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Abstract The existence of a typical triple junction in Colombia is crucial for understanding plate
convergence and coupling among the South American Plate, the subducting Nazca Plate, and the Caribbean
Plate. However, locating this triple junction is challenging due to complex geodynamic evolution and
uncertainty in the slab boundaries. Here, we developed a high-resolution Lg-wave attenuation model for
Colombia and surrounding areas to constrain crustal magmatic activity, link deep processes with surface
volcanism, and identify potential slab boundaries. The area encompassing Central America, western Colombia,
and Ecuador exhibits strong Lg attenuation and a concentration of volcanoes, indicating thermal anomalies in
the crust. In line with velocity structure, volcanism, seismicity, and isotopic dating, the thermal anomalies
caused by the subducting Nazca and Caribbean slabs suggest the presence of three subducting slabs beneath the
South American Plate, with a triple junction located at approximately 7.5°N, 77°W.

Plain Language Summary The complex tectonics of Colombia and its surrounding regions result
from the convergence of three tectonic plates, the South American, Caribbean, and Nazca plates. Their
convergence forms a “triple junction,” but it sank beneath the South American due to plate interaction, and its
exact location remains uncertain. Seismic Lg waves that travel through Earth's crust can be used to measure
crustal attenuation via their amplitude decay, providing constraints on the thermal structure of the Colombian
crust. In this study, we constructed a high-resolution broadband Lg attenuation model for Colombia and the
surrounding areas. The cold, stable Guiana Shield is characterized by weak Lg attenuation. In contrast, the
active volcanic regions in Central America and western Colombia exhibit strong Lg attenuation. Abrupt changes
in attenuation patterns suggest that the slabs subducting north and south of 7.5°N belong to the Caribbean and
Nazca plates, respectively. Thus, the point at 7.5°N, 77°W may be the sunken triple junction among the South
American, Caribbean, and Nazca plates.

1. Introduction

McKenzie and Morgan (1969) proposed that a triple junction is the point where three plate boundaries intersect
and that various types of triple junctions occur worldwide. At a triple junction, the interactions among the three
plates reflect the history of their mutual movements. Therefore, the current location of a triple junction can serve
as a boundary condition for tectonic evolution and hence plays a vital role in investigating plate collisions. In
Colombia and adjacent regions, the South American Plate, the Nazca Plate, and the Caribbean Plate meet at a TTF
(Trench, Trench, and Transform Fault)-type triple junction, located in the Panama-Choco Arc (PCA) (Gonzalez
et al., 2023; Kellogg et al., 2019; Wang & Wei, 2018). The complex tectonic setting of this triple junction was
shaped by the subduction and collision of multiple plates (Figure 1) (Hey, 1977; Kellogg et al., 1995; Pen-
nington, 1981; Taboada et al., 2000). These processes have generated complex features, including the Cordillera
uplift in northwestern Colombia and widespread trenches, deformation zones, fault systems, and back-arc vol-
canoes. The eastern part of the South American Plate at these latitudes is dominated by the Guiana Shield, which
formed during the Precambrian (Schmitz et al., 2002). Plate interactions in Colombia result in intense seismic
activity, producing two zones of concentrated intermediate-depth earthquakes: the Bucaramanga and Cauca Nests
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Figure 1. Map showing the main tectonics and simplified geologic setting in and around Colombia. Overlaid on the map are
major faults (Veloza et al., 2012); geologic provinces (Schenk et al., 1999); the GPS-derived movement velocity vectors
(mm/yr) (purple arrows) of the Nazca, Cocos, and Caribbean Plates relative to the stable South American Plate (Jarrin et al.,
2023; Mora-Péez et al., 2019); and surface volcanoes, including dormant volcanoes (white triangles), active volcanoes (green
triangles), and volcanoes with eruption records in 2023 (red triangles) (Global Volcanism Program, 2023). The blue dashed
line marks the Caldas Tear (C. A. Vargas & Mann, 2013). The abbreviations are as follows: WC, Western Cordillera; CC,
Central Cordillera; EC, Eastern Cordillera; SMBF, Santa Marta-Bucaramanga Fault; MA, Merida Andes; PCA, Panama-
Choco Arc; CB, Chorotega Block; NCS, Nazca-Cocos Spreading Center; SR, Sandra Ridge; MR, Malpelo Ridge.

(Figure Sla in Supporting Information S1) (Pérez-Forero et al., 2023). The two seismic nests are longitudinally
offset at approximately 5.5°N, which may indicate the tearing of the underlying subducting slab, known as the
Caldas Tear (Idarraga-Garcfa et al., 2016; C. A. Vargas & Mann, 2013). The location of the triple junction can
move along the slab boundary between the subducting Nazca and Caribbean slabs beneath Northwest South
America (NWSA) (Boschman et al., 2014; Gonzalez et al., 2023; Montes et al., 2019). However, the location of
the boundary between the subducting Nazca and Caribbean slabs has long been controversial.

Multiple models have been suggested for the boundary between the Nazca and Caribbean slabs (e.g., Penning-
ton, 1981; Sun et al., 2022; Syracuse et al., 2016; C. A. Vargas & Mann, 2013). Historical seismicity reveals that a
shear zone near 5.2°N is likely the boundary between the Nazca and Caribbean slabs (Pennington, 1981). The
receiver function and velocity tomography results suggest that the Nazca and Caribbean slabs partially overlap
without a clear boundary (Boada et al., 2022; Sun et al., 2022; Taboada et al., 2000). Gravitational, magnetic, and
Coda Q images reveal that the collision between the PCA and NWSA produced V-shaped crustal deformation,
which may have triggered the Nazca slab tear along 5.5°N (C. A. Vargas & Mann, 2013). The Nazca slab is
tearingly split into the Cauca segment to the south and the Bucaramanga segment to the north, with the boundary
between the Nazca and Caribbean slabs located at 7.5°N (Syracuse et al., 2016). On the other hand, the presence
of volcanic arcs is closely related to the subduction angle (Coira et al., 1982; Wagner et al., 2017). Typically, in
steep subduction zones, deep magma rises to form volcanic arcs, whereas in flat subduction zones, the supply of
subsurface magma diminishes, resulting in the absence of surface volcanoes (Gutscher et al., 2000; Ramos
et al., 2002). Due to the influence of subducting slabs from different time intervals and angles, the magmatic
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activity in the crust of NWSA is diverse and discontinuous, resulting in different rheological properties and
thermal structures of individual blocks (Lagardere & Vargas, 2021; Vargas et al., 2015, 2019). Compared to wave
speed, seismic attenuation is more sensitive to the temperature and rheological properties of deep materials (Boyd
et al., 2004; Zhao, Xie, He, et al., 2013). Therefore, we develop an attenuation model to investigate the crustal
thermal structure due to subducting slabs and infer the potential triple junction beneath Colombia.

Seismic Lg waves are a prominent phase in high-frequency regional seismograms (e.g., Gutenberg, 1955;
Kennett, 1984; Oliver & Ewing, 1957). These waves can be considered the superposition of higher-order surface
waves or multiple supercritical reflected shear waves in crustal waveguides (e.g., Bouchon, 1982; Knopoff
etal., 1973; Xie & Lay, 1994). Lg waves carry rich information about crustal structure and composition and have
been widely used to investigate attenuation in the crust (Bowman & Kennett, 1991; Mitchell et al., 1997;
Ottemoller, 2002; Zhang et al., 2022; Zhao et al., 2010). The thermal structures of the crust and mantle have been
altered by extensive tectonic deformation, intense magmatism, and seismic activity resulting from plate sub-
duction and tearing in the region (Cediel and Shaw, 2019). Seismic Lg-wave attenuation can indicate the dis-
tribution of crustal thermal anomalies (e.g., Yang et al., 2024). Thus, by combining seismic activity with other
geophysical and geological observations, Lg attenuation provides an opportunity to constrain the crustal thermal
structure in Colombia and adjacent regions, offering insight into locating the triple junction by identifying the
boundary of the subducting slab.

2. Data and Methods

We collected 10,633 vertical-component regional waveforms from 563 earthquakes in Colombia and adjacent
regions recorded at 168 broadband digital seismic stations between 2000 and 2023 (Figure S1b in Supporting
Information S1, Tables S1 and S2 in Supporting Information S2). Lg waveforms were selected within an
epicentral distance range of 200-3000 km (Figure S2 in Supporting Information S1) (Zhao, Xie, Wang,
etal.,2013; Zhao et al., 2010). The focal depths of the selected events are shallower than the Moho depth provided
by the CRUST1.0 model (Table S1 in Supporting Information S2) (Laske et al., 2013). To ensure good signal-to-
noise ratios and avoid the effects of complex rupture processes resulting from large earthquakes, we selected
events with magnitudes between 4.0 and 6.0. Only stations that recorded three or more events and events recorded
at three or more stations were used.

We sampled the Lg wave signal using a 3.0-3.6 km/s group velocity window and extracted the pre-P and pre-Lg
noise sequences with the same length as the Lg wave signal sampling window (e.g., Ma et al., 2023; Zhao
et al., 2010). Then, the amplitude spectra of the Lg wave, pre-P noise, and pre-Lg noise were calculated using the
Fast Fourier Transform algorithm. A high-quality Lg-wave spectral data set was obtained after noise correction
(Figure S3 in Supporting Information S1) (e.g., Luo et al., 2021). Next, we established a joint inversion system for
the Qp , value, source term, and site response using amplitude spectra and spectral ratios (Zhao et al., 2010, 2022).
A linear inversion system was solved using the least squares QR factorization algorithm with damping and
smoothing, which converted the observed Lg amplitudes to Q, , values (e.g., Paige & Saunders, 1982; Phillips &
Stead, 2008). Finally, a broadband Q; , model was obtained via independent inversion at each frequency.

After the inversion, the data residuals tended to follow a Gaussian distribution with a zero mean and a minimum
standard deviation (Figure S4 in Supporting Information S1). To verify the robustness of the results and system
stability, we analyzed the spatial resolution of Lg-wave tomography using the checkerboard method (e.g., He
et al., 2021; Zhao, Xie, He, et al., 2013) and assessed the standard errors using the bootstrap technique
(Efron, 1983). The tomographic resolution can reach 1° X 1° or higher, indicating the reliability of our results
(Figure 2d). The mean Q; , map (Figure S5a in Supporting Information S1) agrees well with the directly inverted
result (Figure 2e), and the standard deviation is much smaller than the mean Qy ., ranging from 0 to 40 (Figure S5b
in Supporting Information S1). Therefore, the inversion system and amplitude data can provide a stable estimate
of crustal attenuation for this region. Recently, the above-mentioned Lg-wave attenuation tomography method
has been successfully applied worldwide (e.g., He et al., 2021; Shen et al., 2023; Yang et al., 2023; Zhao, Xie, He,
et al., 2013; Zhu et al., 2023).

3. Results

The attenuation model for Colombia and its adjacent areas comprises Q;, distributions at 58 individual fre-
quencies, ranging from 0.05 to 10.0 Hz (e.g., Figures 2a and 2b). However, the Q, , between 0.2 and 2.0 Hz can
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better characterize the geological blocks compared with other frequency bands (Figure S6 in Supporting Infor-
mation S1). The Q; , values increase with increasing frequency, and the lateral variations of Q; , correspond well
with the regional tectonics and the P-wave velocities (Figure 2). The nonlinear relationship between Qp , values
and crustal thickness indirectly indicates that geological blocks undergoing strong attenuation may be more
strongly influenced by factors such as temperature or fluid content (Figure 2f and Table S3 in Supporting
Information S2).

The Guiana Shield comprises the Proterozoic and Paleozoic terranes, forming a stable continental craton with a
thick crust, high-velocity lithospheric anomalies, and weak attenuation anomalies (Figures 2e—2h; Bezada
et al., 2010; Mendoza, 1977; Schmitz et al., 2002). High-QLg anomalies in western Venezuela correlate with
previously observed high-velocity features, potentially linked to ancient Caribbean slab subduction (Lii
et al., 2022; Miller et al., 2009; van Benthem et al., 2013). The Central American Volcanic Arc, along with
volcanic zones in western Colombia and Ecuador, shows low-Q, features consistent with known Lg-wave
attenuation and low-velocity structures, suggesting widespread high-temperature anomalies or partial melting
in the crust (Lii et al., 2022; Ojeda & Ottemoller, 2002; Syracuse et al., 2008; Zhu et al., 2020). The Caldas Tear at
5.5°N is substantiated by various findings, including the cessation of volcanic activity to the north (Wagner
et al., 2017), a shift in seismic activity (C. A. Vargas & Mann, 2013), and analyses of adakitic samples from the
Nevado del Ruiz volcano (Borrero et al., 2009; Garcia et al., 2019). Therefore, we propose that underground
hydrothermal upwelling channels are induced by slab tearing based on the extensive and pronounced low-Qy ,
features in this region.

4. Discussion

The Nazca-Caribbean-South America (NCS) triple junction has been migrating continuously northward along the
trench west of Colombia (Figure 4a) (Gonzélez et al., 2023). The PCA formed between the Nazca and Caribbean
Plates in the Cretaceous, and as the Caribbean Plate migrated eastward during the Paleocene, the PCA gradually
approached the NWSA (Buchs et al., 2010; Pindell et al., 2006). Until approximately 15 Ma, the PCA collided
with the NWSA, causing this triple junction to vanish from the surface and become buried beneath the NWSA
(Boschman et al., 2014; Farris et al., 2011). Consequently, the juncture where the subducting Nazca slab in-
terfaces with the Caribbean slab became the current location of the NCS triple junction. However, divergent
convergent boundaries were obtained between the Nazca and Caribbean slabs using different geophysical
methods, such as those from seismic velocity tomography, receiver function imaging, and seismicity analysis
(Boada et al., 2022; Sun et al., 2022; E. M. Syracuse et al., 2016; Taboada et al., 2000). Thus, the subduction
processes and the location of the triple junction remain debated. Slab subduction can induce mantle upwelling,
significantly affecting the crust's thermal structure. On the other hand, strong Lg-wave attenuation can indicate
the distribution of crustal thermal anomalies (e.g., Yang et al., 2024). Therefore, the lateral variation in seismic
Lg-wave attenuation is an indicator of the convergent boundaries of subducting slabs at the crustal scale, which
can constrain the current location of the triple junction and reveal the deep dynamical mechanism underlying the
disappearance of the triple junction at the surface.

The collision of the PCA with NWSA induces tearing of the Nazca slab along the Sandra Ridge at approximately
5.5°N (C. A. Vargas & Mann, 2013). The Nazca slab can be divided into two segments: the Bucaramanga
segment in the north and the Cauca segment in the south (Syracuse et al., 2016). Therefore, the subduction zone in
NWSA comprises three distinct slabs (Zones 1-3 in Figure 2e), corresponding to the Caribbean slab and
Bucaramanga and Cauca segments from the Nazca slab. The Cauca segment subducts at a relatively steep angle
(~30°-40°) (C. A. Vargas & Mann, 2013). The slab dehydration induces mantle melting, causing hot material to
upwell and form crustal magma chambers and surface volcanic arcs (Zone 1 in Figure 2e) (Sun et al., 2022; C. A.
Vargas & Mann, 2013; Wagner et al., 2017). Consequently, a low-Q; , anomaly is observed in Zone 1, with Q;,
values ranging from 50 to 160 at 1 Hz (Figures 2e and 3a), which is consistent with previous findings of a 1 Hz

Figure 2. Comparison among crustal Lg-wave attenuation model, crustal thickness, and velocity model for Colombia and surrounding areas. (a, b) Selected crustal Qy,
maps at 0.5 and 1.0 Hz. (c, d) Ray coverage and resolution analyses at 1.0 Hz. Both two-station (light yellow) and single-station (blue) ray paths are presented. The
checkerboard resolution tests were conducted at 1° X 1°. (e) 0.2-2.0 Hz broadband QLg distribution. (f) Crustal thickness extracted from the CRUST1.0 model (Laske
etal.,2013). (g, h) Lateral variations in P-wave velocity perturbation according to the MITP_USA_2016MAY model at depths of 20 and 50 km (Burdick et al., 2017). Note
that in the Q; , maps, some Qy , distributions are excluded due to weak ray coverage. The colored triangle symbols represent volcanoes, as illustrated in Figure 1.
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Figure 3. Comparison of various geological and geophysical data along four cross-sections (a—d). The locations of the profiles are indicated in the inset maps using red
lines. Each profile is composed of three panels. The top panel shows the surface topography and locations of major faults (vertical dashed lines). The middle panel shows
Qy, as a function of frequency. The bottom panel shows the P-wave velocity perturbations (Burdick et al., 2017) and regional seismicity above magnitude two between
1900 and 2023 (purple circles) from the IRIS. The black dashed lines indicate the Moho discontinuity and the 410-km and 660-km mantle interfaces. The Moho depth is
extracted from CRUST 1.0 (Laske et al., 2013). LFS refers to the Llanos Fault System. The other abbreviations for geological blocks and major faults are the same as
those in Figure 1.

Qy, value of ~150 (Ojeda & Ottemdller, 2002). Zone 1 is characterized by low velocities with a 1.5% low-
velocity perturbation at 20 and 50 km (Figures 2g and 2h) (Burdick et al., 2017), as well as a low-velocity
perturbation of up to 0.25 km/s for Pn waves propagating through the uppermost mantle (Lii et al., 2022). In
contrast, the Bucaramanga segment subducts at a low angle (Zone 2 in Figure 2e), characterized by relatively
strong Lg attenuation, low S-wave velocities, high Vp/Vs ratios, and the absence of active surface volcanism
(Figures 2e and 3b) (Bernet et al., 2016; Boada et al., 2022; Monsalve et al., 2019; Ojeda & Ottemoller, 2002;
Pardo et al., 2005; Poveda et al., 2018). Before the development of the Caldas Tear at approximately 4 Ma, surface
volcanism in Zones 1 and 2 had a similar pattern, reaffirming that both the Cauca and Bucaramanga segments
originated from the Nazca slab (Figure S7 in Supporting Information S1) (Wagner et al., 2017). Around 12 Ma,
subduction of the Nazca slab and collision between the PCA and the NWSA led to thickening of the oceanic crust
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Figure 4. (a) The migration of the NCS triple junction (purple circles) with geological ages (Gonzalez et al., 2023). Initially, this triple junction was marked on the
surface, but it later disappeared due to the collision between the PCA and NWSA. The intersection of the Nazca and Caribbean slabs in the lithosphere beneath the South
American Plate may be the location of the present triple junction. (b) Diagram showing the proposed tectonic activities of the Nazca and Caribbean slabs beneath
NWSA. The observed broadband Q, , data between 0.2 and 2.0 Hz are projected on the top surface. The different angles of subduction of the northern and southern slabs
due to the tearing of the Nazca slab, as well as the subducting Caribbean slab, are observed, as indicated by previous velocity tomography (Figures S8 and S9 in
Supporting Information S1) (Li et al., 2008). Slab subduction and tearing are the primary factors driving the upwelling of hot material (red streaks), which leads to the
formation of surface volcanism. Based on surface volcanism and sharp changes in attenuation to the north and south of 7.5°N, as well as the velocity tomography and
receiver function results (Figures S8 and S9 in Supporting Information S1) (Boada et al., 2022; Syracuse et al., 2016), we speculate that 7.5°N marks the boundary
separating the Nazca and Caribbean slabs. The proposed triple junction, marked in a purple circle, is primarily based on tectonic activity and substantial changes in Lg

attenuation.

beneath Zone 2, with high buoyancy, which sustained flat subduction (Lonsdale, 2005). Additionally, the velocity
images and seismic activities indicate the presence of two subducting slabs, with steep and flat subduction zones
underneath Zones 1 and 2, respectively (Figures 3a and 3b) (Burdick et al., 2017). Therefore, there is no active
volcanism in Zone 2, and the low-Q, , signature beneath it is likely due to thermal upwelling from Nazca slab
tearing and residual heat from the dormant volcanic crust.

The Caribbean-Nazca slab boundary is likely at approximately 7.5°N, which features significant Q; , variations
(Figure 2e). Zone 3 exhibits high crustal Qr, values and high upper-mantle velocities compared to Zones 1 and 2,
suggesting the presence of a subducting Paleo-Caribbean slab beneath Zone 3 (Figures 2 and 3) (Lii et al., 2022).
The Caribbean Plate, which formed during the Late Cretaceous, is a thick, buoyant oceanic plateau (Burke, 1988;
Pindell et al., 2006). Paleomagnetic analysis results indicate that the Caribbean slab subducted flatly beneath the
NWSA from the Middle Eocene to the present (Miiller et al., 2019; Seton et al., 2012). The Caribbean large
igneous province, which formed since the Cretaceous, increased the oceanic crustal thickness, allowing it to resist
slab hydration at flexures, normal faults, and trenches, and preventing partial melting of the mantle wedge
(Syracuse et al., 2010). Thus, volcanism ceased when the flat subduction of the Caribbean slab initiated (Syracuse
et al., 2016), resulting in weak-attenuation characteristics in the crust of Zone 3 (Figures 2 and 3). YOAr2Ar
isotopic dating revealed a magmatic intrusion with an age of approximately 15—7 Ma in Zone 2, which originates
from dehydration melting of the subducting Nazca slab (Leal-Mejia et al., 2019; Wagner et al., 2017; Weber
et al., 2020). If the Caribbean slab exists in Zone 2, these magmatic activities can be blocked from rising to the
surface; therefore, this indirectly suggests the Caribbean slab has not intruded into Zone 2 since the Late Miocene
(Gonzilez et al., 2023). Consequently, the Caribbean slab is confined north of 7.5°N. The boundary between the
Nazca and Caribbean slabs extends from the subducted slab conjunction at the northern end to the Bucaramanga
seismic nest at the southern end. Therefore, by integrating crustal Q; , values, seismic velocity tomography, and
seismicity distribution, we obtain a triple junction tectonic model of the three subducting slabs beneath the NWSA
(Figure 4b). The current location of the NCS triple junction is approximately 7.5°N, 77°W (Figure 4b).
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5. Conclusion

We developed a broadband Lg-wave attenuation model for Colombia and its surroundings with a spatial reso-
lution of 1° X 1° using a joint inversion method based on single- and two-station data. The lateral variation in the
Q. values appears to be correlated with tectonics. The Guiana Shield is an ancient, cold, and stable craton
characterized by high Q, , and weak attenuation properties. In contrast, active, hot, and unstable volcanic areas,
including Central America, western Colombia, and Ecuador, exhibit low QLg values and strong attenuation,
associated with the upwelling of hot material resulting from dehydration during plate subduction and partial
melting of the mantle wedge. Combining our model with previous studies, including velocity imaging, receiver
function analysis, tectonic reconstruction, etc., we found that the collision of the PCA with NWSA caused the
Nazca slab to tear at 5.5°N, exhibiting strong attenuation features (Boada et al., 2022; Gonzélez et al., 2023;
Syracuse et al., 2016). South of the tear is the steeply subducting Cauca segment, characterized by strong
attenuation, whereas to the north is the relatively strong attenuation, flatly subducting Bucaramanga segment. The
weakly attenuating feature north of 7.5°N likely indicates an earlier subducting Paleo-Caribbean slab beneath
South America. Thus, three subducting slabs exist beneath NWSA, and approximately 7.5°N, 77°W may be
considered the current location of the NCS triple junction within the Colombian tectonic regime (Figure 4b).
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