 ◦–5 ◦ S. The grey line shows 
the ≥ 0.2 hit-quality contour which we use as an indication of res- 
olution in our final model. The magenta line is the top of the Nazca 
slab from the Slab2 model (Hayes et al. 2018 ) as a point of reference 
for depths less than 660 km. 

Figure S11. Depth slices through the full P -wav e v elocity model. 
The depth of each map view is denoted in the bottom right corner. 
The magenta line represents the top of the Nazca slab at each depth 
slice from Slab2 (Hayes et al. 2018 ). The green line denotes the 
location of the trench. 

Figure S12. Oceanic crustal thickness versus slab age for subduc- 
tion velocity 5 cm yr −1 , initial slab dip 20 ◦, ov erriding plate v elocity 
0 cm yr −1 and overriding plate lithosphere 120 km (modified from 

Huangfu et al. 2016 ). Blue circles indicate the modelled threshold 
values to produce flat versus steep subduction (Huangfu et al. 2016 ). 
The CR crust on the Nazca slab favours flat subduction for these 
model parameters which are similar to the CR subducting beneath 
Ecuador. 

Please note: Oxford University Press is not responsible for the 
content or functionality of any supporting materials supplied by 
the authors. Any queries (other than missing material) should be 
directed to the corresponding author for the paper. 
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Servicio Geol ógico Colombiano . 1993. Red Sismologica Nacional de 
Colombia [Data set]. International Federation of Digital Seismograph 
Networks. 10.7914/SN/CM. 

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

Siebert , L. , Simkin, T. & Kimberly, P., 2011. Volcanoes of the World . Berke- 
le y, CA: Univ ersity of California Press. https://volcano.si.edu/resource p 
roducts.cfm# . 

Simmons , N.A. , Myers, S.C., Johannesson, G. & Matzel, E., 2012. 
LLNL-G3Dv3: global P wave tomography model for improved regional 
and teleseismic travel time prediction, J. geophys. Res., 117, B10302. 
doi:10.1038/ncomms15249. 

Spikings , 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 
Amer. Earth Sci., 30 (3-4), 121–133. 

Sun , M. , Bezada, M.J., Cornthwaite, J., Prieto, G.A., Niu, F. & Le v ander, A., 
2022. Overlapping slabs: untangling subduction in NW South America 
through finite-frequency teleseismic tomography, Earth planet. Sci. Lett., 
577, 117253. doi:10.1016/j.epsl.2021.117253. 
C © The Author(s) 2023. Published by Oxford University P
article distributed under the terms of the Creative Common
permits unrestricted reuse, distribution, and reproduction in
Syracuse , E.M. & Abers, G.A., 2006. Global compilation of variations in 
slab depth beneath arc volcanoes and implications, Geochem. Geophys. 
Geosyst., 7 (5). doi:10.1029/2005GC001045. 

Syracuse , E.M. , Maceira, M., Prieto, G.A., Zhang, H. & Ammon, C.J., 
2016. Multiple plates subducting beneath Colombia, as illuminated 
by seismicity and velocity from the joint inversion of seismic and 
gravity data, Earth planet. Sci. Lett., 444, 139–149. 
doi:10.1016/j.epsl.2016.03.050. 
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