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Abstract: This research focuses on understanding the Bucaramanga Seismic Nest 
(BSN) from a physical perspective. Therefore, it does not emphasize linking its 
genesis with plate behavior or interaction (geodynamic perspective). It is proposed 
that BSN activity could be associated with the fracturing of ultramafic rocks 
(partially melted) whose physical mechanism of rupture is thermal shear runaway. 
According to the inversion of the analyzed focal mechanisms, the total stress field 
of BSN is compressive (R = 0.91 and R’ = 2.91) and susceptible to transitioning to 
a transcurrent regime (permutation between σ2 and σ3), where medium deformation 
responds to a strike-slip fault with an extensional component, consistent with 
the estimated b value ~1.0 typical in this context. Additionally, BSN experiences 
high deformation rates (on the order of 10-5 per year), with its maximum vertical 
deformation rate (z;-ε·

3= 2.6x10-5/year) indicating a relative deformation velocity 
of 52 cm/year, approaching values of rising magma plumes (~200 km depth). Thus, 
it is suggested not to discount the possibility that seismic activity from this source 
could be related to some geophysical anomaly resulting from convective processes.

Keywords: Bucaramanga Seismic Nest, seismotectonics, focal mechanisms, stress field, 
thermal shear runaway.

Resumen: Esta investigación se enfoca en comprender el Nido Sísmico de 
Bucaramanga (NSB), desde una perspectiva física. Por esta razón, no enfatiza en 
relacionar su génesis, con la interacción de placas (perspectiva geodinámica). En 
este sentido, se propone que la actividad del NSB podría estar asociada con el 
fracturamiento de rocas ultramáficas (parcialmente fundidas) cuyo mecanismo 
físico de ruptura es por inestabilidad térmica. De acuerdo con la inversión de los 
mecanismos focales analizados, el campo de esfuerzos total del NSB es compresivo 
(R = 0.91 y R’ = 2.91) y susceptible de cambiar a uno transcurrente (permutación 
entre σ2 y σ3), donde la deformación del medio responde a una falla de rumbo con 
componente extensional, consistente con el valor b estimado ~1.0 y que se relaciona 
con este tipo de contexto. Por otra parte, el NSB experimenta una alta deformación 
(del orden de 10-5 año-1) y su máximo valor en dirección vertical (z;ε·

3= 2.6x10-5/
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Introduction

Intermediate-depth seismicity (50-300 km), unlike sha-
llow seismicity, lacks a mainshock and does not have an 
aftershock pattern that follows Omori’s law (exponential 
decay over time). Instead, it frequently occurs as clusters 
or “nests” (Barrett, 2015). In this context, a seismic nest is 
a volume where intense seismic activity is isolated from 
nearby activity and, unlike a “swarm” or aftershock se-
quence, these events persist over time (Prieto et al., 2012). 
This seismicity occurs where temperatures and pressures 
exceed those expected for brittle or shear rupture mecha-
nisms (Frohlich, 2006; Prieto et al., 2012; Barrett, 2015). 

The study of seismic nests can be approached from 
both a physical and a geodynamic perspective. In the first 
case, several physical rupture mechanisms have been pro-
posed, with the most popular being dehydration embrittle-
ment and thermal shear runaway (Frohlich, 2006; Prieto et 
al., 2012; Barrett, 2015). In the second case, seismic nests 
can be generated, for example, at the edge of a plate due 
to contortion or tearing of the plate, or through plate over-
lap or collision (Nowroozi, 1971; Van der Hilst and Mann, 
1994; Corredor, 2003; Cortes and Angelier, 2005; Zarifi et 
al., 2007; Barrett, 2015). In general, scenarios involving 
the interaction of multiple plates are suggested to generate 
a seismic nest (Van der Hilst and Mann, 1994; Zarifi et al., 
2007; Barrett, 2015). 

The Bucaramanga Seismic Nest (BSN) in Colombia, 
along with those of Vrancea in Romania e Hindu Kush in 
Afghanistan, are the most active intermediate-depth seis-
mic sources on the planet (Zarifi and Havskov, 2003; Prieto 
et al., 2012). From a geodynamic perspective, three broad 
hypotheses have been proposed regarding the genesis of 
the BSN beneath South America: 1) subduction of the Ca-
ribbean Plate or its tearing (Pennington, 1981; Taboada et 
al., 2000; Corredor, 2003; Cortés and Angelier, 2005; Sán-
chez et al., 2011; Prieto et al., 2012; Vargas and Mann, 
2013; Poveda et al., 2015); 2) subduction of the Nazca Pla-
te or its tearing (Van der Hilst and Mann, 1994; Chiarabba 
et al., 2015; Wagner et al., 2017); and 3) overlapping or 
collision of the Nazca and Caribbean plates (Zarifi et al., 
2007; Syracuse et al., 2016; Londoño et al., 2020; Corn-
thwaite et al., 2021). From a physical perspective, some 

authors favor the dehydration embrittlement mechanism 
(Schneider et al., 1987; Frohlich et al., 1995; Zarifi and 
Havskov, 2003; Londoño et al., 2020; Pérez-Forero et al., 
2023) while others favor the thermal shear runaway me-
chanism (Prieto et al., 2013; Poli et al., 2016).

As can be seen, various seismological studies of the 
BSN have primarily focused on addressing two main ques-
tions regarding the relationship of this seismic source with: 
1) the interaction between plates (oceanic and continen-
tal) beneath the South American plate, and 2) the potential 
physical mechanisms triggering seismic activity. In this 
study, the seismotectonic analysis approach proposed for 
the BSN does not aim to relate its genesis to plate inte-
ractions; instead, it suggests a different perspective from a 
physical standpoint.

General seismotectonic framework 

The Nazca and Caribbean oceanic plates subduct benea-
th the northwestern corner of South America at rates of 5.3-
5.5 cm/year and 1.0-1.2 cm/year, respectively (Mora-Páez 
et al., 2019; Mora-Páez et al., 2020). This subduction gene-
rates tectonic and geological complexity within Colombian 
territory, manifested through the uplift of three mountain 
ranges, evidence of multiple fault systems, volcanism (Fig. 
1), and the occurrence of earthquakes at different depth ran-
ges (Fig. 2). The recorded seismicity in Colombia primarily 
ranges between 0 and 200 km in depth, concentrated along 
the edges of the mountain ranges where the occurrence of 
earthquakes is associated with crustal deformation (<50 km 
depth) caused by the tectonic convergence between the Naz-
ca plate, the Northern Andean Block (NAB), the Caribbean 
plate, and the Panamá-Chocó Block (García-Delgado et al., 
2022; Martínez-Jaramillo and Prieto, 2024). 

With respect to intermediate-depth seismicity, it has a 
latitudinal distribution pattern. In the western part of the 
country (~4°N), there is an occurrence of seismic events 
around 120 km depth (Benioff zone) that could be associa-
ted with the dehydration of the Nazca plate (Chang et al., 
2017; Chang et al., 2019). Meanwhile, to the east (~7°N), 
intermediate-depth seismicity is concentrated in the central 
zone of the Middle Magdalena Valley (MMV), where me-
dium-sized earthquakes (5-6M) occur at depths between 

año) tiene una velocidad relativa de deformación de 52 cm/año, aproximándose a 
valores de velocidad de plumas magmáticas en ascenso (~200 km de profundidad) 
por lo que se sugiere no descartar que la actividad sísmica de esta fuente pudiera 
estar relacionada con alguna anomalía geofísica que se desprenda de procesos 
convectivos. 

Palabras clave: Nido Sísmico de Bucaramanga, sismotectónica, mecanismos focales, 
campo de esfuerzos, inestabilidad térmica. 
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Fig. 1.- General tectonic framework of Colombia. The Nazca and Caribbean oceanic plates subduct beneath the northwestern corner of 
South America at rates of 5.3-5.5 cm/year and 1.0-1.2 cm/year, respectively. The Panama-Chocó Block (PCB) collides with the North-
ern Andes Block (NAB) at a rate of ~2.0 cm/year; the boundaries of the PCB (outlined in pink) are defined by Suter et al. (2008), who 
classify this zone as an indenter. The relative GNSS displacements are taken from Mora-Páez et al. (2019).
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Fig. 2.- Seismicity Recorded by the Colombian Geological Service between 2013 and 2017. Seismic events with varying magnitude 
ranges (1–7M) and depths (0–200 km) can be observed. The magenta star represents the location of the BSN.



Pérez Jhon Leandro, Salcedo-Hurtado Elkin de Jesús, Fernández-Córdoba Jhonattan, 
Cardona-Parra César Augusto y García-Millán Nathalie

35

Revista de la Sociedad Geológica de España, 37(2), 2024

50 and 160 km (more than 60% of the national seismicity 
is recorded in this area), mainly located in the BSN (Lon-
doño et al., 2019). This seismic source, centered at 6.8°N, 
73.1°W, and ~150 km depth, has the highest density of in-
termediate-depth seismicity in the world, expressing a high 
proportion of seismic events ranging from low to interme-
diate magnitudes, corresponding to high values of the b pa-
rameter, the occurrence of at least one ~5M earthquake per 
month, high stress drops, and a wide variety of focal me-
chanisms (Frohlich et al., 1995; Zarifi and Havskov, 2003; 
Zarifi et al., 2007; Frohlich and Nakamura 2009; Prieto et 
al., 2012; Prieto et al., 2013).

Data and methods

Data

A total of 130 seismic events with focal mechanism so-
lutions were collected from national sources such as the 
Colombian Geological Service (SGC), international sour-
ces like International Seismological Centre (ISC), and pre-
vious seismological studies in the study area (Cortes and 
Angelier, 2005; Zarifi et al., 2007; Peñaranda-Arévalo, 
2023). These events occurred between January 1966 and 
January 2024 (58 years), with magnitudes ≥ 4.5Mw and 
depths ranging from 0 to 187 km (Fig. 3A).

The quadrant where the focal mechanisms are distribu-
ted includes the MMV region and the influence zone of the 
BSN (Fig. 3A-B). In this quadrant, 7 types of fault mecha-
nisms are observed: pure strike-slip (SS), strike-slip with a 
reverse component (SS-R), reverse with a strike-slip com-
ponent (R-SS), pure reverse (R), pure normal (N), normal 
with a strike-slip component (N-SS), and strike-slip with a 
normal component (SS-N). Additionally, out of the 130 fo-
cal mechanisms, 105 are in the influence zone of the BSN 
(81%; Fig. 4A), where there is a significant concentration 
of these mechanisms (71 events, corresponding to 67% of 
the BSN influence zone) between 140 and 160 km (Fig. 4B 
and Fig. 5A-B). 

Methods

In this seismotectonic analysis, the kinematic and dy-
namic regime evaluation was considered using ternary dia-
grams, estimation of the b-value, calculation of the seismic 
strain rate, as well as determination of stress and strain 
fields within the observed volume of the BSN.

To delimit the area covered by the concentration (clus-
ter) of focal mechanisms, the Kernel density estimation 
method was applied (Silverman, 1986). Subsequently, the 
general pattern of kinematic behavior in both the influence 
zone and clustering of the BSN was evaluated based on ter-

Fig. 3.- Distribution of seismicity with focal mechanism solutions in the MMV. A) Depth and magnitude of the queried seismicity. B) 
Focal mechanisms. The dark blue rectangle represents the general query area of the MMV, and the red square represents the influence 
area of the BSN, which contains the orange polygon of the study area.
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nary diagrams. These diagrams provide a practical way to 
represent the type of regime of a seismic source using fault 
mechanisms (Frohlich, 1992; Johnston et al., 1994; Kave-
rina et al., 1996; Kagan, 2005; Álvarez-Gómez, 2014).

The calculation of the b-value (Gutenberg and Rich-
ter, 1944; Gutenberg and Richter 1954; Aki, 1965) for the 
data sample was based on the method proposed by Utsu 
(1966). The importance of this parameter lies in its varia-
tion, which can be related to various physical processes 
such as high-temperature conditions, high heat flux, ma-
terial heterogeneity in the observed medium, changes in 
rheology, variations in stress and strain states, as well as 
physical mechanisms of rupture (Frohlich, 2006; Prieto et 
al., 2012; Barrett, 2015; Vargas, 2020). 

The seismotectonic deformation was determined based 
on the concept of seismic rock flow (Riznichenko, 1965a, 
Riznichenko, 1965b; Kostrov, 1974). The kinematic para-
meters of the seismic focal mechanism are generally corre-
lated with the direction of the deformation axes (tensor) 
determined within a deformed volume. The Seismotecto-
nic Deformation Tensor (SDT) is given by the following 
expression:

Where: ε·
ij- represents the seismotectonic deformation 

tensor, Mij denotes the components of the seismic moment 
tensor, V corresponds to the volume of the study area, T is 
the duration of seismic deformation, and μ is the rigidity 
modulus of the seismotectonic medium or environment.

Therefore, the SDT in a region can be calculated from 
the sum of the seismic moment components (Mij) of a set 
of events within a seismically active volume (V), using a 
medium rigidity value (µ = 0.75x1011 Pa; Frohlich et al., 
1995) over an observation period (T). In this case, the 
SDT of the cluster was determined, where the majority of 
the focal mechanisms of the NSB (67%) are concentrated 
over a period of T = 45 years (1979-2024), within a depth 
range of 140 km to 160 km (h = 20 km). The volume of the 
cluster is 6283 km3 (cylinder V = πr2h;r = 10km).

The linear inversion method by Michael (1984), im-
plemented in the StressInverse (Vavryčuk, 2014), was em-
ployed to calculate the stress field. By inverting the basic 
orientation parameters of fault planes from focal mechanism 
solutions (strike, dip, and rake), four parameters are ob-
tained: the principal stress axes σ1 (maximum compression), 
σ2 (intermediate compression), σ3 (minimum compression) 
and the shape factor R = (σ2 - σ3) / (σ1 - σ3). This factor 
measures the relative magnitude of the principal stresses and 
indicates the type of tectonic regime that could be present 
(Delvaux et al., 1995; Delvaux et al., 1997; Ali, et al., 2021). 

 
 

3 

the Nazca plate, the Northern Andean Block (NAB), the Caribbean plate, and the Panamá-Chocó Block 108 
(García-Delgado et al., 2022; Martínez-Jaramillo and Prieto, 2024).  109 

With respect to intermediate-depth seismicity, it has a latitudinal distribution pattern. In the western part of 110 
the country (~4°N), there is an occurrence of seismic events around 120 km depth (Benioff zone) that could 111 
be associated with the dehydration of the Nazca plate (Chang et al., 2017; Chang et al., 2019). Meanwhile, to 112 
the east (~7°N), intermediate-depth seismicity is concentrated in the central zone of the Middle Magdalena 113 
Valley (MMV), where medium-sized earthquakes (5-6M) occur at depths between 50 and 160 km (more than 114 
60% of the national seismicity is recorded in this area), mainly located in the BSN (Londoño et al., 2019). This 115 
seismic source, centered at 6.8°N, 73.1°W, and ~150 km depth, has the highest density of intermediate-depth 116 
seismicity in the world, expressing a high proportion of seismic events ranging from low to intermediate 117 
magnitudes, corresponding to high values of the b parameter, the occurrence of at least one ~5M earthquake 118 
per month, high stress drops, and a wide variety of focal mechanisms (Frohlich et al., 1995; Zarifi and Havskov, 119 
2003; Zarifi et al., 2007; Frohlich and Nakamura 2009; Prieto et al., 2012; Prieto et al., 2013). 120 
 121 
Data and methods 122 
 123 
Data 124 
 125 

A total of 130 seismic events with focal mechanism solutions were collected from national sources such as 126 
the Colombian Geological Service (SGC), international sources like International Seismological Centre (ISC), 127 
and previous seismological studies in the study area (Cortes and Angelier, 2005; Zarifi et al., 2007; Peñaranda-128 
Arévalo, 2023). These events occurred between January 1966 and January 2024 (58 years), with magnitudes 129 
≥ 4.5Mw and depths ranging from 0 to 187 km (Fig. 3A). 130 

The quadrant where the focal mechanisms are distributed includes the MMV region and the influence zone 131 
of the BSN (Fig. 3A-B). In this quadrant, 7 types of fault mechanisms are observed: pure strike-slip (SS), 132 
strike-slip with a reverse component (SS-R), reverse with a strike-slip component (R-SS), pure reverse (R), 133 
pure normal (N), normal with a strike-slip component (N-SS), and strike-slip with a normal component (SS-134 
N). Additionally, out of the 130 focal mechanisms, 105 are in the influence zone of the BSN (81%; Fig. 4A), 135 
where there is a significant concentration of these mechanisms (71 events, corresponding to 67% of the BSN 136 
influence zone) between 140 and 160 km (Fig. 4B and Fig. 5A-B).  137 
 138 
Methods 139 
 140 

In this seismotectonic analysis, the kinematic and dynamic regime evaluation was considered using ternary 141 
diagrams, estimation of the b-value, calculation of the seismic strain rate, as well as determination of stress 142 
and strain fields within the observed volume of the BSN. 143 

To delimit the area covered by the concentration (cluster) of focal mechanisms, the Kernel density 144 
estimation method was applied (Silverman, 1986). Subsequently, the general pattern of kinematic behavior in 145 
both the influence zone and clustering of the BSN was evaluated based on ternary diagrams. These diagrams 146 
provide a practical way to represent the type of regime of a seismic source using fault mechanisms (Frohlich, 147 
1992; Johnston et al., 1994; Kaverina et al., 1996; Kagan, 2005; Álvarez-Gómez, 2014). 148 

The calculation of the b-value (Gutenberg and Richter, 1944; Gutenberg and Richter 1954; Aki, 1965) for 149 
the data sample was based on the method proposed by Utsu (1966). The importance of this parameter lies in 150 
its variation, which can be related to various physical processes such as high-temperature conditions, high heat 151 
flux, material heterogeneity in the observed medium, changes in rheology, variations in stress and strain states, 152 
as well as physical mechanisms of rupture (Frohlich, 2006; Prieto et al., 2012; Barrett, 2015; Vargas, 2020).  153 

The seismotectonic deformation was determined based on the concept of seismic rock flow (Riznichenko, 154 
1965a, Riznichenko, 1965b; Kostrov, 1974). The kinematic parameters of the seismic focal mechanism are 155 
generally correlated with the direction of the deformation axes (tensor) determined within a deformed volume. 156 
The Seismotectonic Deformation Tensor (TDS) is given by the following expression: 157 
 158 

𝜀𝜀𝑖𝑖𝑖𝑖̇ =
1

2𝜇𝜇𝜇𝜇𝜇𝜇∑𝑀𝑀𝑖𝑖𝑖𝑖
𝑛𝑛

𝑁𝑁

𝑛𝑛=1
 (1) 

 159 

Fig. 4.- Distribution of focal mechanisms in the BSN. A) Zone of influence. B) Representation of focal mechanisms in the area where 
seismic events of the BSN are concentrated. A variety of mechanisms corresponding to 7 fault types are observed: pure strike-slip 
(SS), strike-slip with reverse component (SS-R), reverse with strike-slip component (R-SS), pure reverse (R), pure normal (N), normal 
with strike-slip component (N-SS), and strike-slip with normal component (SS-N). The classification of focal mechanisms follows the 
criteria established by Álvarez-Gómez (2014).
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The values of R range between 0 and 1; for values around 
0.5, the stress tensor is stable, whereas at the extremes, ap-
proaching 0 or 1, the tensor is unstable, and stress permuta-
tion can occur. To express the relationship and resulting stress 
regime more clearly, the R′ index was used (Delvaux et al., 
1997), which ranges from 0 to 3; R′ = R when σ1 is vertical 
(extensional regime), R′ = 2 – R when σ2 is vertical (strike-
slip regime), and R′ = 2 + R when σ3 is vertical (compressive 
regime). The deformation field is considered as a composite 
mechanism resulting from the averaging of a set of represen-
tative faults; this was estimated using the WinTensor (Del-
vaux and Sperner, 2003; Delvaux and Barth, 2010).

Results

Kernel density map and ternary diagrams

A kernel density map was generated to delimit the clus-
ter of the BSN, centered at 6.8°N and -73.1°W. Within this 
cluster, there are 71 events within a 10 km radius (Fig. 6). 
The ternary diagrams display the number of mechanisms 
by fault type (in percentage) for both the area of influence 
of the BSN (Fig. 7A) and the clustering (Fig. 7B). Speci-
fically, for this cluster, the number of mechanisms by fault 
type is: 6 (SS), 11 (SS-R), 13 (R-SS), 6 (R), 6 (N), 6 (N-SS) 
and 23 (SS-N), with the latter being the dominant fault type 
(see Fig. 7B and yellow beach balls in Fig. 4B).

b-Value

The b-value obtained from the data of the influence 
zone and clustering BSN are shown in Table 1.

Seismic deformation

The seismic moment tensor is expressed as follows: 

From the combination of (1) and (2), it follows that 
TDS is:
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moment tensor, V corresponds to the volume of the study area, T is the duration of seismic deformation, and μ 161 
is the rigidity modulus of the seismotectonic medium or environment. 162 

Therefore, the TDS in a region can be calculated from the sum of the seismic moment components (𝑀𝑀𝑖𝑖𝑖𝑖) 163 
of a set of events within a seismically active volume (V), using a medium rigidity value (µ = 0.75x1011 Pa; 164 
Frohlich et al., 1995) over an observation period (T). In this case, the TDS of the cluster was determined, 165 
where the majority of the focal mechanisms of the NSB (67%) are concentrated over a period of T = 45 years 166 
(1979-2024), within a depth range of 140 km to 160 km (h = 20 km). The volume of the cluster is 6283 km3 167 
(cylinder V = 𝜋𝜋𝑟𝑟2ℎ; r = 10km). 168 

The linear inversion method by Michael (1984), implemented in the StressInverse (Vavryčuk, 2014), was 169 
employed to calculate the stress field. By inverting the basic orientation parameters of fault planes from focal 170 
mechanism solutions (strike, dip, and rake), four parameters are obtained: the principal stress axes σ1 171 
(maximum compression), σ2 (intermediate compression), σ3 (minimum compression) and the shape factor R = 172 
(σ2 - σ3) / (σ1 - σ3). This factor measures the relative magnitude of the principal stresses and indicates the type 173 
of tectonic regime that could be present (Delvaux et al., 1995; Delvaux et al., 1997; Ali, et al., 2021).  174 

The values of R range between 0 and 1; for values around 0.5, the stress tensor is stable, whereas at the 175 
extremes, approaching 0 or 1, the tensor is unstable, and stress permutation can occur. To express the 176 
relationship and resulting stress regime more clearly, the R′ index was used (Delvaux et al., 1997), which 177 
ranges from 0 to 3; R′ = R when σ1 is vertical (extensional regime), R′ = 2 – R when σ2 is vertical (strike-slip 178 
regime), and R′ = 2 + R when σ3 is vertical (compressive regime). The deformation field is considered as a 179 
composite mechanism resulting from the averaging of a set of representative faults; this was estimated using 180 
the WinTensor (Delvaux and Sperner, 2003; Delvaux and Barth, 2010). 181 
 182 
Results 

183 

 184 
Kernel density map and ternary diagrams 185 
 186 

A kernel density map was generated to delimit the cluster of the BSN, centered at 6.8°N and -73.1°W. 187 
Within this cluster, there are 71 events within a 10 km radius (Fig. 6). The ternary diagrams display the number 188 
of mechanisms by fault type (in percentage) for both the area of influence of the BSN (Fig. 7A) and the 189 
clustering (Fig. 7B). Specifically, for this cluster, the number of mechanisms by fault type is: 6 (SS), 11 (SS-190 
R), 13 (R-SS), 6 (R), 6 (N), 6 (N-SS) and 23 (SS-N), with the latter being the dominant fault type (see Fig. 7B 191 
and yellow beach balls in Fig. 4B). 192 
 193 
b-Value 194 
 195 

The b-value obtained from the data of the influence zone and clustering BSN are shown in Table 1. 196 
 197 
Seismic deformation 198 

 199 
The seismic moment tensor is expressed as follows:  200 

 201 

𝑀𝑀𝑖𝑖𝑖𝑖 = [
−4.52     0.68     6.34
    0.68

6.34
−3.56
 −0.11

−0.11
    8.09

] ∗ 1020𝑁𝑁 ∙ 𝑚𝑚 (2) 

 202 
From the combination of (1) and (2), it follows that TDS is: 203 

 204 

𝜀𝜀𝑖𝑖𝑖𝑖̇ = [
−1.09     0.16     1.53
    0.16

1.53
−0.86
 −0.03

−0.03
    1.95

] ∗ 10−5 / 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (3) 

The eigenvalues of (3) are:  205 
 206 

Fig. 5.- Depth distribution of seismicity in the BSN. A) 2D seismicity distribution. B) 3D seismicity distribution. Events are concentrated 
between 140 km and 160 km (5A). Two high-intensity earthquakes are visible (5B), with the 2015 event documented by Poli et al. (2016).

Fig. 6.- Kernel density map. The black line in the middle 
schematically indicates the 10 km radius length.

 

BSN b Standard 
Deviation 

Influence zone 1.01 0.10 
Cluster 1.42 0.17 

 
Table 1.- Estimated b value in this study for the BSN.
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The eigenvalues of (3) are: 

The eigenvalues of U (in absolute magnitudes) are the 
principal components (xº, ε·

2, ε
·
3) in their respective direc-

tions (x, y, z) within the analyzed volume; where (x) is in 
the north direction, (y) in the eastward direction, and (z) in 
the vertical direction toward the center of the Earth.

Thus, the maximum deformation is 2.6*10-5/year (in 
the vertical direction z), which results in a relative velocity 
of 52 cm/year (v = hε·

3; where h is the thickness of the 
volume). On the other hand, the basis for the reported de-
formation values in this study is close to those estimated by 
Frohlich et al. (1995) for the BSN, ranging between 10-6/
year and 10-4/year (analysis conducted in the depth range 
of 140 km to 180 km with 26 focal mechanisms contrasting 
with values calculated by Corredor (2003) of the order of 
10-10/year for the Maracaibo Block, which is an area adja-
cent to the BSN (analysis conducted with 23 shallow crust-
al events at depths h ≤ 40 km). 

Stress and deformation field

The Fig. 8 shows the result of the inversion of the focal 
mechanisms of the BSN.

​σ1 = 23/309, σ2 = 17/211, σ3 = 60/88
R = 0.91 y R′ = 2.91

The stress field was also discretized to observe its be-
havior with respect to depth (Fig. 9 and Table 2).

A complex stress regime with respect to Depth is evi-
denced (Fig. 9 and Table 2); from 140-145 km in the BSN, 
there is a compressive regime with relative stability (Fig. 
9A and 9E). Between 145 and 155 km, the regime is unsta-
ble (Fig. 9B-C-F-G). Finally, at 155-160 km, there is again 
a compressive regime that could transition to a strike-slip 
regime (Fig. 9D and 9H; permutation between σ2 and σ3).

The composite focal mechanism calculated for the 
BSN represents a deformation field responding to a strike-
slip fault with a normal component (SS-N; Fig. 10).

Discussion

The total stress field of the BSN is compressive (Fig. 
8), and when discretized by depth range, it is observed that 
in the last 5 km (155-160 km), at the base of the BSN, the 
behavior is similar (Fig. 9D). Mohr’s circles show that the 
compressive regime could transition to a strike-slip regime 
(permutation between σ2 and σ3; Fig. 8B and Fig. 9F-G-H). 
This is related to the ternary diagram of the BSN (Fig. 7), 
where both transtension and transpression are observed. 
There is a significant presence of strike-slip faults in all 
combinations of focal mechanisms, at least 70%.

Therefore, while the stress field affecting the BSN is 
compressive, the deformation primarily responds to a 
normal fault with a strike-slip component (Fig. 10). The 
calculated b-value of 1-1.4 (Table 1) specifically relates to 
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𝑈𝑈 = [
−1.8
−0.8
   2.6

] ∗ 10−5/ 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
(4) 

The eigenvalues of U (in absolute magnitudes) are the principal components (𝜀𝜀1̇, 𝜀𝜀2̇, 𝜀𝜀3̇) in their respective 207 
directions (x, y, z) within the analyzed volume; where (x) is in the north direction, (y) in the eastward direction, 208 
and (z) in the vertical direction toward the center of the Earth. 209 

Thus, the maximum deformation is 2.6*10-5/year (in the vertical direction z), which results in a relative 210 
velocity of 52 cm/year (v = h𝜀𝜀3̇; where h is the thickness of the volume). On the other hand, the basis for the 211 
reported deformation values in this study is close to those estimated by Frohlich et al. (1995) for the BSN, 212 
ranging between 10-6/year and 10-4/year (analysis conducted in the depth range of 140 km to 180 km with 26 213 
focal mechanisms contrasting with values calculated by Corredor (2003) of the order of 10-10/year for the 214 
Maracaibo Block, which is an area adjacent to the BSN (analysis conducted with 23 shallow crustal events at 215 
depths h ≤ 40 km).  216 

 217 
Stress and deformation field 218 
 219 

The Fig. 8 shows the result of the inversion of the focal mechanisms of the BSN. 220 
 221 

σ1 = 23/309, σ2 = 17/211, σ3 = 60/88 222 
R = 0.91 y R′ = 2.91 223 

 224 
The stress field was also discretized to observe its behavior with respect to depth (Fig. 9 and Table 2). 225 
A complex stress regime with respect to Depth is evidenced (Fig. 9 and Table 2); from 140-145 km in the 226 

BSN, there is a compressive regime with relative stability (Fig. 9A and 9E). Between 145 and 155 km, the 227 
regime is unstable (Fig. 9B-C-F-G). Finally, at 155-160 km, there is again a compressive regime that could 228 
transition to a strike-slip regime (Fig. 9D and 9H; permutation between σ2 and σ3). 229 

The composite focal mechanism calculated for the BSN represents a deformation field responding to a 230 
strike-slip fault with a normal component (SS-N; Fig. 10). 231 
 232 
Discussion 233 
 234 

The total stress field of the BSN is compressive (Fig. 8), and when discretized by depth range, it is observed 235 
that in the last 5 km (155-160 km), at the base of the BSN, the behavior is similar (Fig. 9D). Mohr’s circles 236 
show that the compressive regime could transition to a strike-slip regime (permutation between σ2 and σ3; Fig. 237 
8B and Fig. 9F-G-H). This is related to the ternary diagram of the BSN (Fig. 7), where both transtension and 238 
transpression are observed. There is a significant presence of strike-slip faults in all combinations of focal 239 
mechanisms, at least 70%. 240 

Therefore, while the stress field affecting the BSN is compressive, the deformation primarily responds to a 241 
normal fault with a strike-slip component (Fig. 10). The calculated b-value of 1-1.4 (Table 1) specifically 242 
relates to this tectonic context (Schorlemmer et al., 2005; Petruccelli et al., 2019) and fits within the range 243 
(1≤b≤2) estimated by other authors for this source and its vicinity (Frohlich et al., 1995; Zarifi and Havskov, 244 
2003; Frohlich and Nakamura, 2009; Prieto et al., 2012; Londoño et al., 2019; Vargas, 2020). Temperature is 245 
considered a determining factor for fracturing at intermediate seismic depths; thus, the physical mechanism of 246 
thermal shear runaway is suitable to explain fault activation in the BSN, as evidenced by Prieto et al. (2013). 247 

In general, the BSN experiences high deformation (on the order 10-5/year), with its maximum value in the 248 
vertical component (z; 𝜀𝜀3̇ = 2.6x10-5 per year), exhibiting a relative deformation rate of 52 cm/year within the 249 
evaluated volume. This rate is comparable to values ranging from 23 to 54 cm/year, which have been estimated 250 
for the ascent velocity of magmatic plumes at approximately 200 km depth (Turcotte and Schubert, 2014; 251 
Arnould et al., 2020). Considering that the clustering of the BSN occurs between 140 and 160 km depth, it is 252 
suggested not to rule out the possibility that the seismic activity of this source could be potentially related to a 253 
geophysical anomaly resulting from convective processes. 254 

Furthermore, given the significant occurrence of seismicity in the BSN ranging from small magnitudes 255 
(<2M and at least two earthquakes of ~4M per month) to large events (~6M), occurring between 100 and 200 256 
km depth (Prieto et al., 2012), where the medium is presumed to be viscoplastic (low-velocity zone with 257 
temperatures >1000°C; Zaccagnino and Doglioni, 2022), it leads us to consider the possibility that there may 258 

Fig. 7.- Distribution and classification of BSN event ruptures on Ternary Diagrams. A) BSN influence zone. B) BSN cluster.
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this tectonic context (Schorlemmer et al., 2005; Petruccelli 
et al., 2019) and fits within the range (1≤b≤2) estimated 
by other authors for this source and its vicinity (Frohlich 
et al., 1995; Zarifi and Havskov, 2003; Frohlich and Na-
kamura, 2009; Prieto et al., 2012; Londoño et al., 2019; 
Vargas, 2020). Temperature is considered a determining 
factor for fracturing at intermediate seismic depths; thus, 
the physical mechanism of thermal shear runaway is suit-
able to explain fault activation in the BSN, as evidenced by 
Prieto et al. (2013).

In general, the BSN experiences high deformation (on 
the order 10-5/year), with its maximum value in the vertical 
component (z; ε·

3  = 2.6x10-5 per year), exhibiting a rela-
tive deformation rate of 52 cm/year within the evaluated 
volume. This rate is comparable to values ranging from 23 
to 54 cm/year, which have been estimated for the ascent 
velocity of magmatic plumes at approximately 200 km 
depth (Turcotte and Schubert, 2014; Arnould et al., 2020). 
Considering that the clustering of the BSN occurs between 
140 and 160 km depth, it is suggested not to rule out the 
possibility that the seismic activity of this source could be 

potentially related to a geophysical anomaly resulting from 
convective processes.

Furthermore, given the significant occurrence of seis-
micity in the BSN ranging from small magnitudes (<2M 
and at least two earthquakes of ~4M per month) to large 
events (~6M), occurring between 100 and 200 km depth 
(Prieto et al., 2012), where the medium is presumed to 
be viscoplastic (low-velocity zone with temperatures 
>1000°C; Zaccagnino and Doglioni, 2022), it leads us to 
consider the possibility that there may be portions or frag-
ments of partially solidified material (interacting within the 
mantle), experiencing an increase in differential stresses. 
However, ¿what would be the origin of rocky material at 
these depths?

Lowrie and Fichtner (2020) propose that at depths be-
tween 100 and 200 km, there is an abundant presence of 
ductile silicate materials in solid state, partially or fully 
molten, which facilitate the movement of the rock mate-
rial in the upper part of the mantle. At the same time, tem-
perature and pressure can induce significant changes in the 
density and viscosity of the asthenospheric material. De-
spite the compositional differences between this zone and 
the crust, it can be considered that the composition of the 
materials at these depths is constant. At these conditions, 
due to the high temperature and relatively low pressure, 
large stresses are not required to achieve a certain degree 
non-brittle deformation. Consequently, this is a regime of 
plastic or viscoelastic flow, where stresses are primarily 
controlled by thermal activity processes.

It is possible that millions of years ago, there was a de-
tachment of the lower part of the continental lithosphere 
which descended to approximately 150 km, becoming an 
anomalous body (high-density eclogitic drip, low poros-

Fig. 8.- Dynamic field of the BSN. A) Total stress field of the BSN 
(in terms of plunge/azimuth). B) Mohr’s circle.

Fig. 9.- Behavior of the BSN stress field with respect to Depth (between 140 and 160 km). The upper part (first row: A, B, C, and D; σ1 
in red, σ2 in green, and σ3 in blue) shows the stress field by depth range (every 5 km), and the lower part (second row: E, F, G, and H) 
displays the corresponding Mohr’s circles.
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ity, and permeability) as proposed by Pérez-Forero et al. 
(2023). The presence of ultramafic rock material at these 
depths has been documented (Ringwood, 1991; Zaccagnino 
and Doglioni, 2022), consisting mainly of olivine (~51%), 
pyroxenes (~26% orthopyroxene and 11% clinopyroxene), 
and to a lesser extent, garnet (~9%). In the BSN, during the 
rupture process for earthquakes of 4-5Mw, there is a need 
for a temperature increase of 600-1000 °C (Prieto et al., 
2013), a range that includes, for example, the melting point 
of olivine and pyroxene ~1000 °C (Zaccagnino and Dogli-
oni, 2022). This could provide further evidence supporting 
fracturing due to thermal shear runaway as a mechanism 
for intermediate-depth seismicity.

According to Wang (2016), Ben Ismaïl and Mainprice 
(1998), Karato et al. (2008), Bürgmann and Dresen (2008), 
the high seismicity observes in the vicinity of the BSN can 
be attributed to deformation mechanisms and olivine pro-
duction processes that control the rheological behavior and 
seismic anisotropy of the upper mantle. In this context, 
dislocation creep and diffusion creep are the mechanisms 
that characterize olivine deformation (Wang et al., 2018). 
These deformation mechanisms can operate simultaneous-
ly, but the dominant one governs the strain rate and olivine 
fabric.

The diffusion mechanism of olivine results from the 
accumulation of deformation in heated materials over ex-
tended periods. This process is governed by Fick’s Law 
(Karato, 2008), which relates the mass flux diffused within 
a medium to the gradient of concentrations or pressures. 
As observed in the BSN, this leads to conditional defor-
mation (Riznichenko, 1992), where stresses and strains 
reach their maximum values. This deformation mechanism 
tends to diffuse from regions of higher concentration, re-
sembling the seismicity observed in the seismic region of 
the BSN. This phenomenon constitutes the seismic rock 

flow (Riznichenko, 1992; Kostrov, 1974; Kostrov and Das, 
1988), whose maximum contribution arises from numerous 
small seismic events occurring in the region (Klyuchevskii 
and Dem’yanovich, 2015). The concept of seismic rock 
flow has been applied in this study to the NSB, revealing 
that the increase in the number of seismic events is con-
centrated in a small volume, where maximum stresses and 
absolute seismotectonic displacements occur.

The complexity in understanding the seismic source 
of the BSN is reflected in various studies conducted to 
date, where there is limited correlation between results 
and interpretations regarding its seismotectonic analysis 
(Schneider et al., 1987; Frohlich et al., 1995; Corredor, 
2003; Cortés and Angelier, 2005; Zarifi et al., 2007; Lon-
doño et al., 2019; Peñaranda-Arévalo, 2023). However, the 
accumulated knowledge of this natural phenomenon thus 
far represents a valuable starting point. The BSN serves 
as an intriguing geophysical laboratory that should con-
tinue to be studied in the future with a multidisciplinary 
approach (e.g., potentially including deep magnetotelluric 
exploration) to enhance our understanding and contribute 
to the broader comprehension of Earth dynamics.

Conclusions

It is suggested that the activity of the BSN could be 
associated with the fracturing of ultramafic rocks (partially 
melted), whose rupture mechanism is due to thermal shear 
runaway. Additionally, it is also suggested not to discount 
the possibility of interaction between the BSN and anom-
alies resulting from convective processes (e.g., mantle 
plumes). On the other hand, based on the results obtained, 
the total stress field of the BSN is compressive and suscep-
tible to transitioning to a transcurrent stress regime (stress 
permutation), where the medium deformation primarily re-
sponds to a strike-slip fault with an extensional component.

The concept of seismic rock flow, applied to the BSN 
region, confirms the strong concentration of small seismic 
events, where maximum stresses and absolute seismotec-
tonic displacements occur. This is can also attributed to 
the deformation and olivine production mechanism that 
govern the rheological behavior and seismic anisotropy 
of the upper mantle. The high temperature and relatively 
low pressure in this zone facilitate non-brittle deformation, 
where stresses are generally controlled by thermal activity.
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Δkm σ1 σ2 σ3 R R′ Observation 

140-145 38/109 1/199 52/290 0.5 2.50  Compressive regime relatively stable 
 

145-150 11/312 10/220 75/88 0.9 2.9 Unstable 
(overlap between σ2 and σ3) 

150-155 36/317 27/206 42/82 0.9 2.9 Unstable 
(overlap between σ2 and σ3) 

155-160 26/307 18/208 57/88 0.8 2.80 
Compressive regime susceptible to 
transitioning to strike-slip regime  
(permutation between σ2 and σ3) 

 

Table 2.- Depth variation of principal stresses (Plunge/Azimuth) 
and Regime (R).

Fig. 10.- Deformation field of the BSN.
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