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SUMMARY

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
convex shape. Highly heterogeneous 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 northern 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 northern 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 INTRODUCTION

The northern Andean margin in Ecuador and western Colombia is
characterized by ongoing subduction of the Nazca plate beneath
South America and the presence of accreted oceanic terranes com-
prising the western margin of the overriding plate. Along the north-
ern Andean margin, the Nazca plate is notably young, ranging from
~30 to 9 Ma at the trench compared to > 30 Ma south of the
Grijalva Fracture Zone (Grijalva FZ, Fig. 1, e.g. Seton et al. 2020).
The Nazca plate converges with South America at a rate of ~5.6—
6 cmyr~! in the direction of ~81°-83° N (Trenkamp et al. 2002).

Convergence is increasingly oblique north of Ecuador following the
convex trench. The Nazca plate at these latitudes is characterized
by a heterogeneous bathymetry, comprised of various fracture zones
and failed rifts related to the reorganization of the Nazca, Cocos, and
Farallon plates and the Galapagos hotspot track (e.g. Lonsdale & K-
itgord 1978). Among these, the Carnegie Ridge (CR) is an aseismic,
oceanic ridge formed at the Galapagos hotspot with ~19 km thick
oceanic crust and 1 km of bathymetry that is presently subducting
at the trench between ~2° S to 0.5° N (e.g. Gailler et al. 2007).
Relatively sparse intermediate-depth slab-seismicity beneath
Ecuador has made it difficult to discern the upper-mantle geom-
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Figure 1. Tectonic map of northwestern 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 ef 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 northern continuation of the Peruvian
flat slab. North of ~2° S the slab resumes a more normal angle of
subduction (~20°—45°) and an active volcanic 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 ez 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 ez al. 1999).
They suggest that northern 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 ez al. (1999) model is due to the flattening of the slab.
Rosenbaum ef 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
relative traveltime residuals recorded at stations in Ecuador to im-
prove the tomographic images of the Nazca slab beneath Ecuador
and Colombia.
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1.1 Previous seismic imaging of the Nazca slab beneath
Ecuador and Colombia

Tomographic studies of the Nazca slab beneath the northern An-
des remain challenging, particularly below ~150 km depth, due to
the limited slab seismicity, and an uneven distribution of publicly
available seismic data from eastern Ecuador and western Brazil.
Global tomography models reveal two alternate regional images of
the Nazca slab in northern South America: (1) a continuous slab
along the margin from the top of the subduction zone into the lower
mantle (e.g. Montelli ef al. 2004; Simmons et al. 2012) and (2) a
discontinuous slab anomaly in the upper mantle, where no slab is
present near the latitudes of Ecuador (e.g. Li et al. 2008; Moham-
madzaheri et al. 2021). Recent teleseismic tomography models in
this region combined data from across the South America continent
to reveal a continuous image of the Nazca slab extending from 100
to 1000 km depth beneath much of South America (Portner et al.
2020; Rodriguez et al. 2021). Both studies were notably limited
in lateral resolution in the upper ~200 km in beneath Ecuador and
southern Colombia due to persistent gaps in station coverage for the
northern Andes. Similarly, an adjoint waveform tomography study
from Ciardelli e al. (2022) imaged a continuous Nazca slab beneath
northern South America.

Local tomography studies from Araujo et al. (2021), focus on
the megathrust interface using crustal seismicity within the region.
In their study they image a continuous Nazca slab within the upper
~120-200 km across northern Ecuador. At ~2° S near the Puyo
seismic nest (Fig. 1), Araujo et al. (2021), postulate the presence of
a tear in the Nazca slab (above ~120 km) beneath central Ecuador,
but the limited intermediate-depth seismicity in Ecuador limits their
model to the upper 150 km for most of the margin.

In this study, we update the SAMS_P_2019 teleseismic P-wave
velocity model from Portner ez al. (2020), with particular emphasis
on improving our image of the Nazca slab beneath Ecuador and
southern Colombia. We enlarge their P-wave residual data set by
adding more than 30000 new arrival time picks recorded at 20
new stations, totalling 149 stations, deployed across Ecuador and
Colombia. Additionally, we modify the model geometry such that
the smallest grid spacing is centred around Ecuador to refine resolu-
tion in the study region. Results from this model update illuminate
a more complex geometry of the Nazca-South America subduction
zone in the northern Andes than previously seen extending from 90
to 1000 km depth.

2 DATA AND METHODS

2.1 Data

We combine relative P-wave traveltime residuals from Portner et al.
(2020; n = 83 675) with 34 518 new relative P and PKiKP resid-
uals recorded at stations across Ecuador and Colombia from the
Ecuador National Seismic Network (RENSIG; Ruiz 2016; Alvarado
et al. 2018), Red Sismolodgica Nacional de Colombia (Servicio
Geolégico Colombiano 1993) and temporary station deployments
following the 2016 Pedernales earthquake (Regnier ef al. 2016;
Meltzer et al. 2019, Fig. 2). Following Portner et al. (2020), we
incorporate > M5.0 earthquakes from teleseismic distances of
30°-90° for P (n = 30432) and 155°-180° for PKiKP (n = 4086)
arrivals recorded at 141 stations in Ecuador and 8 stations in Colom-
bia (Fig. 2 and Figs S1-S3, Supporting Information). Arrival times
are picked in four frequency bands: 0.5-1.5 Hz (26.9 per cent of
the full data set), 0.2—0.8 Hz (29.7 per cent), 0.1-0.4 Hz (19.5 per

cent) and 0.04-0.16 Hz (23.9 per cent), on the vertical component
using the multichannel cross-correlation technique of VanDecar &
Crosson (1990), modified by Pavlis & Vernon (2010). Following
data exclusion related to duplicate picks and data outliers (e.g.
residuals > 1.5 s), our final data set includes 114096 relative
traveltime residuals from 1133 stations across South America and
2340 unique events.

Traveltime residuals are calculated relative to the 1-D IASP91
P-wave velocity model (Kennett & Engdahl 1991). Traveltimes
are corrected for differences in crustal thickness from the 1-D
TASP91 model using the same crustal model from Portner et al.
(2020) with a revised crustal model for Ecuador from Koch ez al.
(2021; Fig. S2, Supporting Information). We additionally correct
station traveltimes to account for the relatively fast forearc observed
throughout the Northern Andean margin (e.g. Araujo et al. 2021;
Lynner ef al. 2020). Relative residuals of each event are demeaned
before inclusion in our inversion (Fig. 3c).

2.2 Tomographic inversion

Our final P-wave velocity model was created using the finite-
frequency teleseismic tomography inversion method of Schmandt &
Humphreys (2010). The model domain extends from 36 to 1450 km
depth and is parametrized such that the smallest lateral node spac-
ing is beneath Ecuador, at 35 km in width, and widens laterally to
115 km across most of the continent of South America to preserve
the original expanse of the Portner et al. (2020) data set (Fig. 3 and
Fig. S3, Supporting Information). Model nodes additionally dilate
with depth, expanding vertically from 24 to 70 km.

Following Portner et al. (2020), rays are initially traced through
the model using the 1-D IASP91 P-wave velocity model (Kennett
& Engdahl 1991) and the sensitivity of each ray within the model
is approximated using the first Fresnel zone (Dahlen et al. 2000).
After an initial inversion using the 1-D velocity model is created we
update the travel paths of rays through the resulting 3-D velocity
model using the FMTOMO wave-front tracking algorithm from de
Kool et al. (2006) and Rawlinson et al. (2006) and re-invert. This
process is repeated iteratively four times, until the resulting model
becomes stable (e.g. the data variance no longer improves; Fig.
S4, Supporting Information). We additionally choose smoothing
and damping parameters of 4 and 5, respectively, based on L2-norm
analysis of the model (Fig. S5, Supporting Information). Our choice
in model parameters results in a 70 per cent variance reduction of
our data. We include comparisons to the SAMS5_P_2019 teleseismic
P-wave velocity model from Portner et al. (2020) in Supporting
Information, Fig. S6.

2.3 Resolution tests

To understand the resolvability of our model, we rely on a hit-
quality measurement, following Schmandt & Humphreys (2010),
and a suite of synthetic tests using the event-station geometry of our
data set. The hit quality is a parameter used as a proxy to estimate
the number of crossing rays within each of our model nodes. It is
based on the number of rays in the node and weighted by the number
of backazimuthal bins sampled, normalized to 1.0. For example, a
0.2 hit-quality score represents a node which has more than two
backazimuth bins sampled, between 11-20 rays within the node
or a combination of both. To estimate an appropriate hit-quality
threshold for our model, we rely on the synthetic tests described
below.
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Figure 2. Stations in northwestern 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.
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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
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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
this test, we input alternating anomalies of & 5 per cent dVp into
our model comprising 2 x 2 x 2 model nodes, with 2 nodes of 0
per cent dVp in between (Fig. 4, and Figs S7 and S8, Supporting
Information). The results of this test reveal that within the > 0.2
hit-quality contour we recover on average ~50 per cent of our input
anomaly beneath Ecuador between 95 and 1200 km depth. Outside
of the > 0.2 hit-quality contour we recover on average < 10 per cent
of our synthetic input. The highest amplitudes recovered (>50 per
cent of our input anomaly on average) are within the upper 400 km
depth beneath Ecuador with very little lateral smearing between
nodes (Fig. 4). At shallow (<400 km) depths beneath Colombia, we
recover very little of our input anomaly (<20 per cent on average)
but do accurately recover the anomaly polarity at the centre of each
input checker.

Below 400 km depth the amplitudes of the recovered checkers are
diminished, but the input pattern is recovered with very little lateral
and vertical smearing between nodes (Fig. 4). Beneath Colombia,
recovery improves significantly to ~50 per cent of our input. Re-
covered amplitudes are also higher between 800 and 1200 km where
we recover ~50 per cent of the input anomaly (Fig. 4). The high-
est recovered amplitudes at this depth are beneath western Brazil,
Colombia and northern Pert due to spreading ray geometries from
Ecuador. We note lateral smearing which increases with depth and
is most prevalent along the edges of the > 0.2 hit-quality contour.
For all recovered anomalies, the highest recovered amplitudes occur
at the centre of our synthetic input.

In addition to the checkerboard tests, we created a synthetic slab
as an input (Fig. 5). The synthetic slab was created by tracing the
Slab2 contour of the Nazca plate from Hayes et al. (2018) into our
model. The slab was given a width of three model nodes and an input
anomaly of + 5 per cent dVp. We test three potential geometries of
the slab: (1) a coherent slab which extends from the surface of our
model (36 km) to 935 km depth (Fig. 5, top row; depth slices are
included in Fig. S9, Supporting Information), (2) a slab extending
from 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
on the model’s ability to recover a horizontal tear in the upper
165 km depth beneath south-central Ecuador (Fig. S10, Supporting
Information). From the slab recovery tests, we observe the same
pattern of recoverability as seen by the checkerboards, with highest
resolution at shallow depths beneath Ecuador and deeper depths in
the regions surrounding Ecuador.

The highest amplitudes recovered in our synthetic slab occurs
beneath central Ecuador between ~200 and 900 km depth with
minimal lateral smearing. In northern Ecuador, where we have the
densest ray coverage, we recover the upper 200 km with ~50 per
cent of the input anomaly (Fig. 5, cross-sections b). The synthetic
slab gap test shows vertical smearing beneath Ecuador in the mantle
transition zone (410-660 km; Fig. 5, middle row); however, the high-
est recovered amplitudes are at the centre of the input slabs (Fig. 5,
middle row), with the exception of the region beneath Colombia,
where we recover close to 0 per cent of our synthetic input anomaly
in the upper 200 km (Fig. 5, column A). Similarly, our synthetic
slab test for a shallow (60-165 km depth) horizontal tear shows
there is some vertical smearing however we are largely able to re-
cover the central input anomaly of the slab and tear with minimal
lateral smearing (Fig. S10, Supporting Information).

Overall, our synthetic tests reveal that we have best resolution
in our model within the upper ~300 km depth beneath Ecuador
and poorest above ~200 km depth beneath Colombia. At greater

depths beneath Ecuador the model recovers less amplitude, while the
checkerboard pattern is still recognizable with some lateral smear-
ing along the edges of the > 0.2 hit-quality contour. Recoverabil-
ity beneath Colombia improves significantly in the lower mantle
(>600 km depth). Our synthetic slab tests reveal that for the entire
margin of Ecuador and Colombia, we should be able to recover a
slab below 200 km depth for Colombia and below a depth of 95 km
for Ecuador.

3 RESULTS

Our resulting teleseismic P-wave velocity model is shown in se-
lected depth slices and cross-sections in Figs 6 and 7, respec-
tively. Depth slices of the full model are included as Fig. S11
(Supporting Information). Results are shown as per cent dVp, or
relative P-wave velocities. A prominent feature within our model
is a relatively high velocity anomaly which follows the modelled
location of the Nazca slab from Slab2 (Hayes et al. 2018), where
we have resolution, and extends dipping eastward into the lower
mantle (Figs 5 and 6). This anomaly overlaps with Wadati—Benioff
zone earthquakes where present down to ~200 km (e.g. NEIC 2022,
Figs 6 and 7). We therefore interpret this anomaly as the subducting
Nazca 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°
(Fig. 6). From 3° S to ~5° S, the slab appears to extend farther
inboard to ~500 km from the trench, with a slight dip (~10°)
between 100 and 200 km depth, but shallow resolution at these
latitudes is limited by the sparse station distribution (Fig. 6, 90 km
depth slice, and Fig. 7f). At the edge of this transition from a flat
to more steeply dipping slab, ~79° W and 3° S, at 95 km depth the
slab anomaly is segmented and separated by a series of low velocity
anomalies, S1, which extends from beneath the slab to beneath the
modern arc (Fig. 7e). This gap in the slab is relatively shallow
and laterally limited, extending from only ~95-165 km depth and
~100 km across. North of this gap, the slab is relatively continuous
beneath the margin of Ecuador.

Below 200 km depth, the slab beneath central Ecuador is con-
tinuous to ~1000 km depth. The angle of the slab is uniform in
the upper mantle and begins to flatten in the lower mantle where
the slab appears to stagnate at ~900—-1000 km depth (e.g. Figs 7c
and d). In south-central Ecuador, we do not recover a slab between
200—600 km depth (Fig. 7f). In southernmost Ecuador, the slab is
outside of where we are able to recover predicted slab structure
(Hayes et al. 2018). However, from 600 to ~1000 km depth we
recover a high velocity anomaly in the lower mantle which connects
along strike to the Nazca slab (Fig. 7f). Synthetic slab recovery tests
in this area also show we cannot recover the slab in this region be-
tween 200—600 km depth (Fig. 5, column F) so we do not interpret
the apparent gap in the Nazca slab as reflecting true structure.

Between 0° and 3° N we do not image a coherent high velocity
anomaly indicative of the Nazca slab beneath southern Colombia
for all depths. Synthetic slab recovery tests of this region show that
if a slab anomaly exists in this region, we should be able to recover
it below 200 km depth (Figs 7, column A). Below 200 km (Fig. 6),
the Nazca slab appears segmented at these latitudes and in some
depth slices (320-600 km depth) a low velocity anomaly separates
the two segments (S2; Figs 6 and 7).

Our seismic image of the upper mantle in Colombia is limited by
station aperture, however, between 4°-8° N a high velocity anomaly
is present which follows the Slab2 contour of the Nazca slab and
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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 x 2 x 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. 7a). Our resolution tests show we
have very poor recovery 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 DISCUSSION

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. 7a).
Further south, between ~3° N and 0° we image a gap in the Nazca
slab anomaly (Fig. 7b). 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 northern 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. However, at depths deeper than 200 km, a slab

is sufficiently recoverable such that its absence in our tomography
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 5Se).

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; Idarraga-Garcia 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; Idarraga-Garcia et al. 2016).

4.2 Central Ecuador and the Carnegie Ridge

Beneath central-northern Ecuador, ~1° S-2° S, where the centre
of the CR (Fig. 7, cross-section ¢) currently enters the trench, we
image a continuous Nazca slab extending from 95 to ~1000 km
depth. The slab retains a relatively uniform dip of ~20° within the
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figures, the black line corresponds to the location of a 4 5 per cent Vp synthetic input anomaly. The colour map shows the resulting output anomaly. The grey

line contours the > 0.2 hit quality.

upper mantle. Despite prior inferences associating the CR to other
subducting hotspot tracks along the western South American margin
(e.g. Gutscher ef al. 1999), we see no evidence for local flattening
of the slab due to CR subduction. Local earthquake studies have
similarly observed no significant changes in the Nazca slab’s dip
related to the CR (Fig. 7, cross-sections b and ¢, Guillier e al. 2001;
Yepes et al. 2016; Araujo et al. 2021).

The CR is an oceanic ridge, ~200 km wide, with 1 km of bathy-
metric reliefthat formed at the Galapagos hotspot and has an oceanic
crustal thickness of ~19 km as it enters the trench (Sallarés &
Charvis 2003; Graindorge ef al. 2004; Gailler et al. 2007). In con-
trast to along-margin examples of ridge subduction (Nazca Ridge
in Peru, Juan Fernandez Ridge in Chile), there does not appear to
be a flat slab associated with the thick, buoyant oceanic crust of the
CR. Models of the timing of the CR’s arrival into the trench vary
extensively from 1.4 to 15 Ma (e.g. Gutscher et al. 1999; Lonsdale,
2005; Michaud et al. 2009; Spikings et al. 2010) due to uncertainty
in the timing of when the Cocos spreading ridge first reached its
current position atop the Galapagos hotspot. Using the current con-
vergence rate of the South America and Nazca plates of 6 cm yr~!
as a conservative minimum (Trenkamp et al. 2002), this would pre-
dict the CR to be anywhere from ~85 to 900 km in the subduction
zone.

There are two scenarios which may in part explain the lack of
a flat slab observation: (1) the CR has not subducted as far in
the subduction zone as suggested by some models and hence, has
not had time to flatten the subducting slab (e.g. Gutscher et al.
1999) or to reach a depth of neutral buoyancy; or (2) the above

average thickness crust (~19 km) of the CR does not provide enough
buoyancy on its own to flatten the slab even if it has subducted deep
into the subduction system. The thick CR oceanic crust off-shore
today (Graindorge et al. 2004; Gailler et al. 2007) suggests that
it should have significant buoyancy compared to the surrounding
mantle until the thick oceanic crust transforms to eclogite (Fig. S12,
Supporting Information; Huangfu et al. 2016). Numerous models
have suggested additional mechanisms may be required to flatten
slabs such as overthrusting of the overriding plate and young age
of the subducting lithosphere (van Hunen er al. 2002; Huangfu
et al. 2016), subslab overpressure (Schepers et al. 2017), slab-
suction (Manea et al. 2012), or if additional buoyancy from the
sub-slab mantle (Bishop ef al. 2017). Hence, we cannot be sure
if the CR has not subducted far enough into the system to cause
flat subduction (except for the very shallow part of the system) or
if additional factors are needed. Factors favouring flat subduction
in this region are the thick oceanic crust and the young age of
the oceanic crust (15-24 Ma) subducting at the trench (Fig. S10,
Supporting Information). Factors that do not favour flat subduction
are motion of the overriding plate which is part of the Andean
block that is moving northward and not overriding the Nazca plate
and the warm subduction zone suggesting a shallower depth for
the basalt to eclogite transition (~60-70 km depth; Wada & Wang
2009). Considering that similar factors are considered sufficient to
induce slab flattening elsewhere in South America (Peruvian flat
slab, Chilean flat slab) when given enough time, we infer it most
likely that the CR has not subducted very far into the subduction
system.
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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 XK waves from Condori ef al. (2021) and Idarraga-Garcia (2016). Black triangles show the surface
location of Holocene volcanoes (Siebert ef al. 2011). The magenta line represents the top of the Nazca slab at each depth slice from Slab2 (Hayes ef al. 2018).
The thick, solid black line denotes the location of the trench. Green circles correspond to hypocentre locations of > M4 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 ¢ 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,
Rodriguez 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;
Rodriguez et al. 2021; Ciardelli et al. 2022). However, 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 northern edge of the Peruvian flat slab (Figs 6 and 7e; 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, Supporting Information). This slab gap shows a low 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 ef al.
2015; Hu & Liu 2016; Portner et al. 2017) and at the Ecuadorian
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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 > M4 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.

margin (Gutscher et al 1999; Rosenbaum et al. 2019). Araujo et al.
(2021) imaged a tear in their local tomography model at the same
location and depth as the previous studies. Araujo ef al. (2016) in-
terpret this tear as a result of the sharp curvature of the trench and
slab in which they describe compressional stresses that buckle the
slab at its axis, which is collocated with the E1 Puyo seismic cluster
(Fig. 1; Araujo ef al. 2021). Alternatively, a slab tear was inferred
in the same location by Rosenbaum ez al. (2019) and Gutscher e? al.
(1999) using the ISC-EHB earthquake catalogue. They inferred a
tear based on an abrupt change in seismicity north of the El Puyo
seismic cluster (e.g. sparse intermediate seismicity >90 km). Both
models propose tearing from extensional forces within the Nazca
plate, however they point to different sources: Rosenbaum et al.
(2019) observed extension within the plate at its transition from flat
to normal subduction along the northern edge of the Peruvian flat
slab while Gutscher et al. (1999) point to tearing of the slab along
the Grijalva FZ as a result in the differences in buoyancy caused

by a proposed flat slab associated with the CR. The subduction of
a fracture zone would additionally introduce more fluids into the
oceanic lithosphere, presumably weakening the slab locally (e.g.
Ranero et al. 2003).

The coincidence of this slab tear along the northern edge of the
Peruvian flat slab and the inboard projection of the Grijalva FZ,
as well as over the Puyo seismic cluster, which is characterized
by downdip, NE-SW oriented extensional focal mechanisms (e.g.
Yepes et al. 2016; Rosenbaum et al. 2019; Vaca et al. 2019) leads
us to favour a tear by extension. The apparent low velocity anomaly,
S1, through the tear and its apparent connection to the volcanic
arc suggests flow through this tear between < 95-200 km depth
connecting the hot sub-slab mantle beneath the Peruvian flat slab
to the mantle beneath the Ecuador arc. Flow through the slab tear
is supported by a distinct northward rotation in shear wave splitting
directions from trench subparallel to nearly perpendicular between
3°—6° S (Fig. 6; Condori et al. 2021). It is possible that the sharp
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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 ef 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 ez 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 e al. 2017). Hidalgo ez 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, however, we
acknowledge that adakites can also be generated by assimilation
and garnet fractionation in thick Andean crust (Kay ez 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 Fernandez Ridges, respectively, 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 ef al. 2012), the Malpelo Tear
in southern Colombia associated with and the Malpelo Rift in south-
ern Colombia (this study; Borrero & Castillo 2006; Idarraga-Garcia
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 alternatively been associated with flat slab subduction
(Wagner et al. 2017) or the northern edge of the Nazca plate (e.g.
Cortés & 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-
spectively, and add to this growing body of evidence that the Nazca
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slab is torn and deformed, and that heterogeneity in the subducting
plate is a controlling factor in Nazca slab fragmentation. A partially
fragmented Nazca slab, as opposed to a coherent slab, has signif-
icant implications for regional mantle flow and wedge dynamics
(Antonijevic et al. 2016; Idarraga-Garcia et al. 2016; Lynner et al.
2017; Schepers et al. 2017; Kiraly et al. 2020), the evolution of flat
slabs (e.g. Antonijevic et al. 2015; Taramon et al. 2015) and magma-
tism in the South American cordillera (e.g. Hu & Liu 2016; Gianni
et al. 2019). Evidence for tears in the Nazca slab along parts of the
subduction margin (Fig. 9) call into question the traditional concept
of slabs as strong, coherent bodies that passively sink through the
upper mantle. Instead, at least parts of the Nazca slab are prone to
internal deformation starting as soon as they subduct into the upper
mantle.

5 CONCLUSIONS

We present a finite-frequency teleseismic P-wave tomography
model of the northern Andes beneath Ecuador and Colombia from
90-1200 km depth. Our model builds on the work of Portner et al.
(2020) to refine the morphology of the Nazca slab in the mantle
beneath the northern Andes. Our results show a Nazca slab with a
complicated along-strike geometry and the first teleseismic images
of several proposed tears in this region. Beneath Ecuador, we image
a shallow tear in the upper 200 km along the transition from flat slab
subduction beneath Peru to a steeper subducting slab in the north.
We infer the origins of this tear to be related to the stretching of the
slab locally as it steepens. Additionally, we image a low velocity
anomaly which extends through the tear and connects to a low veloc-
ity anomaly beneath the modern arc of Ecuador. Flow through this
slab tear into the arc could explain the anomalous broadening of the
arc and is supported by regional changes of the arc geochemistry.

Inboard of the CR, the Nazca slab is continuous from 90 to
1000 km depth. The slab retains an average dip, ~20°, into the
mantle transition zone where the slab begins to shallow and stag-
nate at ~1000 km depth. Our model shows no evidence of the CR
flattening the slab below 95 km depth as suggested by some models.

At the border of Colombia and Ecuador, there is no imaged slab
anomaly. We do not have resolution above 200 km depth, however,
the lack of a slab anomaly below 200 km suggests a resolvable slab
tear. This tear, previously named the Malpelo Tear, likely originates
from the subduction of the Malpelo fossil rift which is currently at
the trench. This tear is relatively small laterally, ~3° N-0°, but it
extends in the lower mantle. North of 3° N we image the northern
continuation of the Nazca slab from the top of our resolution at 200
down to ~800 km depth.
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Figure S1. Data used in our inversion. (a) Map of all event
locations 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
traveltimes. (b) Traveltime 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. Traveltime 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, respectively.
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 SAMS5_P_2019 (Portner et al. 2020). The left-hand col-
umn shows cross-sections through our model and the right through
SAMS5_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 4+ 5 per cent
and the dashed contours —5 per cent Fp of our synthetic input
respectively. Each checker box is 2 x 2 x 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,
respectively. Each checker box is 2 x 2 x 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 4 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-wave velocity 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~!, initial slab dip 20°, overriding plate velocity
0cmyr~! 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 ez 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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