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Both the Caribbean and Nazca plates subduct beneath northwestern South America. The configuration
of the two subducted slabs and the nature of any interaction between them has long been a matter
of debate. Based on the location of intermediate-depth seismicity and active and extinct volcanism,
as well as on seismic imaging, several different tectonic scenarios have been proposed. In this paper,
we use teleseismic data recorded by the Colombian National Network and the temporary CARMA
array in Venezuela and Colombia to produce a finite-frequency tomography model for the region. Our

Keywords: results show several distinct subduction segments. Through synthetic tests, we show that our results
subduction require a zone of overlap between Nazca and Caribbean subduction north of the “Caldas Tear” as has
northern South America been proposed by previous studies. Additionally, we find that the Bucaramanga Nest occurs within the
flat slab Caribbean Plate and coincides with bending of the slab in two planes, where both the strike and the dip
HOTFher“ Andes of the slab change. We infer that elevated stresses are an important factor in producing the very high
;z;‘?:ea“ rates of seismicity in the nest.
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1. Introduction

Although textbook representations of subduction zones depict
a pseudo-2D geometry, where along-strike variations are ignored,
real subduction zones are much more complicated. Along-strike
changes in slab dip, caused by lateral variations in the structure of
either the incoming or the overriding plate are not uncommon, and
in some instances two different subducting slabs can be in close
proximity to each other. Northwestern South America is one such
complex setting. There, we find the conjunction of three plates,
with the South American plate converging with both the Caribbean
and Nazca plates. Matters are further complicated by the subduc-
tion of the buoyant, Cretaceous Caribbean Large Igneous Province
(~ 1.8 x 10 km?) (Burke, 1988; Mora et al., 2017; Kellogg et
al,, 2019), and the northward migration of the Nazca plate and
Nazca-Caribbean-South America triple junction in the past ~70
Ma (Boschman et al., 2014; Kellogg et al., 2019; Montes et al.,
2019). This complex tectonic setting has spawned many conflicting
hypotheses for how convergence between the different plates is
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accommodated by subduction (e.g. van der Hilst and Mann, 1994;
Taboada et al., 2000; Vargas and Mann, 2013; Cortés and Angelier,
2005).

Although some regional seismic tomography models exist (van
der Hilst and Mann, 1994; Vargas and Mann, 2013; Chiarabba et
al,, 2016; Syracuse et al., 2016), resolution has been limited by
station coverage. Therefore, interpretation of slab geometry in this
region still relies primarily on the distribution of the intermediate-
depth seismicity. Since earthquakes in this area are scarce to
absent deeper than ~200 km, the detailed configuration of the
deeper slabs is obscured. Additionally, several recent tomography
studies (Chiarabba et al., 2016; Poveda et al., 2018; Syracuse et al.,
2016) are based either on local seismicity or on surface wave data,
leaving the deep structure beneath Colombia unconstrained. In this
paper, we present a well-resolved teleseismic P-wave tomography
model to investigate the configuration of subduction beneath the
northern Andes. Our results reveal NE-SW trending slabs corre-
sponding to the subduction of the Caribbean and Nazca plates,
with the two subducted plates overlapping between 5°N and 8°N.
Our results strongly support tectonic reconstructions that involve
an overlap between the Caribbean and Nazca slabs and provide in-
sights on the nature of some notable features in the region, namely
the Caldas Tear and the Bucaramanga Nest.
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Fig. 1. Left panel: tectonic setting including GPS data from Mora-Pdez et al. (2019). Red rectangle shows the location of the right panel. Right panel: Study area. Solid
lines show the location of cross-sections shown in Fig. 5; dashed lines show additional cross sections shown in Fig. 6. Red dots show the location of intermediate-depth
earthquakes from the Colombian Geological Service catalog. Inverted triangles show the location of seismic stations used in this study and color-coded according to the
network they belong to as indicated in the legend. Seismic network abbreviations: VE - Venezuelan National Network; YU - CARMArray; CM - Colombian National Network;
GM - GIAME temporary network. The purple-shaded region in each panel outlines the Panama-Choco Block. (For interpretation of the colors in the figure(s), the reader is

referred to the web version of this article.)
2. Tectonic background

The Northwestern part of South America is underthrust by the
Caribbean obliquely at a speed of ~20 mm/y while further to
the east the margin transitions to a strike-slip regime (Kellogg
and Vega, 1995; DeMets et al., 2000; DeMets, 2001; Weber et al.,
2001; Trenkamp et al., 2002). The boundary between subducting
and non-subducting Caribbean is hypothesized to form a tear in
the plate, although the location and geometry of this tear are not
well constrained (Bezada et al,, 2010; Masy et al., 2011; Taboada
et al.,, 2000, van Benthem et al., 2013). While intermediate-depth
seismicity is relatively scarce, it has been used for decades to
outline the shallow subduction of the Caribbean (e.g. Penning-
ton, 1981; Kellogg and Bonini, 1982; Malavé and Suarez, 1995;
Chiarabba et al., 2016). The subduction angle is expected to be
shallow given that this region of the Caribbean is covered by
the buoyant Caribbean Large Igneous Province (e.g. Burke, 1988),
which possibly accounts for the absence of arc magmatism asso-
ciated with this subduction. The morphology and spatial extent of
the Caribbean subduction has long been a matter of debate and,
although it has become clearer in the last decade, uncertainties
about its lateral extent persist. Van der Hilst and Mann (1994)
proposed an incipient subduction whereas Bezada et al. (2010)
imaged a ~600 km long near-vertical velocity anomaly between
10°~12°N implying a long-lived subduction. A slab reaching the
transition zone was confirmed by van Benthem et al. (2013) and
imaged in detail by Cornthwaite et al. (2021). Several authors have
placed the southern edge of the Caribbean at around ~10°N (van
der Hilst and Mann, 1994; Corredor, 2003; Syracuse et al., 2016),
whereas others have hypothesized that it extends as far south as
~5°N (Taboada et al., 2000; Kellogg et al., 2019). Part of the dif-
ficulty in discerning the southern boundary of the Caribbean sub-
duction is that, although the Pacific coast of Colombia is clearly
part of the Nazca-South America boundary today, before colli-

sion and accretion of the Panama-Choco block (Fig. 1) it was the
Caribbean that subducted beneath western Colombia (e.g. Montes
et al.,, 2012). In fact, palinspastic reconstructions show a history of
~70 Ma of Caribbean subduction beneath western Colombia, start-
ing in the Late Cretaceous and extending as far south as ~2.3°N in
current coordinates (e.g. Kellogg et al., 2019; Montes et al., 2019).
Northeastward motion of the Caribbean relative to South Amer-
ica led to the northward migration of the southern end of this
boundary, and the eventual collision of the Choco Block termi-
nated subduction diachronously from south to north (e.g. Kellogg
and Mora-Paez, 2016) from 15 to 1 Ma.

Conversely, Nazca subduction below western Colombia has a di-
achronous onset from south to north as evidenced by the temporal
evolution of volcanism (Wagner et al., 2017; Kellogg et al., 2019);
which reaches as far north as 3.6°N by 20 Ma (see Fig. 7 in Kellogg
et al,, 2019), before eventually shutting down north of ~5.5°N at
5 Ma (Wagner et al., 2017; Kellogg et al., 2019). This leads to the
present Nazca-South America plate boundary configuration in the
Pacific coast of Colombia. In this modern framework, it is sensible
to interpret Wadati-Benioff seismicity, volcanism and any veloc-
ity anomalies in the mantle as being related to Nazca subduction.
For example, the lateral offset in intermediate-depth seismicity at
~5.5°N (Ojeda and Havskov, 2001) is most readily interpreted as a
tear in the Nazca plate (the Caldas Tear, Vargas and Mann, 2013;
Syracuse et al.,, 2016, Fig. 1). This feature coincides with the north-
ern termination of the modern volcanic arc system in South Amer-
ica (Pennington, 1981; Wagner et al., 2017) and is widely thought
to separate a northern flat-subducting segment of Nazca (the Bu-
caramanga segment) from a normally subducting (Cauca) segment
to the south.

Between 5°N and 10°N, the Bucaramanga segment is thought
to extend sub-horizontally to the east for 400 km before transi-
tioning into normal subduction (Chiarabba et al., 2016; Syracuse
et al.,, 2016). The Bucaramanga Nest, one of the world’s most ac-
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tive clusters of intermediate-depth seismicity (Prieto et al., 2012),
appears to be located within this segment. Despite much research
on the nest (e.g. Poli et al., 2016), the most fundamental ques-
tions as to which slab(s) hosts it, and whether it’s of intraslab
or interslab origin, are still debated. The nest has been variously
attributed to the collision between the subducted Caribbean and
Nazca slabs (van der Hilst and Mann, 1994; Zarifi et al., 2007), in-
flexion of the subducted Caribbean plate (Taboada et al., 2000), and
a margin-parallel slab tear developed within the Caribbean plate
(Cortés and Angelier, 2005; Vargas and Mann, 2013). Another dis-
pute is about the location of the Cauca segment’s northern edge.
Earlier tomographic studies (Syracuse et al., 2016) and volcanic age
compilations (Wagner et al., 2017) argue that the Cauca segment is
limited to the north by the Caldas Tear, whereas plate reconstruc-
tions based on radiometric ages in the past 100 Ma posit there is
overlap between the Cauca and Bucaramanga segments (Taboada
et al., 2000; Kellogg et al., 2019).

Overall, although the existence of a gap (Caldas Tear) at a lat-
itude of ~5°N separating the Bucaramanga and Cauca segments
is evidenced by a variety of studies, e.g. seismicity and coda-Q
(Vargas and Mann, 2013), Adakitic samples from Nevado del Ruiz
Volcano (Borrero et al., 2009) and SKS measurements (Porritt et al.,
2014). The question of whether it represents the southern edge of
the Caribbean (Taboada et al., 2000; Kellogg et al., 2019) or a slab
tear developed within Nazca (Vargas and Mann, 2013; Syracuse et
al., 2016; Wagner et al,, 2017) due to subduction of the Sandra
Ridge (Lonsdale, 2005; Vargas and Mann, 2013), is still debated.

3. Data and method

Waveforms from 327 teleseismic events with good azimuthal
distribution (Fig. S1) were retrieved from 151 broadband stations
in the permanent Colombian National Network and the 65 stations
of the CARibbean-Merida Andes temporary seismic array (CARMAr-
ray) deployed from April 2016 to March 2018, along with other
stations in Venezuela (Fig. 1). P arrival times from events with
good signal-to-noise ratio were initially manually picked. The se-
lected traces then underwent Gaussian bandpass filters centered
at 0.3 Hz, 0.5 Hz and 1.0 Hz and, for each frequency band, rel-
ative delay times were determined by cross correlation (VanDecar
and Crosson, 1990) after removing the travel time predicted by the
AK135 model (Kennett et al., 1995). We then de-meaned these raw
delays, obtaining 33,871 relative travel time observations.

These measurements were used as input for our velocity to-
mography procedure. The model is parameterized with variable
node spacing to accommodate the loss of resolution with model
depth as well as toward the edges of the array. Horizontal mesh
node spacing is smallest inside the array footprint, where it is 42
km, and increases stepwise until it reaches 56 km 400 km outside
the array. Cell height is also variable from 10 km for the shallow-
est layers of cells (0-60 km depth) to 60 km for the deepest layer
(685-745 km depth). Eventually, the study region with a latitude
range of (3.78°S, 15.96°N), longitude range of (82.75°W, 65.60°W),
and depth range of (0 km, 750 km) is divided into a 40x48x24
dimensional mesh. Given their steep incidence angles, teleseismic
rays cannot resolve crustal structure. To avoid mapping delay times
caused by lateral variations in crustal velocity into mantle struc-
ture, we use the crustal Vs model of Poveda et al. (2018) as an
a priori constraint. This shear wave velocity model was obtained
through ambient noise tomography using 52 broadband stations in
the region (Poveda et al., 2018). We estimate the corresponding ab-
solute P wave velocities using a constant Vp/Vs ratio of 1.75. Model
parameters at crustal depths (depth <40 km) are then derived by
calculating the percentage variation from AK135 and imposed as a
constraint on the inversion.
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Fig. 2. L-curves used to tune hyperparameters, hyperparameter chosen in this study
is denoted with a star. Inset: Histograms show the distribution of original input
delays and final residuals after the inversion.

3.1. Finite-frequency tomography

The finite-frequency tomography used in our study differs from
the classic ray-theoretical tomography by accounting for the ef-
fect of velocity perturbations located off the ray path and within
the first Fresnel zone. This approach incorporates a better the-
oretical representation of wave propagation and imposes physi-
cally based smoothness criteria on the inversion; thereby reducing
the reliance on ad hoc regularization of the inverse problem. Re-
search comparing p-value of resulting models using ray-theoretical
and finite-frequency approaches demonstrates the advantage of fi-
nite frequency theory from a statistical perspective (Larmat et al.,
2017). We use an approximation to the Born theoretical sensitiv-
ity kernels commonly known as “banana doughnuts” (Dahlen et
al., 2000). The sensitivity kernels are restricted to the first Fresnel
zone in our study, the approximate radius of which (Rgp) is deter-
mined as a function of distance along the ray path (Dg) for a given
frequency band (w) and epicentral distance (A). Relative sensitivity
within the first Fresnel zone as a function of ray-normal distance
(Ry) is given by

K(Ry) = Asin (7 (—Fv ’
(R)=Asin (meR,w,A))

where A is a scaling constant introduced to ensure that the inte-
grated sensitivity through the first Fresnel zone volume is equal to
that of the full Born kernel (Schmandt and Humphreys, 2010).

In addition to taking into account finite-frequency effects, we
incorporate the effect of ray bending by using the hybrid ray-
tracing approach of Bezada et al. (2013). This method combines
1-D ray tracing outside of the model space with a 3-D graph-
theory method (Toomey et al., 1994; Hammond and Toomey, 2003)
used to calculate ray locations inside the model domain. The sensi-
tivity kernels are then constructed using the equation above where
the ray-normal distance is calculated from the 3-D rays. In the first
iteration, rays inside the model domain are traced through the ref-
erence 1D model to produce an initial 3D model. Subsequently,
rays are traced through the model found in the previous iteration,
sensitivity kernels are recalculated and the travel time residuals
are inverted for updates to the model. We find that model updates
become insignificant by the fifth iteration (Fig. S2). Iterations 3-5
produce nearly identical models (Fig. $3). The 5 iteration model,
which we take as the preferred model, produces a variance reduc-
tion of 73.25% (Fig. 2).
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3.2. Damping and smoothing regularization

The linear inversion of the time delays is an ill-posed prob-
lem. Regularization is introduced to overcome the instability of
solutions and prevent overfitting. Regularization penalizes model
complexity and is constructed based on the prior information of
specific problems. In this study, we utilize Tikhonov regularization
to penalize the norm of the model vector and add smoothness reg-
ularization.

Considering the variation of model resolution with depth,
damping weights are depth-dependent. For voxels with a low hit
quality, additional damping is further applied. The cost function
we minimize is then:

J=1Gm—d|*+x1Zm|* + B lILm|?

where G is the sensitivity matrix that relates the model parame-
ters m (velocity perturbations in each voxel) to the observed delay
times d, Z is a diagonal matrix that implements the depth and
hit-quality dependence of damping, and L is the roughness oper-
ator. A and B are hyperparameters defining the global weights of
damping and smoothing respectively and need to be selected be-
fore inversion. We use the L-curve method to achieve the trade-off
between model norm and data misfit. Values of 12 and 12 are
selected as hyperparameters for damping and smoothing regular-
ization respectively (Fig. 2). Different choices of hyperparameter
values change the appearance of output model in the expected
ways but the features we interpret are still present (Fig. S4). We
additionally include station and event terms to absorb near-surface
structure and variations in the mean travel time anomaly between
different events, respectively. Model parameters that minimize the
cost function are found using the LSQR method (Paige and Saun-
ders, 1982).

3.3. Generic resolution tests

Checkerboard tests are commonly used as an indication of
model resolution, although they have been shown to have im-
portant limitations (e.g. Rawlinson and Spakman, 2016). In this
paper we present targeted recovery tests in section 5 that are de-
signed to test the robustness of important features in the model.
Traditional checkerboard tests are presented in the supplementary
material (Figs. S5-S8) and show, as can be expected, better recov-
ery in the north of the study area where station density is much
greater. In general, anomaly amplitudes are under-recovered and
the checkerboard anomalies are better recovered at depths shal-
lower than ~400 km.

4. Model

In this section, we present the tomographic results by describ-
ing the geometry of velocity anomalies, paying special attention to
features that are relevant to our tectonic interpretation. We image
several large, continuous high-velocity anomalies (Fig. 3-6) that we
interpret as distinct subducted slab segments.

Above 90 km depth, the model shows discontinuous low and
high-velocity anomalies dotting the study area (Fig. 3). Given that
these anomalies coincide with the locations of relatively isolated
stations or station pairs (Fig. S9), this is most likely reflecting the
relatively sparse station spacing in the Colombian National Net-
work and the correspondingly spotty and discontinuous hit qual-
ity at shallow depths (Fig. 7). Alternatively, or additionally, these
anomalies may be caused by errors in the assumed crustal model.
Between 90 and 200 km, anomalies coalesce to delineate what we
view as five distinct high-velocity bodies trending roughly NNE-
SSW, parallel to the strike of the margin, which we interpret as
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subducted lithosphere (Fig. 3-6). Four of the imaged slab segments
are well-aligned with subduction-related volcanism and/or Wadati-
Benioff seismicity (Fig. 3, 4). For convenience, in the following we
refer to these four segments, from north to south, as the Mara-
caibo, Bucaramanga, Cartago and Pasto segments (Fig. 4). We note
that previous authors refer to the slab south of 5.5°N as the Cauca
segment. Here, because we see differing characteristics in the ve-
locity anomalies, the abundance of intermediate-depth seismicity
and volcanism, we divide that segment into Cartago and Pasto
north and south of ~3°N respectively.

The Maracaibo segment spans the length of the Caribbean coast
of Colombia and has a convex-west geometry along strike that fol-
lows the curvature of the trench. A vertical cross-section through
the model shows a subducted slab with a dipping angle of ~45°
above ~350 km and ~60° below ~350 km (Fig. 5, cross section
BB’).

Further south, the Bucaramanga segment underthrusts South
America with a strike of ~N10°E, and an abrupt change in dip
angle at a depth of ~150 km (Fig. 5, cross section CC’). At that
depth, the Bucaramanga segment also exhibits a change in slab
strike from ~N10°E north of 7°N to ~N35°E further south (Fig. 3,
4). This change in slab strike and dip spatially coincides with the
Bucaramanga Nest. West of the Bucaramanga segment, between
5° and 8°N, additional high velocity anomalies are imaged with
amplitudes of ~2-3% (compared to ~4% in the Bucaramanga seg-
ment). These anomalies are less continuous and trend roughly
NE-SW. They are most clear at 90-230 km depth, but spatially
smaller anomalies are found all the way down to the transition
zone (Fig. 3). We tentatively interpret this as an additional, distinct,
slab segment (Medellin segment, Fig. 4) and will test whether
these anomalies can instead be produced by shallowly subducting
lithosphere belonging to the Bucaramanga segment in the follow-
ing section.

The southern end of the Bucaramanga segment coincides with
the lateral shift in intermediate-depth seismicity that has been
dubbed the Caldas Tear at 5.5°N (Vargas and Mann, 2013). South
of there, we image the third clear slab segment (Cartago) that is
co-located with intermediate-depth seismicity and thus ~250 km
west of the Bucaramanga segment to the north. The offset be-
tween these two slab segments appears to decrease with depth,
with the tear seeming to close by ~200 km (Fig. 3). At a lati-
tude of ~3°N, we find another gap separating the Cartago and
Pasto segments. Synthetic tests suggest this gap is real (see sec-
tion 5), although resolution in this part of the model is relatively
poor. The imaged gap coincides with an along-strike change in the
density of intermediate-depth seismicity as well as the spatial fre-
quency of volcanoes (Fig. 4, Fig. S10) so we interpret it as marking
the boundary between two distinct slab segments with different
physical characteristics. Below 230 km, the magnitude of the Pasto
segment anomaly fades to zero.

An intriguing observation is that although above 270 km the
Maracaibo, Bucaramanga and Cartago segments show distinct char-
acteristics (including strike, dip and seismic productivity), they ap-
pear to merge into a single feature by 270 km depth and form a
remarkably continuous linear slab by 400 km depth (Fig. 3). This
continuous slab-like feature is consistently observed down to the
bottom of the transition zone where it seems to lay flat over the
660 km discontinuity.

5. Testing possible slab configurations

In interpreting our tomography model we are mindful that, like
all seismic models, it is an imperfect representation of the sub-
surface. The true slab structure is to some degree distorted by the
imperfect station coverage and ray distribution, in addition to the
inherent limitations of travel-time tomography. In this section, we
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Fig. 3. Tomography results, map view at different depths as indicated in each panel. Seismicity is denoted as red circles at corresponding depths.

investigate how various subduction configurations would be repre-
sented by our tomography procedure to inform our interpretation.
We seek to answer the following questions:

1) Do the anomalies we have tentatively labeled as Medellin seg-
ment represent subducted lithosphere, or are they likely to be
streaking artifacts (incorrect mapping to depth of shallower
velocity anomalies)?

2) Do the Bucaramanga and Cartago segments truly merge at
depth, or is there a different explanation for the imaged ge-
ometry?

3) Are the gaps we image between slab segments real or are they
an artifact of incomplete station coverage?

Questions 1 and 2 above are especially important for a tec-
tonic interpretation. The fact that the Maracaibo, Bucaramanga and
Cartago segments appear to merge into a single, continuous feature
suggests a common origin for this lithosphere. This would mean
they are all fragments of either the Caribbean or Nazca plates.
A common Nazca origin can be ruled out because we can fol-
low the Maracaibo segment unequivocally to the Caribbean coast
as far north as ~11°N and Nazca subduction has never reached
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Fig. 4. Tomography result, slice at 160 km depth with the names of the different
segments we refer to in the text. Seismicity between 120 and 180 km depth is
denoted as red circles. Solid and open triangles represent active and inactive vol-
canoes, respectively. The white star marks the location of the Bucaramanga Nest.
Segment name abbreviations: Ma - Maracaibo; Bu - Bucaramanga; Me - Medellin;
Ca - Cartago; Pa - Pasto.

that latitude. The Maracaibo segment must be Caribbean. On the
other hand, a common Caribbean origin for all three segments can
also be ruled out because the Cartago segment is clearly related
to active volcanism that can only be a product of Nazca subduc-
tion (Taboada et al., 2000; Wagner et al., 2017; Mora et al., 2017;
Kellogg et al., 2019). The Cartago segment must belong to Nazca.
Meanwhile, the continuity in intermediate-depth seismicity and
velocity anomalies between the Maracaibo and Bucaramanga seg-
ments strongly suggests a common, Caribbean, origin. Yet, young
volcanism occurring as far north as ~8°N (north of the south-
ern end of the Bucaramanga segment) can only be attributed to
Nazca subduction, given that it occurs well after the collision and
accretion of the Panama-Choco block (Wagner et al., 2017; Mora-
Paez et al., 2019; Kellogg et al., 2019). These apparently conflicting
lines of evidence can be resolved if there is overlapping Nazca
and Caribbean subducted slabs between ~5.5°N and ~7°N as has
been suggested by Kellogg et al. (2019) and others. In this scenario,
the Pasto, Cartago and Medellin segments would all be subducted
Nazca lithosphere while the apparent merging of the Cartago and
Bucaramanga segments is explained by a change in along-strike
width of the Bucaramanga segment, with the southern end mov-
ing further south with depth.

5.1. Synthetic input models

To test the different hypotheses outlined above we design
three variations of a synthetic model containing slabs represent-
ing Caribbean and Nazca subduction. We note that the goal of
these tests is not to exactly replicate what is recovered in the
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inversion of real data, as the detailed geometry is difficult to re-
produce, but rather to investigate the questions posed at the be-
ginning of this section. The synthetic models include different slab
segments, all with anomaly amplitudes of 5%. Between 5°~12°N,
we assume a continuous slab in the depth range of 50~660 km,
with its southern edge expanding southwards in depth to ~4°N.
This segment is common to all three variations and represents a
Caribbean slab that includes the Maracaibo and Bucaramanga seg-
ments. The slab geometry includes a change in dip from 20° to 70°
at a depth of ~120 km to emulate the observations of the Bucara-
manga segment. At 90-150 km depth the synthetic slab coincides
with intermediate-depth seismicity, although we don’t include the
change in the trend of the seismicity at the Bucaramanga Nest
(Fig. 4). Other slab segments represent the Nazca subduction and
their geometry is different in each variation:

Variation I: A continuous slab extending between 50~300 km
along depth and 0°-5°N along latitude, following the trend of the
intermediate-depth seismicity (Fig. 8, left column). In this variation
there is no overlap with the Bucaramanga segment. The hypothet-
ical Nazca slab reaches a depth of 650 km.

Variation II: Similar to above but extending from 0° to 8°N,
overlapping with the Bucaramanga segment between 5°-8°N
(Fig. 8, middle column). This would represent a continuous slab
including the Pasto and Cartago segments, along with the Medel-
lin segment. In this case, the hypothetical Nazca slab only reaches
a depth of 350 km.

Variation III: As in II, the slab extends to 8°N along latitude,
but with a gap between 5.5°-6.5°N (Fig. 8, right column). In this
configuration there is overlap with the Bucaramanga segment be-
tween 6.5°-8°N and a clear separation between the Cartago and
Medellin segments.

For each of these variations of the input model, synthetic delay
times were calculated using the same event-receiver geometry as
for the real data. We then invert the synthetic data sets with the
same procedure, regularization, and number of iterations as with
the real data. Comparison of the known input and inverted output
models helps distinguish robust features from imaging artifacts.

5.2. Synthetic results

Firstly, as shown in Fig. 8 and Fig. 9, a comparison of the
synthetic input and output models demonstrates that our source-
receiver geometry is able to accurately resolve the target structures
deeper than ~200 km; as the locations and characteristics of the
input velocity anomalies are well recovered by the inversion. We
focus this discussion on aspects of the synthetic test results that
have a direct bearing on the tectonic interpretation of the inver-
sion of real data. Inspection of the recovered synthetic structures
leads to the following conclusions:

A) As can be expected, subhorizontal subduction is not im-
aged as a high-velocity anomaly. Comparison between the input
and output of synthetic model I (Fig. 8 vs. Fig. 9) implies weak
resolution for subhorizontal slabs at shallow depths as may be
found in the Maracaibo and Bucaramanga regions. The difficulty in
imaging shallow, areally large sub-horizontal anomalies is a well-
known limitation of teleseismic tomography. Other studies have
similarly shown poor recovery of synthetic flat slabs, even with
much denser station coverage (e.g. Scire et al., 2016). Importantly,
this implies that the high-velocity anomalies to the west of the
Bucaramanga segment in the inversion of real data (Medellin seg-
ment) are not a product of streaking of high-velocity anomalies
related to a flat slab.

B) High velocity anomalies west of the Bucaramanga slab re-
quire the presence of the subducted Nazca lithosphere north of
5.5°N. The secondary feature behind the Bucaramanga segment
(Medellin segment, Fig. 4, Fig. 6) is only successfully reproduced
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Fig. 5. Tomographic cross sections along lines AA-EE’ in Fig. 1. Note the A and A’ points correspond to the SSW and NNE ends of the line, respectively. Red open circles show
seismicity within 50 km of the profile.
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Fig. 6. Tomographic cross-sections showing secondary features to the west of the Bucaramanga segment (main slab in the profiles) along profiles C1-C1’, C2-C2’, C3-C3". See
Fig. 1 for the location of the profiles. Red circles show seismicity within 50 km of the profile. The white star on profile C1-C1’ marks the location of the Bucaramanga Nest.
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Fig. 7. Hit quality, with slab contours with 2%, and 3% anomaly contours shown by green and cyan lines respectively. Hit quality is defined as in Schmandt and Humphreys

(2010) by taking into account the number of rays in each backazimuth quadrant.

(Fig. 9) when additional anomalies representing a northward ex-
tension of the Nazca slab (overlapping the Caribbean Bucaramanga
segment) are introduced in the synthetic input (Fig. 8); while no
artificial features are generated if there is no overlap (Fig. 8, Fig. 9).
The short, near-vertically dipping anomaly attached to the sur-
face in Fig. 9 (profile C2-C2’) is consistently recovered along strike
where Nazca and Caribbean overlap. This recovered synthetic ge-
ometry is most similar to that found along the same profile in the
model derived from real data (Fig. 5, 6, 9).

C) Along-strike gaps separating the imaged slab segments are
likely real features. The gap observed between the Cartago and
Medellin segments between 5.5°N and 6.5°N in Fig. 4 is only re-
produced when a gap exists between the synthetic slabs (Fig. 8,
9 top row), which indicates there likely is a gap at this loca-
tion, rather than an improperly recovered continuous slab. Further
south, at ~3°N the real model shows a gap between what we have
called the Cartago and Pasto segments. In contrast, synthetic out-
puts successfully recover the prescribed continuous slab in this
area, with no gap artificially generated at ~3°N (Fig. 8, 9). This
suggests that the gap between these two slab segments is also a
real feature.

D) There may be flat-lying Caribbean slab material atop the 660
km discontinuity. Tomography results in section 3 show flat-lying
slab material at depths of 500-660 km (Fig. 3, 5). In the syn-
thetic test, the input models have no flat-lying velocity anomalies
at these depths. Accordingly, in the corresponding output velocity

models, there are no artificially generated sub-horizontal anoma-
lies at the bottom of the transition zone. This result suggests that
the deep anomalies east of the toe of the slab in the model derived
from real data are robust. However, given the limited resolution at
this depth, and the fact that the model domain does not extend
to the lower mantle, this study is not well-suited to constrain the
deeper slab geometry and we do not discuss the issue further.

6. Discussion

Resolving the debate about the current configuration of sub-
duction beneath the northern Andes has been hindered by the
lack of constraints in the deeper subsurface structure. Here, taking
advantage of the Colombian National Network and a dense tempo-
rary deployment, we provide a well-resolved tomography velocity
model of Colombia and western Venezuela.

Considering the results of the tests described in section 5, our
tomography model is most consistent with the scenario described
by Kellogg et al. (2019), and hypothesized by others (e.g. Cortés
and Angelier, 2005; Taboada et al., 2000). Namely, there is about
200 km of overlap between the Caribbean and Nazca subduc-
tions between ~5.5° and ~7.5°N. The subducted Caribbean slab
extends from ~11°N to ~5.5°N at ~100 km depth, with its south-
ern end extending further south with increasing depth to ~3°N
below 300 km, and includes the Bucaramanga and Maracaibo seg-
ments. The offset of intermediate-depth seismicity at the “Caldas
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Fig. 8. Three synthetic input models. First row: Map view at 230 km depth with locations of profiles indicated by red lines, see also Fig. 1. Second row: Cross-sections along
profile C2-C2". Third row: Cross-sections along profile E-E’. The three columns, from left to right, show synthetic model variations I, Il and IIl described in the text.

Tear”, marks the southern end of Caribbean subduction instead
of offset between two Nazca segments, in accordance with Kel-
logg et al. (2019). Nazca subduction does seem to be fragmented
in our study area, with three distinct segments, from north to
south: The Medellin segment north of the “Caldas Tear” is the one
that overlaps with Caribbean subduction and shows no volcanism
or intermediate-depth seismicity (Fig. 3, 4). The Cartago segment,
directly south of the “Caldas Tear” and north of ~3°N shows rel-
atively abundant intermediate-depth seismicity and is co-located
with active volcanism (Fig. 3, 4). Finally, the Pasto segment south
of 3°N is related to volcanism in the surface and shows a modest
amount of intermediate-depth seismicity (Fig. 3, 4). The southern
end of the Pasto segment lies outside our study area, but inspec-
tion of the intermediate-depth seismicity hypocenters suggests its
southern terminus is ~1.3°S, given that south of that latitude the
density of intermediate-depth seismicity increases again (Fig. S10).

The Bucaramanga slab segment has been variably attributed
over the decades to Caribbean (Taboada et al, 2000;
Cortés and Angelier, 2005; Kellogg et al., 2019) or Nazca (Syracuse
et al., 2016; Wagner et al., 2017) lithosphere. Hypotheses arguing

for a Caribbean origin are mainly based on the continuous dis-
tribution of intermediate-depth seismicity from ~11°N to 5.5°N,
across the Bucaramanga and Maracaibo segments, at a depth range
of 90-150 km (e.g. Kellogg et al., 2019. Fig. 1, 3, 4); as well as by
palinspastic reconstructions (e.g. Kellogg et al., 2019; Montes et al.,
2012, 2019; Cortés and Angelier, 2005). In contrast, a Nazca origin
is suggested not only by the current position and direction of the
Nazca plate with respect to South America, but also from compi-
lations of volcanic ages in the past 14 Ma (Wagner et al,, 2017).
Wagner et al. (2017) point out that arc volcanism associated with
Nazca subduction extended along Colombia’s entire Pacific margin
in the mid-Miocene. They interpret a shut-off of volcanic activity
north of ~3°N at ~6 Ma as the onset of flat-slab Nazca subduc-
tion, with arc volcanism resuming only south of 5.5°N after 4 Ma.
This pattern was interpreted by Wagner et al. (2017) as showing
Nazca slab flattening at 6 Ma and subsequent tearing at the Caldas
Tear, resulting in a flat slab segment to the north (Bucaramanga)
and a re-steepened segment to the south (Cauca, which we sepa-
rate into Cartago and Pasto).
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Our tomography results show a laterally continuous slab-
shaped positive velocity anomaly spanning all the northern An-
des (3°N-10.5°N) at depths deeper than 300 km (Fig. 3). This is
strong evidence supporting a common origin for the Maracaibo
and Bucaramanga segments, that can only be associated with the
Caribbean as discussed in section 5. Distinct morphologies of these
two segments at shallower depths (90-300 km), including dif-
ferent strike and dip (Fig. 3, 4), are likely an expression of the
heterogeneity in crustal and lithospheric structure of the incom-
ing Caribbean plate along strike and the diachronous collision of
the Panama-Choco block at the trailing end of the plate (e.g. Kel-
logg et al, 2019; Montes et al., 2019). Furthermore, the spatial
extent of the subducted Caribbean slab as constrained by our to-
mographic results is highly consistent with estimates of the length
of the trench in the geologic past as presented in several recent
palinspastic reconstructions (e.g. Kellogg et al., 2019; Montes et al.,
2019). We interpret this slab to be attached to the Panama-Choco
block which sutured to South America in the Middle Miocene (e.g.
Montes et al., 2019). Terrane accretion is commonly thought to be
followed by slab breakoff and detachment (Davies and von Blanck-
enburg, 1995; Garzanti et al, 2018 and references therein), yet
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“fossil” slab fragments in some cases remain attached for tens of
Ma (e.g. Schmandt and Humphreys, 2011). Our results suggest that
the subducted Caribbean lithosphere connected to the Panama-
Choco block has not yet detached.

Additional high-velocity anomalies are observed to the west of
the Bucaramanga segment between 5°~8°N and synthetic tests
rule out the possibility that these are merely imaging artifacts.
Instead, we interpret these anomalies as the northernmost expres-
sion of Nazca subduction (Medellin segment), where it subducts
beneath the Choco block, once a part of the Caribbean but cur-
rently accreted to South America (Kellogg et al., 2019; Montes et
al,, 2019). This interpretation is consistent with plate reconstruc-
tion studies (Kellogg et al., 2019; Montes et al.,, 2019) that argue
for exactly this sort of overlap between Nazca and the Caribbean
based on the dating of volcanism and deformation in the past
~100 Ma, as well as with current GPS observations (Kellogg and
Vega, 1995; DeMets et al., 2000; DeMets, 2001; Weber et al., 2001;
Trenkamp et al., 2002).

The imaged slab geometry is consistent with the volcanic his-
tory described by Wagner et al. (2017). As Kellogg et al. (2019)
point out, the spike in volcanic activity in the Choco terrane and
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just east of the terrane from 15 to 5 Ma was indeed related to
Nazca subduction, but the overriding plate was the Caribbean. In
their interpretation, the abrupt cessation of volcanic activity to
the north of 5.5°N ~6 Ma can be explained by thermal isolation
caused by the Nazca slab coming up to the subducted Caribbean
slab. An outstanding question is why volcanism ceased as far south
as ~3°N if the southern limit of slab overlap (and the hypoth-
esized thermal isolation) is 5.5°N. We propose as a working hy-
pothesis that as the Nazca trench approached the Caribbean slab,
mantle wedge suction (e.g. Ma and Clayton, 2015) may have in-
deed produced some flattening of the northern end of Nazca, as
far south as ~3°N, where we place the limit between the Cartago
and Pasto segments. Subsequently, the Cartago segment (3°-5.5°N)
would have resteepened and resumed volcanism, while the Medel-
lin segment remained avolcanic given its overlap with Caribbean
lithosphere as described by Kellogg et al. (2019). This scenario
would provide a mechanism for slab flattening of northernmost
Nazca, which remained unidentified in Wagner et al. (2017). Un-
der this hypothesis, there would indeed be a tear in the Nazca
plate at 5.5°N but it would be different in nature from what was
originally posited as the Caldas Tear by Vargas and Mann (2013).

One important argument against our interpretation is the lack
of intermediate-depth seismicity associated with the Medellin seg-
ment. The different slab segments we image vary in the density of
their seismicity, with intermediate-depth earthquakes being much
sparser in the Pasto segment than in the Cartago segment, for ex-
ample (Fig. 4, S10). However, the Medellin segment is the only
one for which intermediate-depth seismicity is completely absent.
While puzzling, this observation is not unprecedented. The sub-
duction of the Juan de Fuca plate (another remnant of Farallon, e.g.
Atwater, 1970) is bracketed to the north and south by the subduc-
tion of the Explorer and Gorda microplates, respectively (e.g. Stock
and Lee, 1994). Neither of these microplates show seismicity below
~60 km (e.g. McCrory et al., 2012), in spite of appearing as high-
velocity anomalies at those depths in tomography models (e.g.
Bodmer et al., 2018). Although we have referred to the Cartago
and Medellin segments as Nazca subduction (in accordance with
most authors), in northernmost Nazca two microplates have been
identified: the Malpelo and Coiba microplates (e.g. Adamek et al.,
1988; Zhang et al., 2017). What we have defined as the Medel-
lin segment may be more accurately described as subducted Coiba
lithosphere. Coiba lithosphere is young (<10 Ma, e.g. Miiller et
al., 2008) and may be too warm to host intermediate-depth seis-
micity. This scenario would be somewhat analogous to Gorda or
Explorer subduction, with the added complication of the overlap
with the Caribbean slab. We note that the amplitude of the high-
velocity anomaly we interpret as the Medellin segment is generally
smaller than that of the Bucaramanga segment (Fig. 6) consistent
with Medellin being a relatively warm slab.

Lastly, our interpretation has implications for the origin of
the Bucaramanga Nest. This volume of intense intermediate-depth
seismicity has been interpreted as occurring within the Nazca plate
(e.g. Chiarabba et al., 2016), within the Caribbean plate (Taboada
et al., 2000; Cortés and Angelier, 2005; Prieto et al.,, 2012), and
at the boundary of the two (van der Hilst and Mann, 1994; Zarifi
et al., 2007; Syracuse et al., 2016). The unusually high concentra-
tion of seismicity has been attributed to the tip of a propagating
slab tear (e.g. Vargas and Mann, 2013; Cortés and Angelier, 2005),
and to the subduction of extraordinarily hydrated lithosphere (e.g.
Chiarabba et al., 2016). According to our interpretation of the to-
mography model presented here, the Bucaramanga Nest is located
in the interior of the subducted Caribbean plate. Furthermore, the
nest coincides with elevated curvature in the slab surface; it is lo-
cated where there is both a large increase in dip and a change
in the strike of the slab (Fig. 3, 4, 6). Modeling has shown that
slab bending and the associated larger strain rates produce zones
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of elevated stress within subducted slabs (Billen, 2020). Although
we cannot rule out a contribution by locally enhanced hydration
of the slab, we suggest that elevated stresses related to the high
curvature of the slab in both a vertical and horizontal plane play
an important role in the concentration of seismicity at the Bucara-
manga Nest. The likely complicated stress distribution at a doubly
bending point in the slab may help explain the diversity of fo-
cal mechanisms found in the Bucaramanga Nest (e.g. Prieto et al.,
2012; Poli et al., 2016).

7. Conclusions

In this paper, we provide a-well resolved P wave velocity model
of the NW South America subduction zones. Some features pro-
posed by previous work are further confirmed and several new
features with significant implications are observed for the first
time. To summarize:

e The Maracaibo and Bucaramanga segments are of Caribbean
origin, with the Caldas Tear being the southern edge of
the subducted Caribbean plate. The southern edge of this
slab propagates southward with depth. Differences at shallow
depths between these two segments are likely an expression
of heterogeneity in the incoming Caribbean plate and the di-
achronous collision of the Panama-Choco block.

e The Bucaramanga Nest is hosted within the subducted Carib-
bean plate where there is an abrupt change in both dip and
strike at depths of ~150 km. The enhanced stress produced
by bending on two planes may be the primary cause of the
high seismicity rate rather than excess dehydration; although
some contribution from this mechanism can’t be ruled out by
our images.

e The Nazca plate is observed to overlap with Caribbean plate
between 5.5°~8°N, by what we are calling the Medellin seg-
ment. South of ~5.5°N (latitude of the Caldas Tear), we iden-
tify the Cartago and Pasto segments (Cauca segment for pre-
vious authors). The three slab segments that we interpret as
having a Nazca origin differ in the amount of volcanism and
intermediate-depth seismicity associated with them.
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