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Abstract Seismicity at the northern terminus of the Nazca subduction is diffused over a wide area con-
taining the puzzling seismic feature known as the Bucaramanga nest. We relocate about 5000 earthquakes
recorded by the Colombian national seismic network and produce the first 3-D velocity model of the area
to define the geometry of the lithosphere subducting below the Colombian Andes. We found lateral veloc-
ity heterogeneities and an abrupt offset of the Wadati-Benioff zone at 58N indicating that the Nazca plate is
segmented by an E-W slab tear, that separates a steeper Nazca segment to the south from a flat subduction
to the north. The flat Nazca slab extends eastward for about 400 km, before dip increases to �508 beneath
the Eastern Cordillera, where it yields the Bucaramanga nest. We explain this puzzling locus of
intermediate-depth seismicity located beneath the Eastern Cordillera of Colombia as due to a massive dehy-
dration and eclogitization of a thickened oceanic crust. We relate the flat subducting geometry to the
entrance at the trench at ca. 10 Ma of a thick - buoyant oceanic crust, likely a volcanic ridge, producing a
high coupling with the overriding plate. Sub-horizontal plate subduction is consistent with the abrupt dis-
appearance of volcanism in the Andes of South America at latitudes> 58N.

1. Introduction

The seismic signature of subduction zones beneath mountain ranges like the American Cordilleras is frag-
mented and torn, alternating steep and flat segments. Contrasting interpretations have been proposed to
explain the reason of flat slabs that may extend for hundred of kilometers beneath the Americas [Cahill and
Isacks, 1992; Gilbert et al., 2006; Porter et al., 2012]. One of the most popular interpretations relates flat subduc-
tion to the positive buoyancy of thick crustal aseismic ridges. At the northern terminus of the Andean subduc-
tion zone in Colombia, the pattern of seismicity becomes complicated and diffuses over a wide area (Figure 1).
A peculiar feature is the presence of an intermediate-depth seismic nest located beneath the core of the East-
ern Cordillera (EC) in the Bucaramanga region [Taboada et al., 2000; Prieto et al., 2012]. Different models were
proposed to explain the Bucaramanga nest, ranging from the subduction of the Caribbean plate [Pennington,
1981, 1983; Schneider et al., 1987; Taboada et al., 2000; Cort�es et al., 2005; Bayona et al., 2012; Prieto et al., 2012;
Yarce et al., 2014; Porritt et al., 2014; Poveda et al., 2015] to the interaction at depth between the subducting
Caribbean and Nazca plates [Van der Hilst and Mann, 1994; Zarifi et al., 2007], to intra-continental delamination
[Colletta et al., 1990]. Indeed, the complexity of the subduction zone is related to the interaction of different
plates, Nazca, Cocos, Caribbean and South America that all joint together in northern Colombia (Figure 1).

We select a complete set of seismicity recorded by the Colombian seismic network to illuminate the deep
structure at the northern terminus of the Nazca subduction zone. We capture the shape of the slab by
means of accurate relocations in a 3-D velocity model and we detect a flat subduction segment with new
tomographic Vp and Vp/Vs images. This analysis provides a new model to relate the flat subduction with
the structure of the subducting crust and the history of the formation of the EC of Colombia.

2. Tomographic Images and Relocated Seismicity

In this study, we used the seismicity recorded by the National Seismological Network of Colombia (RSNC)
during the period 2003–2013. The progressive improvement of the seismic network during this time span

Key Points:
� This is the first high resolution image

of seismicity and tomography of the
Colombian Andes
� Deep seismicity and velocity

anomalies define tears and flattening
of the Nazca slab
� We explain the Bucaramanga

seismicity nest with massive
dehydration of the subducting Nazca
plate

Correspondence to:
C. Chiarabba,
claudio.chiarabba@ingv.it

Citation:
Chiarabba, C., P. De Gori, C. Faccenna,
F. Speranza, D. Seccia, V. Dionicio, and
G. A. Prieto (2015), Subduction system
and flat slab beneath the Eastern
Cordillera of Colombia, Geochem.
Geophys. Geosyst., 17, 16–27,
doi:10.1002/2015GC006048.

Received 5 AUG 2015

Accepted 24 NOV 2015

Accepted article online 26 NOV 2015

Published online 5 JAN 2016

VC 2015. American Geophysical Union.

All Rights Reserved.

CHIARABBA ET AL. SUBDUCTION SYSTEM CORDILLERA 16

Geochemistry, Geophysics, Geosystems

PUBLICATIONS

http://dx.doi.org/10.1002/2015GC006048
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/


yields more stable hypocentral results with respect to older data sets, and allows computing new 3-D Vp
and Vp/Vs models.

Our data set consists of 35,616 events for the epoch 2003–2010 and 2036 events for the best-monitored
period 2010–2013. We performed a preliminary location of all the events by using the 1-D velocity model of
Ojeda and Havskov [2001] and then we optimize earthquake locations and 1-D velocity model by using the
Velest code and the minimum model approach described by Kissling et al. [1994]. The optimum model was
obtained after 8 iterations achieving a final rms of 0.46 s with a variance reduction of 82%.

After selecting well-located earthquakes, the final data set for the 3-D tomography consists of 26,562 P- and
18,686 S-arrival times associated to 1898 well-constrained local earthquakes recorded by 93 seismic sta-
tions. About 40% of the data set have more than 15 phase arrivals. The three-dimensional tomographic

Figure 1. Seismicity and volcanism of NW South America. Black arrows indicate plate velocity relative to stable South America [Trenkamp
et al., 2002], red triangles indicate volcanoes. Colored circles indicate earthquakes recorded during 1993–2009. Earthquake data are down-
loaded from National Earthquake Information Center website (NEIC, http://earthquake.usgs.gov/regional/neic/).
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inversion is computed by using Simulps14, a code deriving from those developed by Thurber [1993],
Eberhart-Phillips and Reyners [1997], and Haslinger and Kissling [2001], whose RKP ray tracing [Virieux and
Farra, 1991; Haslinger and Kissling, 2001] is well suited for modeling long ray paths at a regional distances.
After trying different grid dimensions, we selected a grid of nodes spaced 30 km on horizontal directions
and 60 km vertically. The grid has been rotated by 208 toward the East in order to follow the direction of
the main tectonic structures. After 5 iterations, we find a final rms equal to 0.39 s, with a variance improve-
ment of about 30%. The small variance reduction can be due to either high data errors or the grid of nodes
adopted to optimize model resolution, which is too coarse and does not permit additional fit of the data.

2.1. Model Resolution and Reliability
To test model reliability, a complete analysis of the Resolution Matrix (RM) for Vp and Vp/Vs models has
been performed. The complete RM has been analyzed by inspecting the averaging vectors of each parame-
ter. A perfectly resolved node has a compact averaging vector, and values on the respective row of the
matrix strongly picked on the diagonal element, i.e. a small value of SF. Furthermore, in order to visualize
the directions of anomaly smearing, we contoured the volume where the resolution is 70% of the diagonal
element. Well-resolved nodes have low values of the Spread Function (SF) and smearing effects localized in
the surrounding nodes. The best resolved parameters of our models are characterized by SF�2.5 (Figures 2
and 3).

To visualize smearing effects in the vertical direction, we applied the same contouring on two vertical cross
sections with strike N1108 that follow the tomographic grid at different offset distances from the center of
the model (Figure 4). It is noteworthy that the volume where the resolution is 70% of the diagonal element
is located around each node that images the subducting plate. This evidence rules out the hypothesis that
smearing effects may produce artifacts in the tomographic results [see also Evans and Achauer, 1993], con-
firming again the good resolution of the models.

In addition to RM analysis, we have run a synthetic test to assess the capability to recover velocity anomalies
of known geometry and amplitude. The synthetic model is a typical checkerboard structure consisting of
anomalies of 610% with respect to the starting model. Synthetic travel times are computed in the a-priori
model by forward modeling.

Gaussian distributed noise with standard deviation equal to the final variance of the real inversion (0.29 s) is
added to synthetic traveltimes, that are reweighed accordingly, and the inversion is performed as in the
real case. We observe that the amplitudes of the recovered anomalies (Figure 5) are on average the 50% of
the synthetic anomalies in the well-resolved parts of the model (SF<2.5).

Relying on the RM analysis and synthetic test, we are confident the tomographic features with SF�2.5 are
highly reliable and are interpreted in the paper.

Tests with synthetic data and resolution analysis indicate that the velocity model is well constrained in cen-
tral, western and southwestern Colombia to a depth of 160 km; due to a lack of seismic stations and seis-
micity, the resolution is poor in northern Colombia and close to the Colombia-Venezuela boundary, along
the expected location of subducting Caribbean plate [Bezada et al., 2010].

2.2. Earthquake Relocation and Velocity Model Results
The most striking improvement achieved in this study is the refined geometry of the subduction zone
achieved by the compilation of a large seismicity data setand relocation with the 3-D model (Figure 6).
Overall, the intermediate seismicity is aligned along a N158E striking, 358–408 ESE dipping Wadati-benioff
zone down to 200 km depth. In correspondence of the Bucaramanga nest, seismicity defines a continuous
SE-dipping plane shifted eastward about 200 km north of 58N.

High velocity anomalies at 90 and 120 km depth are related to the oceanic subducting lithosphere (Figure
7). These anomalies are rather continuous along the subduction system, except for a broad low Vp, low Vp/
Vs anomaly present at 120 km depth in the Bucaramanga nest area (see Figure 7 map and section A).

In the northern part (north of 58N), the tomographic model shows that the deep seismicity located far from
the trench (about 500 km) is well aligned along a flat and high-Vp lithospheric-like structure (section A in
Figure 7). We hypothesize that this can be directly related to the northernmost side of the Nazca subduction
zone that extends up to the boundary between the Panama arc and the Caribbean plate.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006048

CHIARABBA ET AL. SUBDUCTION SYSTEM CORDILLERA 18



A completely different pattern of seismicity is observed south of 58N (section c in Figure 7). Here seismicity
defines a steeper Wadati-Benioff zone, directly connected to the Nazca plate. The seismicity rests on a low-
velocity zone at 90–120 km depth (Figure 7). This could be interpreted as due to the subduction of a thick-
ened crust associated to portions of the Nazca plate. A similar Vp pattern was found (at shallower depths)
by Husen et al. [2002, 2003] in central and southern Costa Rica, suggesting that the subduction of a young
oceanic lithosphere may yield tomographic images rather different from the classical high-Vp dipping slab.
We cannot exclude that the absence of positive anomalies arises from limited resolution in our tomography

Figure 2. The 70% smearing contouring in the Vp model. The inverted nodes (crosses) with spread function (SF)� 2.5 in layer from 30 to
120 km depths are shown. The nodes with SF� 2.0 and with 2.0< SF� 2.5 have black and grey crosses and contours, respectively. The
black dots indicated the nodes not inverted or the inverted nodes with SF> 2.5. In the first layer, the arrows close to the right border of
the map indicate the sections shown in Figure 4. The Y values are the offset distances of the sections from the centre of the model.
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south of 58N. A low velocity anomaly is present beneath the volcanic arc at 90 km depth, consistent with
the presence of melts in the mantle wedge.

The final pattern emerging from our analysis is that the northern termination of the Nazca subducting slab
beneath Colombia is deformed laterally along a sharp feature positioned around the 58N parallel. Lateral
cessation of volcanism north of this zone is consistent with the different setting and dip in the subducting
lithosphere. To the north, the slab is flat beneath SA for more than 400 km before gently dipping below
the EC. To the south, the slab is steep and well aligned with the Nazca subduction zone and the active
volcanic arc.

Figure 3. Same as Figure 2 but for the Vp/Vs model.
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3. Discussion and
Conclusions

The Andes system shows seg-
ments of flat subduction and
represents a natural laboratory
to understand the relationships
between flat slabs, volcanism,
and surface deformation [Jor-
dan et al., 1983; Gutscher et al.,
1999, 2000; Gailler et al., 2007;
Espurt et al., 2008]. In general,
regions above flat subduction
show no significant magmatism
[McCann et al., 1979; McGeary
et al., 1985; Gutscher et al., 1999]
and in some cases (e.g. Peru,
Panama) are characterized by a
seismic gap at intermediate
depths. The occurrence of flat
slab segments has been related
to the subduction of buoyant
aseismic ridges, such as the Car-
negie Ridge between 08 and 28S
[Sillitoe, 1974; Jordan et al.,
1983; Hall and Wood, 1985;
Gutscher et al., 1999; Gailler
et al., 2007; Espurt et al., 2008].

We propose that seismicity in
the Colombian Andes is directly
ascribed to the subducting
Nazca system. The subducting
slab is torn around latitude 58N
and north of it deep seismicity
is shifted about 200 km towards

the East, beneath the EC. The continuity of seismicity and velocity anomaly between 68 and 98N (Figure 8)
suggests that the Nazca plate is subducting as far north as the boundary between the Panama Arc and the
Caribbean plate, and that the Bucaramanga nest is part of this subduction. Our interpretation is different
from models previously defined for the area. Taboada et al. [2000] and Zafiri et al. [2007] and more recently
Vargas and Mann [2013] associated the intermediate Bucaramanga seismicity to a flat subduction of the
Caribbean Plate. In fact, the direct linkage between the Caribbean plate and the Bucaramanga seismicity
requires a long portion (about 500 km) of flat subduction [Bezada et al., 2010], which at present day conver-
gence rate (2 cm/yr according to Trenkamp et al. [2002] requires at least 25 Ma (uppermost Oligocene). This
is in conflict with the age of main tectonic deformation of the region that is from Mid-Late Miocene (10–15
Ma) onward [e.g., Dengo and Covey, 1993]. In addition, we remark that the NNE elongated seismicity defined
in our study is more consistent with a Nazca than a Caribbean subduction, and the complexity of the system
can be explained simply by a change in dip of the Nazca subducting plate. Although the Nazca plate is cer-
tainly subducting below South America between 58 and 88N at a 6 cm/yr rate [Trenkamp et al., 2002; Figure
1], most models implied the abrupt disappearance of Nazca north of 58N and its replacement at depth by
the Caribbean plate. Conversely, our seismic data show north of 58N a continuous lithosphere shallowly dip-
ping eastward from the Nazca trench to the EC, which we obviously relate with the Nazca plate, reinforcing
previous models by Van der Hilst and Mann [1994]. Our resolution is poor in the northernmost region, and
we are unable to image the subduction of the southern Caribbean plate, which should be located north of
the Bucaramanga nest [Bezada et al., 2010] if our model is correct.

Figure 4. The 70% smearing contouring but for two vertical cross sections. Sections cut
the Vp and Vp/Vs models following the directions defined by the arrows drawn in layer at
30 km depth in Figure 2. The upper section corresponds to section A-A’ shown in the main
text. The blue line marks the 5% positive anomaly interpreted as a subducting plate. Note
that the nodes are well resolved and the high velocity anomaly is not blurred between
adjacent nodes. This evidence suggests that the tomographic image of this subducting
plate is reliable.
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The sharp shift in seismicity at 58N occurs along a roughly E-W tear (Figure 7), aligned with the Coiba trans-
form fault (CTF), which separates the Coiba and Malpelo microplates [Sallares and Charvis, 2003]. We sug-
gest that the CTF evolved into a slab tear once the Coiba microplate separated from the Nazca plate while
subducting to the east. This could have happened during the fragmentation of the Farallon plate, occurred
around 25–30 Ma, which yielded extensive plate rupture (and the birth of Nazca and Cocos plates), volcanic
ridges and transform faults [Wortel and Cloetingh, 1981].

Our tomographic results do not have the resolution to determine any small-scale structural feature that
might explain the highly clustered seismicity around the Bucaramanga Nest [Prieto et al, 2012]. We specu-
late that massive dehydration and eclogitization of a thickened oceanic crust is to blame. Following previ-
ous models [e.g., Gutscher et al., 2000; Espurt et al., 2008], we relate the flat subducting geometry to the
entrance at trench of a thick and buoyant oceanic crust, which creates a strong coupling with the overriding
plate, under the continuous advancement of the SA plate. The size of such a ridge is larger than the volume

Figure 5. Output of the checkerboard test in layers at 90 and 120 km depth. White triangles are seismic stations. The pink line represents
the region where the resolution is fairly good (SF�2.5). The recovered anomalies are on average above 30% and mostly above 60% in the
central, well-resolved part of the models.
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Figure 6. Subset of about 5000 earthquakes relocated with our tomographic model in map and vertical sections. Earthquakes occurring 625 km from the section are plotted. Note the
progressive shift from north to south of seismicity on the two differently dipping subduction systems. Bold lines are sections plotted in Fig. 8.
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of the Bucaramanga Nest, so additional structural controls (spatial concentration of hydrated crust for exam-
ple) are required. Sub-horizontal plate subduction is consistent with the abrupt disappearance of volcanism
in the Andes of South America at latitudes> 58N.

The onset of the flat subduction and its relationship with the formation of the EC can be better constrained
restoring back the evolution of subduction, assuming that the length of the 458 dipping Bucaramanga seismicity
represents the actual slab length. The subduction rate can be derived by subtracting the backarc deformation
from plate convergence rate. During the last 20 Ma, Nazca velocity decreased from �100 to �40 mm/yr,
whereas SA keep a constant � 30 mm/yr westward motion [Norabuena et al., 1999; Sdrolias and Muller, 2006;
Muller et al., 2008], yielding to an average convergence velocity of�80 mm/yr. Balanced cross sections over the
EC (from 68 to 58N) give shortening estimates of 120 6 20 km [Dengo and Covey, 1993; Colletta et al., 1990; Sar-
miento-Rojas, 2001; Taboada et al., 2000] which summed to a minimum shortening of the Western Cordillera of
�50 km, gives a total backarc shortening of�100–150 km.

Figure 7. %Vp, and %Vp/Vs values with relocated seismicity, shown both in 90 and 120 km depth layers and along cross-sections AA’ and BB’. Thick black solid line indicates the inferred
slab tear at 58N. Oceanic plate features are as in Sallares and Charvis [2003]. Coiba and Malpelo refer to the microplate and ridge, respectively. Abbreviations: PTF Panama fault zone, CTF
Coiba transform fault. Black circle in the horizontal map indicates the subducting ridge in the Bucaramanga Nest (BN).
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The minimum amount of sub-
duction over the flat subduction
episode is about 800 km,
included the �650 km long flat
segment and the two inclined
ones (Figure 9a). Being the over-
all average convergence rate
about �80 mm/yr, flattening
should have started around �10
Ma (Figure 9b), synchronous
with the construction of the EC
[Colletta et al., 1990; Taboada
et al., 2000; Jimenez et al., 2014].
In other words, the surge of com-
pressive deformation at �10–15
Ma leading to the formation of
the EC may be directly related to
the onset of the flat subduction
episode, increasing plate cou-
pling [e.g., Espurt et al., 2008] and
distributing deformation far
inland within the upper plate
making use of a pre-existing
zone of weakness (a Mesozoic
rift zone documented in the EC).
The timing of the flat subduction
is similar or slightly older than
the ones proposed for the Chil-
ean and Peru flat subduction epi-
sode [e.g., Martinod et al., 2010].
This evolution is similar to what
is proposed for other sectors of
the Cordillera [e.g., Gutscher
et al., 2000; Martinod et al., 2010]
where compressional episode
are related to slab flattening and
the model by Vargas and Mann
[2013] model where slab-tear is
related to the collision of the

Panama arc with northern South America, around 10 Ma. It provides then a simple and straightforward expla-
nation for the relationships between basin inversion and crustal thickening and the location of the deeper por-
tion of the slab (Figure 9). Indirect evidence that a thick buoyant ridge could have produced a flat slab episode
can be detected by the anomalous seismicity rate released by the Bucaramanga nest. The low Vp, low Vp/Vs
anomaly associated with the nest (Figure 7) could indicate a massive dehydration process, taking place on top
of the subducting plate, causing a delay in eclogitization of the thickened buoyant oceanic crust in a flat-
subduction geometry [Sacks, 1983; Pennington, 1983]. The dehydration process is consistent with very high Vp/
Vs values just above the bulk of the seismicity, at 70–90 km depth (section A in Figure 7). We suggest that mas-
sive and highly localized dehydration is caused by an anomalous portion of hyper-hydrous oceanic crust, such
as a volcanic ridge. The hypothesis of an over-thickened subducted oceanic crust is also consistent with the
low velocity anomalies found at 90–120 km depth.

The flat subduction geometry north of 58N may have inhibited the occurrence of volcanism. In fact, low veloc-
ity anomalies are absent in the mantle beneath the EC (Figure 8), opposite to what happens south of 58 N,
where low Vp anomalies are observed in coincidence with the volcanic arc (Figure 7). The Vp/Vs ratio pattern
observed at 0–90 km depths below the EC shows no markedly high anomalies north of 58N, thus indicating a

Figure 8. Vertical sections of P-wave anomalies and seismicity across the flat portion of
the slab north of 58 N, showing the continuity of the subducting lithosphere. The traces of
sections are shown as bold lines in Fig. 6. Solid line is the top of the subducting litho-
sphere, while the dashed line is the top of the oceanic lithospheric mantle. The low Vp
crustal ridge in the Bucaramanga nest (Bn) is shown.
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barrier for upward fluid migration, possibly due to strong subducting-overriding plate coupling. Such setting
would avoid the classical mantle wedge hydration and melting, and prevent volcanic arc development.

The steep Wadati-Benioff zone defined by earthquakes south of 58N occurs in a predominantly low-Vp litho-
sphere, probably deriving from a hotter portion of the Nazca plate. High Vp/Vs values observed in the man-
tle wedge indicate fluid rich volumes from slab dehydration (Figure 7). This velocity anomaly occurs just
below the volcanoes, possibly indicating melts stored in the lithosphere.

The proposed model involving the flat subduction of the Coiba plate beneath SA is able to reconcile the
deep structure of the mantle with first-order geological/geophysical observables, such as the lack of volca-
nism, the strike of the seismic zone, and the evolution of the Colombia Cordilleras. Future experiments will
hopefully better illuminate the detailed structure of this complex subducting system.
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