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Abstract Focal mechanism analysis is a powerful tool for analyzing the geodynamic
context of broad and complex regions, such as northwestern South America. In this
zone, a complex tectonic convergence occurs among the Caribbean, Nazca, and South
American Plates. The orientations of the maximum horizontal shortening and the val-
ues of the brittle strain/stress regime (K’ ratio) are obtained based on the analysis of
617 centroid-moment tensors reported from 1976 to 2017 in the Global Centroid-Mo-
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ment-Tensor Project. These results are complemented with an analysis of GPS ve-
locities, which can be used to determine the surficial deformation and to compare it
with the crustal deformation to define the stress field in Colombia, and to formulate
a seismotectonic model. This model is characterized by the slow southeastwards dis- ~ Supplementary Information:

. . - S: https://www2.sgc.gov.co/
placement of the Caribbean Plate, the convergence of the Andean, Coiba, and Panama LibroGeologiaColombia /tec/
Blocks in northwestern Colombia, and the westwards convergence of the Nazca Plate sgcpubesp3s201917s.pdf
below the South American overriding Plate. The strain/stress regime maps also show
different tectonic environments and large-scale geological heterogeneities.
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Resumen El analisis de mecanismos focales es una herramienta poderosa para analizar
el contexto geodinamico de regiones extensas y complejas, como la esquina norocci-
dental de Suramérica. En esta zona se produce una compleja convergencia tectonica
entre las placas del Caribe, de Nazca y de Suramérica. Los valores para la direccion
de maximo acortamiento horizontal y el régimen fragil de esfuerzo/deformacion (k')
son obtenidos para el analisis de 617 tensores de momento sismico reportados desde
1976 hasta 2017 en el Global Centroid-Moment-Tensor Project. Estos resultados se
complementan con un analisis de las velocidades GPS, que permite analizar la de-
formacion superficial, y compararla con la deformacion de la corteza, para definir el
campo de esfuerzos en Colombia y formular un modelo sismotectonico. Este modelo
esta caracterizado por un lento desplazamiento hacia el sureste de la Placa del Caribe,
la convergencia de los bloques Andino, Coiba y Panama en el noroeste de Colombiay
la convergencia hacia el oeste de la Placa de Nazca por debajo de la Placa de Suramé-
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rica cabalgante. Los mapas de régimen de esfuerzo/deformacion también muestran
diferentes ambientes tectonicos y heterogeneidades geologicas de gran escala.
Palabras clave: andino, esfuerzo activo, deformacion, mecanismo focal, velocidades GPS.

1. Introduction and Objectives

Understanding the current stress and strain states at regional
and local scales has fundamental value in seismic hazard as-
sessments and practical applications such as the opening and
operation of tunnels and the drilling and exploration of wells for
oil and water. This chapter offers a regional view of the Colom-
bian tectonic context from comparative analyses of the active
crustal stresses deduced from earthquake focal mechanisms and
the strain rates determined by spatial geodetic techniques (e.g.,
the Global Positioning System, GPS).

On a global scale, stress patterns are related to the tectonic
processes and kinematics of lithospheric plates, and they are
often consistent across large areas. The general features of the
Colombian tectonic context, which are marked by the conver-
gence of the Caribbean, Nazca, and South American Plates in
northwestern South America, can be seen in the distribution of
seismicity (Figure 1) (Engdahl et al., 1998; International Seis-
mological Centre, 2019; Weston et al., 2018). This seismicity
generally indicates the plate boundaries, the process of sub-
duction in the Pacific, and regions of shallow seismicity within
Colombia.

Initiatives such as the World Stress Map project, which
consists of a global compilation of information about the cur-
rent crustal stress field (Heidbach et al., 2016; Zoback, 1992;
Zoback et al., 1989), have developed fairly generalized maps
of the global pattern. Regional analyses of the trajectories of
the maximum horizontal stress for northwestern South America
can be found in the geodynamic studies conducted by Stephan
(1982) and Stephan et al. (1986) and resumed by Audemard &
Audemard (2002).

Research has also focused on the stress and strain states in
certain regions of Colombia, including the work carried out by
Rivera (1989) and Salcedo—Hurtado (1995), who studied the
intermediate—depth “seismic nest” of Bucaramanga (Santan-
der Department); Cardona et al. (2005) and Salcedo—Hurtado
(1995) and who investigated the northwestern zone of Colom-
bia based on focal mechanisms and GPS data; Dimaté et al.
(2003), who studied the Tauramena earthquake (Casanare De-
partment, 19 January 1995) based on an analysis of earthquake
focal mechanisms; and Egbue et al. (2014), who analyzed the
evolution of the stress and strain fields in the Eastern Cordille-
ra considering paleostresses and integrating orientations of the
present—day field determined via GPS, earthquake focal mech-
anisms, and borehole breakouts.

Arcila et al. (2000a, 2000b, 2002) integrated the results of
current tectonic stresses obtained from the analysis of earth-

quake focal mechanism populations combined with lithospheric
plate displacement data obtained via GPS. The results obtained
by these authors reflect the stress fields in the Colombian ter-
ritory and can be used by researchers to formulate a seismo-
tectonic scheme for the convergence of lithospheric plates at
the northwestern corner of South America. Vargas et al. (2002)
analyzed the stress state in Colombia from satellite geodesy
results and earthquake focal mechanisms from the Harvard cat-
alog, now the Global Centroid—Moment—Tensor (CMT) Project
(Dziewonski et al., 1981; Ekstrom et al., 2012), and obtained
conclusions for the Chocé Block slightly different from those
proposed by some authors. Colmenares & Zoback (2003) in-
tegrated in situ stress data with neotectonic and GPS data to
examine the different seismotectonic models proposed for
northern South America. Corredor (2003) estimated the seismic
strain rates in five subregions of Colombia from the compo-
nents of the seismic moment tensor of the earthquakes recorded
in the Harvard catalog database (now the global CMT), finding
matches with previous tectonic models and with models of rel-
ative plate motions.

The results of in situ stress measurements in wells and
engineering works are scarce and not very accessible to the
scientific community. However, certain results have been pre-
sented by Castillo & Mojica (1990) for the Eastern Cordillera
in Colombia.

Using another approach, some researchers (e.g., Kreemer
et al., 2014) have also analyzed surface strain from a global
perspective from GPS data, which can yield rates and patterns
of crustal deformation. At the regional level, workers have used
the SIRGAS network (Sistema de Referencia Geocéntrico para
las Américas) to periodically generate displacement velocity
models based on the multiyear solutions from Global Naviga-
tion Satellite System (GNSS) stations. The most recent work is
the solution SIR15P01, which was used to derive the velocity
model VEMOS2015 (Sanchez & Drewes, 2016a).

For northwestern South America, several studies have been
published that incorporate measurements of the displacement
vectors of lithospheric plates based on both paleomagnetic in-
formation (e.g., DeMets et al., 2010) and GPS stations (e.g.,

—_—

Figure 1. Regional tectonic elements. The limits of plates and
faults are modified from Veloza et al. (2012), seismicity from
Weston et al. (2018) following the methodology and recommen-
dations of Engdahl et al. (1998) and the locations of volcanoes
from the Global Volcanism Program (2013). The inset marks the
study area.
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Freymueller et al., 1993; Kellogg & Vega, 1995) and that in-
corporate infrastructure information from Servicio Geolégico
Colombiano stations (Trenkamp et al., 2002).

In summary, researchers have most frequently used data
consisting of earthquake focal mechanisms, the global CMT
catalog, and displacements measured with geodetic techniques
(especially GPS).

To determine the orientation of the stress and strain fields
in Colombian territory, this work also resorts to these sources
of information but differs in its methodologies. The advantage
of using earthquake focal mechanisms is that they are the only
available source of information on the active deformation pro-
cess that provides data at a crustal scale and presents sufficient
spatial distribution throughout the study area; however, the ap-
plication of this technique is limited in areas of low seismicity.
In addition, GPS data allow the quantification of the strain rates
at the Earth’s surface and have sufficient spatial distribution;
however, these data are limited to the near—surface strain.

2. Methodology

This research presents two approaches to study the orientation
of the current stress and deformation fields in northwestern
South America, with an emphasis on the territory of Colombia.
Traditionally, crustal deformation on a regional or global scale
is studied using different approaches, many of which apply dis-
crete data to generate continuous models of the deformation
field. In this study, the first approach uses the orientation of the
maximum horizontal compression and the shape of deformation
of the focal mechanisms recorded in the global CMT catalog
(Dziewonski et al., 1981; Ekstrom et al., 2012). The second
approach utilizes the strain derived from the field of horizontal
velocities obtained from GNSS (including GPS) data.

2.1. Stress States from Earthquake Focal
Mechanisms

Traditionally, researchers have used focal mechanisms to
establish related stress fields by defining the P (compres-
sion) and T (tension) axes. The main problem is that the P
and T axes are not necessarily parallel to the principal axes
of tectonic stress since the P and T axes represent only the
orientations in which the earthquake radiates more energy
(McKenzie, 1969). In fact, the P axis can be arranged in any
position within the dilatational quadrant depending on the
rheological conditions and the shape factor (regime) of the
stress ellipsoid (Angelier, 1994).

Numerous works have demonstrated that nodal plane solu-
tions for focal mechanisms are useful for defining the orienta-
tion of the stress field and provide information on the states of
the stress and strain regimes. These states are usually defined
by an ellipsoid shape factor.

Anderson (1951) proposed a classification of tectonic stress
regimes in normal, compressive, and shear regimes, and he as-
sumed that since there is no shear stress on the surface of the
Earth (shear stress cannot occur in fluids), one of the principal
stresses must be vertical, which implies that the other two are
horizontal. The type of active regime is defined according to
the vertical axis.

The methodology proposed by Capote et al. (1991) based
on the slip model (De Vicente, 1988; Reches, 1978, 1983) was
applied to calculate the orientation and shape factor of the de-
formation ellipsoid. This method, based on the Navier—Cou-
lomb fracture criterion, assumes that the brittle strain and stress
axes are parallel and that one of the axes is close to vertical.
According to the slip model, under the triaxial strain conditions
of brittle strain, fractures are arranged in orthorhombic symme-
try with respect to the fundamental axes of the strain ellipsoid.

The slip model assumes that in the most general case (tri-
axial strain), the faults are arranged in four families, with two
opposite directions and dips because these geometries are the
best at dissipating energy during brittle strain. For slippage to
occur, the cohesive and frictional resistance must be overcome.
Although the slip model was developed from triaxial exper-
iments via the generation of new fractures, numerous works
have shown that the results obtained via analyses of popula-
tions of reactivated faults provide solutions similar to those of
inversion methods that follow the Bott (1959) equation (e.g.,
Muifioz—Martin et al., 1998).

The model mathematically relates the shape of the strain
ellipsoid (k’) and the internal friction angle (¢) with the di-
rection cosines of the slip striae and of the slip normal to the
fault plane. The shape of the strain ellipsoid is given by the
parameter k’:

k':e_y
eZ

where e is the axis of vertical strain and e, is the axis of
maximum horizontal shortening.

Two sequences of strain are established as functions of k’,
from reverse to normal sequences through strike—slip (Figure 2).

In this way, the orientation of maximum horizontal short-
ening (De), the internal friction angle during the slip (¢), and
the shape factor of the ellipsoid e:y/eZ (k’) are directly obtained
for each event. The thirteen ellipsoid types as a function of the
parameter k’ are defined in Table 1.

In the case of earthquake focal mechanisms, if the two
planes have different geometries (the relationship between
the dip and pitch of the plane), then one plane exhibits motion
with a normal component, and the other exhibits motion with a
reverse component. The nodal plane, whose motion coincides
with the character of the mechanism (normal or reverse), is the
one that best dissipates frictional energy. This method allows
the selection of the nodal plane of the focal mechanism for
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Figure 2. Diagram of stress regimes defined from the ellipsoid shape factor (k').

Table 1. Stress regimes defined by the shape factor of the strain ellipsoid (k').

Shape factor (k’)

Strain ellipsoid

Axis values Fault type
Pure shear (R =0)

Normal shear

Oblique normal
(R #0,290)

Pure normal

(R=90)

Pure reverse
(R=90)

Oblique reverse
R #0,#90)

Reverse shear

k’ =+ Planar deformation (e,=0;— = ey)
+o>k’>1 Shear strain with extensional component (—e > e, > €)
K=1 (-e>e =¢)
Normal . . .
1>k’>0 Extensional deformation with shear component (-e>e >e)
sequence T 2T Yy
k’=0 (planar deformation) (e =¢,;e =0)
0>k’>-05 Extensional radial deformation (-e,>-¢ >-¢)
N . . . (e >-e =-¢)
k’=-05 True extensional radial deformation z x Y
(—eZ >e = ey)
-1>k’>-0.5 Compressional radial deformation (-e,> e > e)
k’=-1 (planar deformation) (-e =e;e =0)
Reverse 2= Sy
sequence 2<k’<-1 Compressional deformation with shear component (e,>—,>-¢)
k’=-2 (e,>—e =)
—o<k’<-2 Shear stress with compressional component (ey >-€ >-¢)
k’=- Planar deformation (ey =—e;e =0)

Pure shear (R =0)

slippage on a fault by considering mechanical criteria. In this
work, we have selected the plane that mechanically best suits
each earthquake, and the results allow the establishment of the
stress tensor characteristics.

Compared with the population analysis based on the Bott
equation (Angelier, 1994; Delvaux & Sperner, 2003; Reches et
al., 1992), the main advantage of the slip model considered in
this focal mechanism analysis is that by identifying a solution for
each earthquake (e.g., the directions of the horizontal stress axes
and the shape factor k’), a better analysis of the available data can
be performed due to a greater number of data and a more com-
plete spatial distribution. This methodology has been shown to be
very useful at different scales, ranging from the Iberian Peninsula
(De Vicente et al., 2008) to all of Europe (Olaiz et al., 2009).

Data on focal mechanisms (from 1976) include only mod-
erate to large events (in general Mw = 5.0), and although the
distribution and coverage for the territory may be limited, a
rigorous analysis of the data can produce a picture of the pres-
ent—day stress field. This information is fundamental to under-
standing the tectonic processes and stress states that currently
prevail in the enormously complex zone associated with the in-
teractions of the Caribbean, Nazca, and South American Plates.

The analysis includes information on focal mechanisms of
shallow earthquakes (depth < 60 km) reported in the global
CMT catalog for the area defined by the longitudes 83.25 to
66.75° west and latitudes 4.5° south to 14.5° north. This study
area encompasses the territories of Colombia, Ecuador, and
Panamé and the western sector of Venezuela and covers ap-

Quaternary
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proximately 3.9 million km? (see Figure 1 and Table 1 of the
Supplementary Information).

In general, the analysis developed to obtain the orientation
of the De_and shape factor (k*) includes three fundamental
steps. The first step involves the preparation of information re-
lated to the earthquake focal mechanisms reported in the global
CMT catalog, including changes from the “seismological” no-
tation (azimuth, dip, and slip) to the “geological” notation (dip
direction, dip, and pitch of the striae) following the right—hand
rule and filtering any poorly determined solutions. Following
the approaches of Frohlich & Davis (1999), any solutions in
the data set for which certain tensor moment components were
fixed during the inversion process (n,,, < 6) are discarded, and
more than 97% of the events are retained.

The second step corresponds to the application of the slip
model and includes the selection of the fault plane according to
the methodology of Capote et al. (1991) through the FEX 4.1
module developed by De Vicente & Mufioz—Martin in 1995
(personal communication). The plane that is mechanically com-
patible with the slip model is selected as the failure plane (De
Vicente, 1988; Reches, 1978, 1983), and the values of the max-
imum shortening direction (De,), friction angle (¢), and strain
ellipsoid (k’) are determined.

The last step corresponds to the construction of the De, tra-
jectories that represent a continuous surface with the average
regional distribution of stresses (2-D distribution of vector
orientation data). This study accomplishes this step by decom-
posing the directional point vectors into the corresponding
east—west and north—south components. Subsequently, a regu-
lar mesh with representative mean values is obtained using the
blockmean module of the Generic Mapping Tools (GMT) (Wes-
sel & Smith, 1991; Wessel et al., 2013), and the interpolation to
a continuous surface of variation is carried out using the GMT
surface module. During this interpolation, we test different cell
size values and surface tension degrees until the most repre-
sentative values for the data set and map scale are identified.

Furthermore, we construct continuous maps of the stress
regime using a method similar to that for the maps of Dey. Be-
cause the parameter k’ is a scalar quantity that can have values
between + and —», the values must be normalized so that they
remain in a narrower range (e.g., between 0 and 300). An aver-
age normalized k’ value is obtained for each node (blockmean),
and subsequent interpolations are performed on a continuous
surface using the surface command.

To visually highlight the variations in the orientations of
the maximum shortening direction and the stress regime and
to better understand the relationships between the data and the
regional morpho—structure, the results are superimposed on a
shaded relief image created from a digital elevation model.

Supplementary Information includes a map showing the
analyzed focal mechanisms and a table that lists the locations
of the considered events (Weston et al., 2018) and information

on the two nodal planes (azimuth, dip, and slip) for the focal
mechanisms in the global CMT catalog analyzed in this study
and used in the construction of the maximum horizontal short-
ening map. The results of the slip model (Reches, 1978, 1983)
are listed for each individual mechanism.

2.2. Strain from the Velocity Field
Obtained by Geodetic Techniques

In geodynamic studies, geodetic observations (e.g., GNSS, in-
cluding GPS data) are a valuable source of data that can be used
to detect, quantify, and model deformation in the Earth’s crust.

Different approaches are used to derive strain information
from instantaneous velocity data defined by global position-
ing. These approaches include those that require information on
the location, slip rate, and block depth of the principal faults,
whereas other approaches do not consider a priori assumptions
about the fault structure and simply perform a biharmonic inter-
polation of each velocity component independently (Sandwell
& Wessel, 2016 and references therein). One example of the
second type of approach is the distance—weighted least squares
procedure proposed by Shen et al. (2015), which provides an
improved map of the strain rate without using previous infor-
mation about locations and fault orientations.

Haines & Holt (1993) developed a method for calculating
the continuous velocity gradient tensor in plate boundary zones
using the bicubic spline function to interpolate scattered geodet-
ic data, and this method has been adopted in many subsequent
studies of crustal deformation (e.g., Kreemer et al., 2014). The
interpolation approach of Haines & Holt (1993) and Haines et
al. (2015) provides the coupling between the two horizontal
velocity components, thus resulting in a more precise interpo-
lation of the velocity and tension fields.

The horizontal gradient derived from GNSS velocities is
related to the current strain rate at the surface of the Earth and
is based on the principle of invariants of tensors. This gradi-
ent is independent of the frame of reference for the velocities.
The geodetic data represent average values for areas of tens of
square kilometers.

In regions subject to active wavelength strain greater than
the spacing between GNSS stations, the strain rates and the av-
erage stress should be comparable provided that the geodetical-
ly inferred strain at the surface remains at a constant depth. In
planar deformation, the principal orientations of the strain rate
tensor coincide with those of the stress rate. This assumption is
acceptable when limited to the brittle upper crust.

Considering that the strain tensor € is the derivative of the
velocity with respect to one orientation, standard formulas are
used to calculate the components of the strain tensor:

vy 1 (61/)(
£ = — EXY = - | —
Yy = 5, XY =5

dvx
EXX =

avy)
ax ’

ady ox
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For the analysis of the crustal horizontal strain, the follow-
ing products of the strain gradient tensor are obtained:
€ The second invariant of the strain tensor (expressed in
strain by 10~°/y), which is given as follows:

e= Je& + €2, + 2e2, x107°

€ The principal components of the strain tensor, which are
expressed as follows:

_ Exx+€yy 1 2 2
&2 = — 5 %3 (exx — &y ) + 4€Z,

€ The angle of the extensional strain, which can be com-
g
pared with horizontal maximum shortening and is defined

as follows:
1{ 2g4
2 \Exx— &yy

To calculate the uniform velocity field that coincides with
the measured vectors, the methods proposed by Haines & Holt
(1993) and Haines et al. (2015) are used to construct a 2-D
elastic model, which is implemented as a new GMT module
called gpsgridder (Sandwell & Wessel, 2016). The method is
based on the green functions of an elastic body subjected to
stresses in the plane. This approach ensures that elastic cou-
pling occurs between the two horizontal velocity components in
the interpolation, and this coupling can be adjusted by varying
Poisson’s ratio. All the singular values (measurement stations)
can be used only in a subset regardless of the smallest eigenval-
ues in the solution, thus resulting in a smoothing of the solution.

Thus, to obtain the velocity field and the different prod-
ucts of the strain rate tensor, the GMT grdgradient and grdmath
modules are used. The results are superimposed on a shaded
relief image created from a digital elevation model to visually
highlight the variations and facilitate a better understanding of
the relationships with the regional morpho—structure.

Additionally, applying the proper methods for analyzing
the geophysical potential fields, we obtain the total horizontal
gradient (THD) of the velocity from the first derivatives in the
X and Y directions. The THD expresses the speed with which
the velocity changes per unit area:

THD = ,/(dx x dx) + (3y * dy)

The THD is a parameter widely used in geophysics (e.g.,
gravimetry and magnetism) to locate areas with laterally con-
trasting physical properties. Analyzing the THD of horizontal
velocity can reveal the regions with maximum variation in the
displacement velocity vectors (both in magnitude and in ori-
entation). The zones of maximum gradient therefore feature
greater surface strain.

3. Results

For each of the proposed methodologies, the results are ob-
tained at a regional scale to identify the behavior of tectonic
stresses. The focal mechanism analyses involve information
from both continental and offshore areas and span the entire
thickness of the crust, whereas the analyses of GNSS data are
restricted to onshore areas.

3.1. Stress States

For the stress analysis, earthquake focal mechanisms from the
global CMT catalog, which is recognized as the most complete
and highest quality catalog and has systematically collected
data on moderate— to large—magnitude earthquakes throughout
the world since 1976, are considered. This catalog includes the
following information: the locations of the hypocenter and the
centroid; the seismic moment tensor expressed in its compo-
nents; and the nodal planes and positions of the axes obtained
from waveform modeling that considers long—period body
waves (with a period greater than 40 s) from the arrival of P
waves to the appearance of fundamental modes and complete
surface wave trains, called mantle waves (with a period greater
than 135 s), at stations recorded at teleseismic distances (be-
tween 30 and 90°) from the epicenter.

For the analysis of the crustal strain, the maximum thick-
nesses of the crust, and the interplate coupling areas in the
subduction zones are considered, and the focal mechanisms of
events with depths less than 60 km are processed, for a total of
617 mechanisms in the area of regional analysis.

As previously indicated, for each focal mechanism, a direc-
tion of maximum shortening (Dey) and a shape factor (k) value
are obtained. Generally, approximately half of the focal mech-
anisms include some component of shear, including predomi-
nantly strike—slip faults with normal and reverse components
(49%), reverse and oblique reverse faults (40%), and normal
and oblique normal faults (11%).

This methodology allows the creation of a map of De , and
the resulting map is superimposed on a representation of the
type of mechanism to provide information about the ellipsoid
of stresses at each point. This map presents a higher level of
detail on the orientation of maximum horizontal shortening than
reconstructions from stress point tensor data (Figure 3). A map
of the shape factor of the strain ellipsoid is also obtained, which
provides a regional view of the stress regime (e.g., extensional,
shear, or compressive) in each zone (Figure 4).

These maps allow us to simply and intuitively analyze the
current crustal stress state and present more continuous and
higher—resolution data than those found in previous works. The
extent of the analyzed area allows a comparison of the active
tectonic processes associated with the plate boundaries expe-

Quaternary
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riencing active brittle strain processes in northwestern South
America and can be used to correlate the variations in the stress
field with the primary generation stresses as well as the princi-
pal tectonic features and crustal heterogeneities.

3.1.1. Orientations of Maximum Horizontal
Shortening

For plate boundaries, clear trends in the orientations of Dey can
be identified. In the Pacific Ocean close to the Panama fracture
zone, a SW-NE trend is maintained through the Coiba Block
and extends to the Caribbean Plate. In the zone next to the
Ecuador—Colombia trench and to the southwest of the study
area, the De_ trend effectively reflects the W—E convergence
between the Nazca and South American Plates. Although this
change in orientation is not particularly noticeable in the oce-
anic crust, it occurs near the Costa Rica Rift, which is orient-
ed W-E and is located west of the Panama4 fracture zone. The
SW-NE trend south of the Carnegie Ridge is associated with
subduction of the Nazca Plate to the northeast.

In the distributed strain zones within the plate interiors,
large changes are recognized in the directions of De , and
the orientations vary from NW-SE in the border area be-
tween Colombia and Panamd to W-E in the southern region
of Colombia.

In the continental intraplate crust, the Dey directions radi-
ate from two regions: the central segment of the Eastern Cor-
dillera in Colombia and the Pacific coast in Ecuador. These
trajectory configurations reflect points at which the two princi-
pal horizontal stresses are equal; that is, these areas constitute
points at which the stress state is hydrostatic and are called
isotropic points. Such points may represent local maxima
or minima.

Another notable feature on the map presented in Figure 3
is the convergence in the orientations of De in the vicinity
of the Colombia—Panam4 border, which represents a triaxial
compression zone that is the product of the convergence of the
Andean, Coiba, and Panama Blocks in this area. In this zone,
the orientation of the maximum horizontal stress is the same in
all directions.

In Venezuela and at the Colombian border, the orientation
shifts counterclockwise from a NW-SE direction to a W-E di-
rection in the plains area with an inflection in the mountain
range, thus becoming perpendicular to the mountain chain. This
change is associated with dextral transform faulting between
the Caribbean and South American Plates.

To the north of Colombia, an alignment of thrust vectors
associated with the maximum horizontal stress is observed, and
it varies from a NW-SE orientation to the west of the serrania
de San Lucas in the NW to a W-E orientation at the border
with Venezuela.
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3.1.2. Stress Regime

Although the distribution of the stress regimes is heteroge-
neous, it is related to the processes acting in the region, and
the transitions between each type of stress regime are shown
on the map (Figure 4). Areas with compressional regimes (red
in the map) are found mainly in zones of convergence between
plates and blocks, for example, at the interface between the
Nazca Plate and the Andean Block off the coast of Ecuador and
southern Colombia, between the Coiba and Andino Blocks in
the northern Pacific region of Colombia, and between the Cocos
and Caribbean Plates along the Pacific and Caribbean coasts of
the Costa Rica—Panamd border.

Within the continent, the stress regime is mainly transpres-
sional (orange on the map) in Ecuador, the center and northern
segments of the Eastern Cordillera in Colombia, the eastern
and western piedmonts of the Middle Magdalena Valley, and
the northern and southern piedmonts of the Mérida area in the
Venezuelan Andes. In the Caribbean region, a transpressional
regime is also present between the Hess Escarpment and the
Caribbean region of Colombia, including the western Sierra
Nevada de Santa Marta mountain range.

Shear regimes (yellow) are dominant in the Panama fracture
zone, the Jordan Fault, and the Hey Fault, which define the
active limits of the Coiba Block.

Transtensional regimes (green) are present in the Nazca
Plate, in the area west of the Yaquina Graben, in the Coiba
Block, in the central and western mountain ranges of Colombia,
in the forearc zone and the northern volcanic zone of Colombia,
in the area of Panama east of the Panamd Canal and north of the
Hess Escarpment, in the Maracaibo Basin, and in the eastern
plains of Colombia.

An extensional regime (blue) is not common in the region
and is primarily observed off the Pacific coast of Colombia,
where seismicity clearly associated with the outer rise in the
Nazca Plate is observed. Furthermore, extension is observed in
isolated areas that possibly define zones of greater and lesser
coupling at the Nazca—Andean Block interface. Similarly, local
extensional fields are recognized in some of the largest sedi-
mentary basins because of transtensional structures (pull-apart
basins) and in elevated areas of mountain ranges in Colombia
due to the great lithostatic load caused by the topography.

Similar results have been observed in other areas of the An-
des in previous studies, such as Sébrier et al. (1985), who noted
that the local stress field produces extension in topographically
elevated areas (above 3000 m) and compression at lower el-
evations. This secondary stress field is superimposed on the
state of primary compressive stress caused by the convergence
of the Nazca and South America Plates, and permutations are
observed between the positions of the principal axes without
substantially changing their orientations. The local stresses
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must be derived from instability produced by the presence of
high—elevation topography and crustal roots, which produce
extension perpendicular to the plateau itself.

The orientations of De, and the described regimes are co-
herent with the geotectonic framework proposed by Arcila et
al. (2002).

3.2. Velocities and Strain Tensor

Recognizing that geodetic measurements can also be used to
estimate the strain rate tensor, a generalization of the velocity
field and horizontal strain tensor for the crust in northwestern
South America is obtained in this work from vectors of instanta-
neous velocities with respect to the fixed South American Plate
determined by satellite positioning.

For the analysis, we use the most recent multiyear solution
of the continental reference frame SIR15P01 from the pub-
licly available SIRGAS network (Sdnchez & Drewes, 2016a,
2016b). According to Sanchez & Drewes (2016a), SIR15P01
covers the period between 14 March 2010 and 11 April 2015
and includes the positions and velocities for 303 SIRGAS ref-
erence stations and 153 additional stations that were added to
improve the geographical distribution. The solution refers to the
IGb0O8 framework, epoch 2013.0, and has average positional
precisions of +0.7 mm/y for the north—south component, +0.9
mm/y for the east—-west component, and +3.5 mm/y for the
vertical component. In the case of the estimated velocities in
the multiyear solution, the precisions are estimated to be +0.5
mm/y for the north—south component, +0.8 mm/y for the east—
west component, and +1.6 mm/y for the vertical component.

The SIRGAS network of continuous operation (SIRGAS—
CON) is currently composed of approximately 400 stations in
Latin America, and it is based on the voluntary contributions of
more than 50 entities that have installed the stations and ensure
proper operations. These institutions then make the observa-
tions available to the analysis centers. SIRGAS—CON forms a
highly accurate geodetic infrastructure that provides the user
community with essential products to satisfy needs related to
positioning, navigation, cartography, and atmospheric and geo-
dynamic studies (SIRGAS, 2007).

In this study, a map of the horizontal velocity field with
respect to South America was initially generated. Because it is
continuous and has a higher resolution than maps in previous
works, the present map allows the rapid and easy identification
of the variations in the velocities and displacement orientations
that have been determined in this work (Figures 5, 6).

Generally, the northern block of the Andes in Ecuador ex-
hibits northeastward displacement. The zone of lowest veloci-
ties (close to 5 mm/y) is in cratonic areas in Colombia, Ecuador,
and Venezuela and extends to the axial zone of the Eastern Cor-
dillera in the north, where it bifurcates to the north in Colombia

and to the NE in Venezuela (Mérida Andes) and extends south
to the Upper Magdalena Valley. For the westernmost sector of
the Andean Block, the velocities are on the order of 10 mm/y,
with higher values observed in the coastal zone of Ecuador and
southern Colombia, which represents an effect of convergence
with the Nazca Plate where velocities double. An area with
lower velocity associated with the northern volcanic zone in
Colombia is also observed. Another increase in velocities is
seen in the Caribbean region of Colombia, where the orienta-
tions and velocities are associated with the displacement of the
Caribbean Plate. The highest velocities (25 to 30 mm/y) are
found in the Panamd Block due to the thrusting of the Cocos
Plate (Figure 6).

We have also generated maps of the strain rate (second in-
variant of the strain tensor) and determined the principal axes
of the horizontal strain tensor (Figures 7 and 8, respectively).
The values of the strain rates are <100 nstrain/y in crustal
zones and are highest in the Costa Rica—Panama4 border area
and the Andean zone of Ecuador. In Colombia, the highest
values are located in the south, where the Eastern Cordille-
ra detaches from the Western and Central Cordilleras. Other
zones with significant strain rates are observed in the area
bordering Ecuador, in northwestern and central Colombia, and
south of Bogota (Figure 7).

The strain tensors (Figure 8) can be identified in areas where
uniaxial compressive stresses of different magnitudes dominate
(e.g., the Costa Rica—Panamd border and the northwestern sec-
tor of Colombia). Hydrostatic stresses are observed in the cen-
tral segment of the Eastern Cordillera in Colombia, western
Panama, and the Pacific coast in Ecuador, where the horizontal
axes are equal, thus defining local maxima and minima.

The map of the total horizontal strain gradient shows the vari-
ations in the velocity changes, and the zones with higher strain
rates are presented on the map of the second invariant of the
strain tensor. This map highlights regions in eastern Colombia
with high horizontal gradients (implying greater surface strains)
that have not been well defined in previous analyses (Figure 9).

4, Discussion

This chapter presents an improved definition of the tectonic
processes occurring in northwestern South America, represent-
ing an advance compared to previous studies by incorporating
a higher density of information, and allows us to compare the
distribution of stress at depth (focal mechanism data) and the
deformation observed at the surface (GNSS data).

After providing results for each of the methodologies, an
integrated analysis is performed in this section to identify the
similarities and differences between them.

The projections on the map of the orientations of the strain
axes (deduced from GPS velocities) and maximum horizontal
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shortening (Dey) (deduced from earthquakes) show very sim-
ilar patterns (Figure 10). The greatest differences are found in
northeastern Colombia and Venezuela, where the lowest strain
rates are observed and the extensional-type regime dominates.

Although the orientations of De obtained from the focal
mechanisms do not provide information on their magnitude, a
comparison of the De, orientations and the compressive axes
deduced from the strain tensor data reveals that greater paral-
lelism between these parameters is observed in the zones where
the maximum horizontal axis is large, such as in Costa Rica and
western Colombia. In areas of low strain intensity, scattered
results are more likely, especially if the information is derived
from sources at different depth levels.

A comparison of the stress regimes deduced from the focal
mechanisms and the surface strain deduced from the GPS veloc-
ity vectors reveals that zones with higher degrees of compres-
sion are also zones with higher strain rates (second invariant).
Such areas include Costa Rica Rift and the Andean region of
Ecuador and Colombia, whereas an exception to this pattern is
found in the northern segment of the Eastern Cordillera.

This stress regime is characterized by an increasing magni-
tude of deformation from east to west produced by deep pro-
cesses; subduction is perpendicular in the Ecuadorian segment
and oblique northwards underneath Colombia, and its effects
on volcanism are evident. The volcanoes in Ecuador occur in a
compressive regime, which changes to transpressive in southern
Colombia, while the northern segment is extensional.

The greatest discrepancies between the two orientations
and between the stress and strain regimes are observed in the
northern zone between Colombia and Venezuela. Compressive
stresses occur in the two mountain ranges and along the range
front, and extensional stresses occur in the Maracaibo area.
Maps derived from GPS data do not capture these processes.
The discrepancies between the obtained results seem to be as-
sociated with the different spatial distributions of the data and
the different depths from which the information was obtained,
which is why the two types of data complement one another.

5. Conclusions

The joint analysis of focal mechanism data and GNSS data can
be used to provide regional—-scale descriptions of the dominant
stress regime, the orientations of De,, and the relationship be-
tween the stress regime and tectonics across large regions. Fur-
thermore, this type of analysis can even show local disturbances
related to crustal and topographic heterogeneities. The resulting
maps also provide information on the relative magnitudes of the
principal stresses.

In areas where the density of information is appropriate, the
results for the directions of maximum shortening and tectonic
regimes are consistent.
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From the analyses, we can identify the continental zones
that best accommodate the strain produced by the convergence
between plates and lithospheric blocks. These areas correspond
to zones that are mainly in compressional to transpressional
regimes and that exhibit the highest strain rates.

In the interface zone where the dominant regime is com-
pressional to transpressional, we can define zones that clearly
exhibit coupling between the subducting Nazca Plate and the
Andean Block and are separated by extensive areas with re-
duced coupling.

The present—day stress and strain results for the Colombian
territory obtained with the slip model using earthquake focal
mechanisms and strain rate tensor data show that the seismo-
genesis is directly related to the plate boundaries, and the results
are consistent with a seismotectonic scheme characterized by
the convergence of the Andean, Coiba, and Panam4 Blocks in
northwestern Colombia, by the W—E convergence of the Nazca
and South American Plates and by the relationships between
these plates and the Caribbean Plate.
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Explanation of Acronyms, Abbreviations, and Symbols:

CMT Centroid—moment tensor

De, Maximum horizontal shortening

e, Axis of maximum horizontal shortening

€, Axis of vertical strain

DGFI-TUM Deutsches Geoditisches Forschungsinstitut
der Technischen Universitit Miinchen

GMT Generic Mapping Tools

GNSS Global Navigation Satellite System

GPS Global Positioning System

IGb08 IGS terrestrial reference frame

k’ Ellipsoid shape factor

Mw Moment magnitude

P Compression axis

R Rake

SIR15P01 Solucién multianual

SIRGAS Sistema de Referencia Geocéntrico para las
Américas

SIRGAS—-CON SIRGAS network of continuous operation

T Tension axis

THD Total horizontal gradient

UCM Universidad Complutense de Madrid

€ Strain tensor

) Internal friction angle
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