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A high-precision earthquake catalog was generated using source-specific station terms and waveform cross-
correlation techniques. This detailed catalog serves to interpret the crustal structure and deformation related
to the tectonic setting in Northwestern South America. The Panama-Chocé Block (PCB) is in contact with the
Northwestern Andes causing crustal deformation and hence, fault interaction in the brittle regime leading to a
high earthquake production concentrated in the Murindé Seismic Cluster (MSC) which is located in the north-
eastern corner of the PCB. Slip on the Uramita Fault Zone (UFZ) is a response to the accommodation of the PCB
against the North Andean block (NAB), splitting the fault into two segments, marked by an abrupt change in its
strike. The north segment of the UFZ, a dextral transform fault (strike = S52°E and near vertical plane), which
produced the Mutata earthquake (2016-09-14, Mw = 6.2). The central segment of the UFZ strikes N12°E and
exhibits mainly reverse slip with a subvertical fault plane which produced the 1987-03-19 Mw = 5.4 and 1987-
11-11 Mw = 5.3 events. The Murindé sinistral strike-slip fault (strike = N9°W), which produced the great
Murind6 earthquake (1992-10-18, Mw = 7.1, epicentral intensity XI) is characterized by its wide zone of brittle
deformation as a response to internal deformation of the PCB under a compressional NW-SE stress. Intermediate
depth earthquakes are widely observed in the area, where we find evidence of the Caribbean slab subducting
southwards beneath Panama. The subduction of the Malpelo microplate to the south, shows high productivity

within the Cauca Cluster and the presence of at least three finger-shaped mantle zones of seismicity.

1. Introduction

The western edge of Northern South America is located in a tectonic
convergence zone involving at least three plates, the Nazca and Carib-
bean oceanic plates, and the continental South American plate (SAP)
(Fig. 1). The Nazca Plate (NP), located to the west, is subducting east-
ward beneath the SAP at a rate of 5-7 cm/yr. The Caribbean Plate (CP),
located to the north, is subducting east-south-eastward beneath the SAP
at a lower rate of 13 mm/yr (Mora-Péez et al., 2019), possibly due to its
buoyancy (Pennington, 1981). Additionally, the Coiba and Malpelo
microplates have been reported in the region due to independent lith-
ospheric behavior from the NP (e.g., Adamek et al., 1988; Hardy, 1991;
Zhang et al., 2017).

The NAB, a deformable segment of the continental plate, is moving
towards the northeast at a rate of 8.6 mm/yr relative to the SAP
(Mora-Paéz et al. 2019). Furthermore, an exotic terrane with the CP
called the Chocé Block (Duque-Caro, 1990), or Panama-Choc6 Arc
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(Redwood, 2019) or Panama-Chocé Block (Suter et al., 2008), is
colliding with but does not subduct beneath South America due to its
buoyancy. The PCB was accreted to Northwestern South America during
the Middle Miocene (Duque-Caro, 1990) or possibly before (Barat et al.,
2014; Montes et al., 2012, 2015; Leon et al., 2018), and it still collides
with the SAP at a rate of 15-18 mm/yr relative to stable SAP (Mora-Paez
et al.,, 2019). Kellogg et al. (1995) based on GPS observations had
already considered a rigid collision of the PCB against the North Andean
region. It has been proposed to act as a rigid indenter (Trenkamp et al.,
2002; Suter et al., 2008).

Because of the convergence of these three major plates and blocks,
the northwestern Andes are subject to a transpressive tectonic regime,
and the PCB — NAB interaction is characterized by a NW - SE
compression that results in left lateral slip of the UFZ (Cortés and
Angelier, 2005) (Fig. 1). This interpretation is still under debate, as some
authors have proposed that the PCB represents a segment of the CP that
subducts beneath the SAP (Taboada et al., 2000).
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Fig. 1. Northwestern Andes main tectonic features. PCB = Panamd Choco
Block, NAB = North Andean block, RFS = Romeral Fault System. Modified from
Mosquera-Machado et al. (2009) and Mora-Paéz et al. (2019).
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Fig. 2. Two earthquake waveform traces registered at the ZAR station were
compared and shifted to get the precise correlation coefficient and the time-
shifted to apply times corrections.

In general, the crustal deformation and seismogenesis of the North-
western Andes can be explained as a result of interaction between these
plates and blocks (Arcila and Munoz Martin, 2020). We aim to frame the
PCB in the local geodynamic context.

Crustal seismicity is present along the western SAP continental
margin as upper plate response to the NP subduction, and uplift related
to the Northern Andes. However, seismicity increases north of 4°N due
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to the ongoing collision of the PCB against western Colombia and rea-
ches its highest rate at 7°N close to the UFZ and Murind6 fault. This
region, called the MSC (Dionicio and Sanchez, 2012) has the highest rate
of crustal activity in Colombia caused by the squeezing of the zone be-
tween the PCB and the Antioquean batholith (Tary et al., 2022). Several
significant earthquakes have been reported in the zone as 1952-10-14,
Mw = 5.9, Mutatd; 1977-08-30, Mw = 6.5, Apartad6; 1992-10-18
Mw = 7.1, Murindé (Servicio Geoldgico Colombiano (SGC) historical
catalog), and 2016-09-14, Mw = 6.4, Mutata earthquake analyzed here
in detail later in the text.

Intermediate depth seismicity is observed in the region featuring
distinct Wadati-Benioff zones, which are the result of multiple sub-
ducted slabs under the Northern Andes (Pennington, 1981; Freymueller
et al., 1993; Taboada et al., 2000; Vargas and Mann, 2013; Yarce et al.,
2014; Syracuse et al., 2016; Chiarabba et al., 2016; Sun et al., 2022).
These earthquakes also have significant implications for hazards in the
region (e.g., 2012-09-30, Z = 171 km, Mw = 7.1, La Vega, Cauca; and
2013-02-09, Z = 153 km, Mw = 7.3, Guaitarilla, Narino, reported by
SGQ).

For the western border of the Andes, there is a clear Wadatti — Benioff
zone, but north of about 5.7°N latitude, there is a seismicity gap at those
depths and no clear intermediate depth seismicity north of there,
possibly due to a slab tear (Caldas Tear) between NP and CP (Vargas and
Mann, 2013); or where the NP changes subduction angle from normal to
the south to flat subduction to the north (Chiarabba et al., 2016; Wagner
etal., 2017; Syracuse et al., 2016). Other possible explanations have also
been proposed related to the subduction of the young and warm slab
structure of the Coiba microplate (Sun et al., 2022) or its southern
boundary, Sandra Rift (Martinez-Jaramillo, 2016; Fandino, 2020).

In this study, we improve the location of both, shallow and
intermediate-depth earthquakes to interpret the crustal structure and
subduction process related to the tectonic setting in Northwestern South
America.

2. Local geology

The configuration of the western border of the northwestern SAP is a
result of multiple accretion events of allochthonous oceanic plateaus and
island arcs to the continental margin (Restrepo and Toussaint, 1988;
Moreno-Sanchez and Pardo-Trujillo, 2002; Cediel et al., 2003; Spikings
et al., 2015). Firstly, it began with the migration of CP from a Pacific
origin to the northeast, where the junction of the Caribbean Large
Igneous Province (CLIP) to South America happened during the Cam-
panian (Villagomez and Spikings, 2013; Botero-Garcia et al., 2023). Kerr
et al. (1997) provided detailed geochemical and petrological evidence
supporting the obduction and imbrication of segments of the Caribbean
Large Late Cretaceous Oceanic Plate against SAP, forming a series of
mafic terranes composed of picrites, basalts, and dolerites that make up
western Colombia.

Additionally, another oceanic affinity terrain, the PCB, was accreted
to western Colombia (Duque-Caro, 1990). The PCB is a volcano-plutonic
island arc with oceanic affinity related to the CLIP on the western edge
of the CP (Redwood, 2019). This block is considered a rigid indenter
(Suter et al., 2008) that collides with the Caribbean-affinity western
edge of South America in the Middle Miocene or earlier, based on
provenance analysis, biostratigraphy, and stratigraphic relationship
(Duque-Caro, 1990; Barat et al., 2014; Montes et al., 2012;2015; Le6n
et al., 2018).

3. Methods

To obtain the new high-resolution catalog with a homogeneous
relocation technique, we initiated the process using Source-Specific
Station Terms (SSST) (Richards-Dinger and Shearer, 2000; Lin and
Shearer, 2005) and Shrinking-Box SSST (Lin and Shearer, 2005) to
reduce the bias effects of the assumed 1D velocity model, considering
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Fig. 3. Earthquakes profiles in western Colombia. Profiles A-A’ are related to the Caribbean plate while E-E' and F-F are to Nazca plate.
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Fig. 5. North zone crustal seismicity clusters x, y and z and large events.

the complex geology and irregular layers in western Colombia.

Additionally, we used waveform cross-correlations between pairs of
events to improve the relative location by measuring a more precise
delay time between them and improving phase picking (Fig. 2) (Lin,
2018). This method uses small shifts in arrival times to precisely
constrain the relative locations of nearby events (Husen and Hardebeck,
2010). The advantage of using cross-correlations is that the relative
arrival times between two earthquakes recorded at the same station are
based on the entire waveforms and their similarity. This has been shown
to improve relative location and better delineate linear features such as
active faults not easily detected using standard location methods (e.g.,
Schaff and Waldhauser, 2005; Valoroso et al., 2013; Shearer, 1997;
Shearer et al., 2005). Furthermore, we applied the solution for the Least
Absolute Deviation (L1) proposed by Shearer (1997) to reduce the bias
of possible outliers. We refer the reader to Lin and Shearer (2005), where
the SSST and Shrinking Box-SSST methods are described in detail.

We separated shallow seismicity (depth <60 km, approximately
5200 events) and intermediate-depth seismicity (depth >60 km, nearly
2200 events) for cross-correlation of pairs of events at the same stations.
Additionally, we utilized a smaller dataset to define optimal parameters,
subsequently applied to the entire catalog. The smaller dataset
comprised the Mutata earthquake (2016-09-14 01:58 UTC, Mw = 6.2),
its main aftershock (2016-09-14, 06:46 UTC, Mw = 4.7), and 170 af-
tershocks located in the study area. We tested with different filters for
the cross-correlations including 1-5 Hz, 0.5-3 Hz, and 0.5-5 Hz, using
2.0 s long time windows around the P and S arrival times. Our findings
indicate that the 1-5 Hz filter produced superior results for our dataset.
The original data, provided and processed by the SGC, included the
earthquake source parameters (latitude, longitude, depth, and origin
time) and the source-receivers arrival times of the P and S waves.

To elucidate the linear features observed in the relocated catalog and
associate them with possible faults, we used the publication of Paris
et al. (2000). Subsequently, we compared the patterns of crustal
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Fig. 6. Crustal seismicity profiles, A-A’, B-B, and C-C' correspond to Murindé Seismic Cluster while D-D’ and E-E' to offshore seismicity.

seismicity presented here with previously described fault geometry.

We used focal mechanisms from the Global Centroid Moment Tensor
(GCMT) catalog (Ekstrom et al., 2012) to interpret seismicity slip in the
zone and the compressional stress axis from Cortés and Angelier (2005)
to project it onto faults and interpret its slip.

4. Results and discussion
4.1. New earthquake catalog

The seismicity of the entire region is plotted in Fig. 3, where the right
side showcases the newly relocated catalog and the left side displays the
original catalog. Our analysis commences with a description of
intermediate-depth seismicity, followed by an examination of patterns
associated with shallow earthquakes focusing on the MSC to elucidate
the seismogenic behavior of the crust.

4.2. Intermediate-depth seismicity: subducting slabs

Profile A-A’ in Fig. 3 presents a SW-NE cross-section, revealing
intermediate-depth seismicity indicative of a Wadati-Benioff zone
beneath Panamad, dipping southwestward. These observations provide
further evidence of an active subduction of the CP beneath Panama
(Camacho et al., 2010). Additionally, a recent Mw = 6.5 (2023-05-25)
earthquake in the region may shed additional light on the subduction
process if it does indeed exist.

Fig. 3 profiles E-E’ and F-F' show the Wadati-Benioff zones associated
with the subduction of the NP (new data proposes the Malpelo micro-
plate) beneath South America and a region known as Cauca Cluster
(Chang et al., 2017, 2019). The E-E’ profile shows a very productive
subduction segment dipping eastward. The seismicity seems to occur
over a wide range of depths along the Wadati-Benioff zone, and no clear
double-seismic zone is evident (Florez and Prieto, 2019).

The F-F profile exhibits a well-defined Wadati-Benioff zone,
accompanied by seismicity above the subducted slab in the mantle
wedge, extending down to 135 km depth in a sub-vertical direction. At
least three of these seismicity patterns originate from the subducted slab
at 75, 105 and, 135 km depths, ascending until they become indistin-
guishable from crustal seismicity. These structures, sometimes referred
to as mantle-wedge earthquakes (Halpaap et al., 2019; Angiboust et al.,
2021) have been reported in this region, featuring a finger-shaped zone
of seismicity above the subducting slab (Chang et al., 2017, 2019). This
type of seismicity may be associated with the upward migration of melt
(Spicak et al., 2004) or fluid (Spicak et al., 2009) products of dehydra-
tion in the subducting plate (Halpaap et al., 2019). Such a process likely
modifies the physical properties in the upper mantle, probably causing
brittle fracturing instead of ductile deformation (White et al., 2019).

The easternmost segment of the finger-shaped seismicity in the F-F
profile is located in proximity to the Nevado del Huila volcano, indi-
cating a plausible fluid migration path from the NP (or Malpelo micro-
plate) through the upper mantle. This interaction with the base of the
crust gives rise to melt, which, in turn, feeds the volcano. Additional



D. Martinez-Jaramillo and G.A. Prieto

Journal of South American Earth Sciences 134 (2024) 104761

-0 0 Ly ) 0 0

A - A' A Al

0] amgpo o : B, o Lo

2 _s 8
£ ! L]
= -
§10 . 10§
o ¢ . a
L]
204 L 20

SGC

XCORLOC

Fig. 7. Mutatd Earthquake Sequence (2016-09-14) locations and focal mechanisms reported by SGC.

Fig. 8. Previous UFZ highlighted and focal mechanisms of the Mutata
sequence. The blue line is the limit between PCB and NAB (Leon et al., 2018)
and the dotted line is our refined limit.

profiles (C-C, D-D', and E-E') can be referenced in the supplementary
material.

4.3. Shallow seismicity: crustal seismogenic behavior

In Fig. 4 we present the shallow seismicity of the region, featuring
the relocated catalog to the right and the original catalog on the left.

The most active clustered seismicity in the region within the MSC is
concentrated around 7°N and 76°W — 77°W. We assert that our relocated
catalog highlights the linear trends in seismicity, evident in Fig. 5 within
the ellipses x, y, and z, which represent three distinct seismicity clusters.
Fig. 6 provides a depth distribution of these clusters, with Profiles A-A’
and B-B' showing the x and y seismicity trends, and Profile C-C' por-
traying the z seismicity trend.

The x, y, and z seismicity trends match with the Murindé, Murri and
Mutata faults reported by Paris et al. (2000), respectively. However, we
use the classical nomenclature of Duque-Caro (1990), who first
described the PCB as delimited by the UFZ. Hence, in addition to
detailed geological determinations of the limit (Pardo-Trujillo et al.,
2020; Leon et al., 2018), we constrain the main crustal brittle defor-
mation trends, which we associate with this limit as the couple of Murr{
and Mutata faults. Subsequently, these will be referred to as the central
segment of the UFZ (y) and the northern segment of the UFZ (z).

For the Murind6 fault, Paris et al. (2000) reported a strike of
N12.6°W =+ 6, coinciding with the orientation of the x trend (N9°W), as
illustrated on the left side of Profiles A-A’ and B-B' in Fig. 6. Regarding
the central segment of the UFZ, Paris et al. (2000) reported a strike of
N1.4°E + 6 while our findings indicate the y trend oriented N12°E
(Fig. 5 and right side of profiles A-A" and B-B' in Fig. 6). The z trend is
oriented S52°E in Fig. 6, while Paris et al. (2000) report an orientation of
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Fig. 9. A: Focal Mechanisms of earthquakes (Mw > 5.0) from GCMT Catalog.
Clustered seismicity: x is the cluster comprising the Murindé Sequence 1992-
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Sequence (2016-09-14) and the Apartadé Earthquake Mw = 6.5 (1977-08-30).
y is the cluster comprises 1987-03-19 Mw = 5.4 earthquake and 1987-11-11
Mw = 5.3 earthquake. B: Earthquakes P-axis of clustered seismicity. C:
Cortés and Angelier (2005) crustal stress compression axis (N324°E) and its
projection onto faults.

$33.6°E+11°. This alignment is also evident in the profile C-C’ in Fig. 6,
where the seismicity dips 80° to the southwest.

Selected offshore profiles D-D’ and E-E' in Fig. 5 show the distribution
of seismicity on the Pacific coast with an NE-oriented alignment (around
N60°E). The two profiles are perpendicular to each other, with D-D’
oriented across seismicity lineation, revealing clustering at 32 km depth.
Meanwhile, the E-E' profile is along the seismicity orientation. The
closest structure reported to this seismicity is Sandra Rift (Lonsdale,
2005).

Table 1

Journal of South American Earth Sciences 134 (2024) 104761
4.4. Mutata earthquake sequence

The relocated distribution of the Mutata earthquake sequence (2016-
09-14, Mw = 6.2), including the focal mechanisms of the main and
larger aftershock (strike = 137°, dip = 51°, rake = —168°; strike = 113°,
dip = 43°, rake = 176°, respectively, as reported by SGC; see Fig. 7),
aligns with the z ellipses orientation, corresponding to the north
segment of the UFZ. Both major earthquakes in the 2016-09-14 sequence
indicate dextral strike-slip movement (Martinez-Jaramillo, 2020; Tary
et al., 2022).

The crustal seismicity trends ellipses x and y show an abrupt change
in strike between them. On the other hand, consistent depth in the
majority of earthquakes suggests that the seismogenic thickness of the
crust in the MSC zone is approximately 15-18 km.

4.5. The kinematics of the PCB - NAB border

We detailed defined the boundary between PCB and NAB. The pre-
viously reported was plotted and compared with our interpretation in
Fig. 8. In estimating the coseismic faulting slip within the zone, the focal
mechanisms of major earthquakes with a magnitude greater than 5 from
the GCMT (Ekstrom et al., 2012) were plotted in Fig. 9 A and relevant for
each ellipse compiled in Table 1. Subsequently, the P-axis for major
events was plotted (Fig. 9 B), and the stress regime axis N324°E for the
zone from Cortés and Angelier (2005) was incorporated to project onto
faults (Fig. 9 C).

For instance, the projection of the regional compressional axis onto
the x trend results in a main parallel and minor orthogonal component
(Fig. 9 Q). Similarly, events associated with the Murind6 fault show
obliquity with major sinistral and minor reverse components in the focal
mechanisms.

The projected compressional axis onto the central segment of our
representation of the Uramita fault (y trend) suggests an orthogonal
main component, in agreement with the observed faulting in the
reverse-predominant focal mechanisms indicated around y in Fig. 9 A
(1987-03-19 and 1987-11-11 events).

In the context of the north segment of the Uramita fault, the pro-
jected main stress onto the z trend indicates a main parallel and minor
orthogonal component, in agreement with a dextral lateral slip with a
minor reverse component (Fig. 9 z), contributing to the Mutata earth-
quake sequence. In general, the projection of regional stress onto faults
reveals the slip pattern observed on earthquakes through focal
mechanisms.

Tary et al. (2022) support the idea that the MSC experiences
squeezing between thslue PCB and the Antioquean batholith. However,
Cortés and Angelier (2005) pointed out that the compressional stress in
the zone is likely primarily influenced by the CP. These results are in
agreement with the last two sentences; the crust here is being com-
pressed under the influence of the PCB and the Antioquean batholith,
and also the CP is actively pushing the northern portion of the crust
southeastward (for example the San Jacinto Block from Jarrin et al.
(2023) could be the portion of the crust delimited to the south by the
north segment of the UFZ), influencing the crustal behavior towards the
compressional regime, which we represent in Fig. 10.

Major earthquakes in the region Mw > 5 for each ellipse, location from ISC-EHB Catalog (Weston et al., 2018), and focal mechanisms from GCMT (Ekstrom et al.,

2012). Mutatd earthquake and the larger aftershock from SGC.

Ellipse Date Strike Dip Rake P-axis strike P-axis plunge Lat Lon Depth Mw
z 1977-08-30 101 17 -175 293 44 7.339 —76.166 24.1 6.5
y 1987-03-19 38 17 106 295 29 6.737 76.432 10 5.4
y 1987-11-11 92 13 154 308 38 6.805 76.321 11.8 5.3
b q 1992-10-17 28 60 55 142 8 6.854 —76.733 12.8 6.6
X 1992-10-18 9 81 46 132 23 7.079 76.798 21.1 7.1
z 2016-09-14 137 51 —168 351 34 7.238 76.234 22 6.2
z 2016-09-14 113 43 176 329 29 7.230 76.31 24 4.7
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Fig. 10. Interpretation of block borders and major earthquakes from Crustal Sources
NAB = North Andean block, UFZ = Uramita Fault Zone, PCB Panama-Chocé Block.

The northeastern edge of the MSC, represented by the UFZ, serves as
the limit of the PCB and NAB. To the west, the behavior of the Murindé
fault is interpreted as internal deformation of the PCB, responding to the
compressional stress setting in the crust. This adjustment results in the
release of a high rate of coseismic elastic strain energy, exemplified by
events such as the one on 1992-10-18 and the most active crustal seis-
micity in the northwestern Andes.

5. Conclusions

The crustal continental seismicity observed in this region is the
product of a complex deformation zone resulting from the collision of
blocks with oceanic affinity. The MSC is a highly active region for crustal
earthquakes, situated in the northeastern corner of the PCB.

The seismicity patterns suggest that the UFZ can be interpreted as
two segments with distinct orientations. This mark changes in the
coseismic faulting slip of each segment under the compressional NW-SE
stress regime. The northern segment aligns to S52°E, exhibiting mainly
dextral-lateral slip, while the central segment trends strikes N12°E,
showing predominantly reverse slip.

The slip in the Murindé fault is characterized by sinistral-strike slip,
primarily resulting from the internal deformation of the block under the
NW-SE compressional axis. This deformation is notably influenced by
the southeastward pushing of the CP to NAB and the convergence be-
tween the PCB and NAB, as observed in the general dynamics observed
in the MSC.

Offshore on the Colombian coast at 5.7°N, a seismicity trend pointing
northeast is identified at 32 km depth, possibly associated with Sandra
Rift.

The subduction of the Malpelo microplate reveals a complex pattern
of intermediate-depth seismicity, particularly in the highly concentrated
Cauca Cluster. This cluster extends beyond typical intraplate subduction
earthquakes, encompassing mantle wedge cumulus formations centered
at 4.60°N, 76.25° W, and 110 km depth.

South of 4°N, at least three mantle wedge sub-vertical seismicity
channels extend from the subducted slab at 75, 105, and 135 km depth
upward to the crust. This seismicity may indicate fluid migration,
potentially altering the physical properties of the mantle and triggering
earthquakes at these depths.

Data and resources

Waveforms, seismic event locations, and focal mechanisms used in
this study were provided by Servicio Geolégico Colombiano (SGC).
Waveforms can be downloaded from: http://sismo.sgc.gov.co:8080/fd
snws/dataselect/1/builder, location parameters from: http://bdrsnc.
sgc.gov.co/paginasl/catalogo/index.php. Focal Mechanism can be
consulted at http://bdrsnc.sgc.gov.co/sismologial /sismologia/
focal seiscomp_3/index.html and https://www.globalcmt.org/CMTse
arch.html. The historical seismicity parameters can be consulted at
https://sish.sgc.gov.co/visor/. You can obtain the new catalog by con-
tacting the authors. The main software packages used here were Obspy
(Beyreuther et al., 2010) for processing seismological data, XCORLOC
(Lin, 2018) for earthquake location, and GMT (Wessel et al., 2017) for
plotting images.
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