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Abstract: The analysis of the degree of surface deformation can be a relevant aspect in the study of
surface stability conditions, as it provides added value in the construction of risk management plans.
This analysis provides the opportunity to establish the behaviors of the internal dynamics of the earth
and its effects on the surface as a prediction tool for possible future effects. To this end, this study was
approached through the analysis of Synthetic Aperture Radar (SAR) images using the Differential
Interferometry (DINSAR) technique, which, in turn, is supported by the Small Baseline Subset (SBAS)
technique to take advantage of the orbital separation of the Sentinel-1 satellite images in ascending
and descending trajectory between the years 2014 and 2021. As a result, a time series was obtained
in which there is a maximum uplift of 117.5 mm (LOS-ascending) or 49.3 mm (LOS-descending)
and a maximum subsidence of —86.2 mm (LOS-ascending) or —71.5 mm (LOS-descending), with an
oscillating behavior. These deformation conditions are largely associated with the kinematics of the
Bucaramanga Fault, but a recurrent action of deep seismic activity from the Bucaramanga Seismic
Nest was also observed, generating a surface deformation of £20 mm for the period evaluated. These
deformations have a certain degree of impact on the generation of mass movements, evaluated by the
correlation with the LOS-descending images. However, their action is more focused as an inherent
factor of great weight, which makes it possible to respond to early care and allows real-time follow-up,
giving positive feedback to the system.
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1. Introduction

The measurement of surfaces in terms of deformation by means of satellite data
acquisition techniques provides the opportunity to establish this behavior of the terrain
without direct action on the surface and with a high level of reliability of the data obtained.
These deformation conditions are associated with endogenous and exogenous factors of
terrestrial nature, where tectonic and structural activity (endogenous), and climatic and
anthropic conditions (exogenous) generate significant changes on surfaces. These states of
change are measurable through the processing of satellite images, where, with a temporal
development, a series of deformation data can be obtained that can be correlated spatially
and temporally with the internal and external factors of the earth that could have generated
these states of change. In this context, the analysis of these degrees of deformation can be
carried out through the observation and processing of satellite images where information is
obtained indirectly from the surfaces, but with great precision and resolution, depending on
the field of research in which it is developed [1]. In this sense, the analysis of the behavior
of surfaces by means of the construction of time series allows us to follow the evolution of
the deformation, which, in turn, can be related to the endogenous causative factors [2—4].
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For the construction of these time series, images obtained using radar sensors in active
remote sensing are used, such as Synthetic Aperture Radar (SAR) images, on which a
Synthetic Aperture Radar Differential Interferometry (DInSAR) technique is performed to
obtain these degrees of deformation sequentially or multi-temporally [5,6]. Interferometry
is the result of the difference between the phases of two images with different positions
and depending on the corrections and adjustments in the processing of the images due to
atmospheric, topographic and vegetation factors, among others, improves the accuracy
of the interferometric result, since these factors alter the phase of the signal [1,7-9]. Also,
to obtain the best result within the processing of the images, the Small Baseline Subset
(SBAS) technique is used, where both the temporal and spatial orbital separation of a short
way (baseline) is used to minimize the decorrelation and maximize the number of coherent
targets detected in the ground [2].

In the construction of these differential interferograms, radar images are used that have
been obtained via different satellite constellations such as COSMO-SkyMed—-CSK (Italian),
TerraSAR-X-TSX (German) or Sentinel-1, the latter of which is part of the Copernicus Earth
Observation program of the European Space Agency (ESA). As a reference point, the images
of the Copernicus constellation will be used for this research because the constellation
provides freely accessible and open data with a high spatial resolution of 5-20 m for
Interferometric Wide Swath (IW) [10]. The Copernicus constellation was launched in April
2014 and has two satellites (Sentinel 1A and 1B) that carry C-band SAR instruments on
board and orbit the Earth. These satellites are 180° apart and capture images of the Earth’s
surface every six days. C-band SAR images have a wavelength (A) within the microwave
electromagnetic spectrum between 3.8 and 7.5 cm and frequencies between 4 and 8 GHz,
which generate a signal penetration field in areas of forest cover (vegetation canopy) or
on dry surfaces up to 5 cm; this provides greater capability for SAR measurement of the
differential interferogram [11,12]. The processing of this type of images by means of the
DInSAR technique has been highly versatile in different fields of study, such as, for example,
in the estimation of the deformation generated by the co-seismic effect [7,13-16], in the
measurement of the deformation and velocity of the glacier mass [17-19], in the study of
volcanic deformation [20-22], in the analysis of landslides [8,23-25] and in studies related
to subsidence caused by mining activity, specifically on the effects of water extraction in
aquifers or geothermal energy [26-28]. Depending on what kind of study is to be carried
out on the conditions of the environment, the focus of the interferometric analysis will be
directed toward those conditions. As described by Hanssen [1], for earthquake, fault and
tectonic studies, interferometric analysis gives the ability to measure the deformation of
surfaces by their uplift and subsidence zones (faults and tectonics), or in the pre-seismic,
co-seismic and post-seismic phases, in terms of surface deformation (uplifted and sunken
region). In turn, these conditions can be extrapolated to the study of volcanic activity in
the case of an eruption, following pre-eruptive, co-eruptive and post-eruptive deformation.
Furthermore, they can be used in the study of land subsidence caused by mining activities
for water, gas, and oil extraction, where the rates of subsidence of the surfaces are observed,
or the study of the dynamics of glaciers, where the rate of movement of glaciers and ice in
the order of meters is estimated, as well as their velocity.

With this panorama, the study of the degrees of surface deformation from the time
series of differential interferograms is a powerful tool that allows us to determine these
rates of change, giving key points or states of deformation that can be associated with
endogenous (tectonic) factors specific to a study region. If this is placed in the context
of the present research, estimating these surface changes in terms of deformation can
provide a tool for the dynamic behavior of this surface derived from tectonic activity. In
this way, important elements can be provided for inclusion within the management of
resources or for the planning and ordering of the territory, since possible causes such as
mass movements and their effects can be correlated in a coherent way. This approach
is established because the technique used (SBAS) is suitable for carrying out studies to
measure and detect deformation with a non-linear variation in time, which is an important
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characteristic that is also shared by mass movements, since they do not have a linear
behavior in space and time [29-32].

In this sense, these tectonic and structural aspects are framed in regional terms, mainly
by the tectonic environment of the Bucaramanga Seismic Nest and regional faults, such
as the Bucaramanga Fault, which may be creating surface deformation contrasts due to
their activity. Reid [33] put forward his mechanical model of the “Elastic Rebound”, in
which it is described that the accumulation of great forces in certain preferential areas of
the Earth’s crust generates increasingly greater elastic deformations of the rocks until the
resistance of these rocks is exceeded, concurrently giving an almost instantaneous release of
the accumulated energy; as a result, a seismic wave is generated that creates different states
of deformation, giving way to the formation of fracture planes or faults, often visible on the
surface. This approach is due to the fact that, in recent years, the number of mass movement
events has increased in the study region, and these have generated substantial economic
losses in infrastructure and also claimed human lives. At the same time, in previous studies
carried out by the Colombian Geological Service (SGC), it has been described regionally
that for the present region, there are conditions of high hazard due to mass movements,
where rainfall and/or seismic activity are the greatest precursors [34,35].

2. The Test Area

For the present study, an area of 404 km? is taken as an experimental basis, which is lo-
cated north of the capital of Colombia (Bogota D.C.) and includes the cities of Bucaramanga,
Floridablanca, Piedecuesta and Tona (Figure 1). The study region is located in a sector
called Massif Santandereano, which has a very rugged topography and is a geographical
reference of vital importance, since it frames both geological and climatic conditions specific
to the study region. Within the experimental area, a rugged topography is described, with
an altitudinal elevation that ranges from 682 m to 3920 m. The difference between vertical
topographic points is 3238 m and between horizontal points is 26.1 km; this indicates
an altitudinal ascent of 124 m per kilometer, with a topographic mean of 2301 m. The
region has a slope between 0° and 80°, with an average of 26°, and its greatest extension is
between slopes of 23° to 32°. Most of its surfaces are oriented to the west-northwest (247.5°
to 337.5%). From a climatological point of view, the region has a varied climate, ranging
from hot arid to cold humid, passing through humid temperate and humid high moorland
(Instituto de Hidrologia, Meteorologia y Estudios Ambientales-IDEAM [36]). Precipitation
values ranging from 66 to 140 mm with temperatures between 23 °C and 29 °C above the
topographic level of 950 m (city of Bucaramanga), and precipitation values between 14 and
100 mm with temperatures between 8 °C and 14 °C above the topographic level of 1950 m
(northeastern region) are estimated [36].

In terms of geology, the region is made up of sedimentary, igneous and metamor-
phic rocks, dating from between the Precambrian supereon and the Quaternary period,
where 55% correspond to metamorphic rocks (schists, phyllites, gneisses, migmatites and
quartzites) from the period between Precambrian and Pre-Devonian; 31% are igneous
rocks (quartz-monzonitic and granites), most commonly from the Triassic-Jurassic period,
and 14% are sedimentary rocks (sandstones, limestones, conglomerates and shale), most
commonly from the Cretaceous period, in addition to deposits from the Quaternary pe-
riod [37]. Tectonically, the study region falls within the structure of the Santander Massif
that is located within the eastern mountain range of Colombia and presents conditions of
crustal deformation due to uplift processes, with transpressive and transcurrent events,
and compressive deformation with folding in sedimentary rocks, which generates different
degrees of deformation [38,39].

Structurally, the main feature of the study region is framed by the stroke of the
Bucaramanga Fault, which is a regional structure with a combined component in the
strike (sinestral) and in the dip (reverse), with an NNW-SSE direction [37,39,40]. From the
geomorphological point of view, the region is characterized by a development of very large
areas where there is the interaction of processes such as sedimentation in the lower parts
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and active erosion in the mountainous region, with an abrupt relief, straight and steep
slopes, rounded and sharp blades and deep and rectilinear drainage. It demonstrates a
subparallel drainage pattern, parallel to subdendritic, with “V” shaped valleys typical of a
relief with strong structural control [38].
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Figure 1. Study area for the evaluation of surface deformation (red polygon). The yellow and orange
dates describe the scenes and the direction of acquisition of the images belonging to the Copernicus

Sentinel-1 program.

3. Methods and Materials

For the analysis of the degree of temporal deformation of the surfaces in the study
region, and as this deformation may be related to the regional tectonic activity, a correlation
is sought between the temporal analysis involving data obtained using the Synthetic
Aperture Differential Interferometry (DInSAR) technique and the factors that influence
this ground deformation due to the kinematics associated with the effect generated by
the Seismic Nest of Bucaramanga and the Bucaramanga Fault. To this end, based on the
workflow described in Figure 2, this relationship is sought to establish points of convergence
that give an idea of the terrain’s pattern of behavior. The use of DINSAR data can be a very
versatile tool in the study of ground deformation conditions, as it provides the opportunity
to generate an analysis regionally, with advanced satellite techniques, low costs, and a
shorter data processing time [23,41].
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Figure 2. Workflow of the study of ground deformation through the analysis of DINSAR data and its
correlation with regional tectonic activity. SBAS: Small Baseline Subset.
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To establish the relationship between these conditions following the designed work-
flow (Figure 2), the first and second steps are carried out via the Alaska Satellite Facility
portal [42], in which satellite images taken over the study region are delimited, filtered,
processed, and downloaded. Within these first two steps is framed the pre-processing of
the satellite images provided on the ASF portal, which are part of the European Space
Agency’s (ESA’s) Copernicus program and its Sentinel-1 mission, which takes images of
C-band synthetic aperture radar [43]. The selection of the images is performed by means
of the classification of specific parameters based on creating a phase difference between
multi-temporal pairs of Synthetic Aperture Radar (SAR) images of the same study area.
This allows precision monitoring of regions that present deformations or displacements
in the ground surfaces that are observed based on the record generated by the satellite’s
Line-of-Sight (LOS) displacement image [1]. Within the configuration parameters (filters)
in the ASF portal, the selection polygon for the Sentinel-1 images is created, the date range
is established (which for the present study is carried out in multi-temporal mode between
the years 2014 and 2021), the type of image format is selected to generate the differen-
tial interferometry, Single Look Complex (L-1 SLC), Imaging Mode, Interferometric Wide
Swath (IW), Polarization (Dual HH + HV, VV + VH and Single HH, VV) and Satellite Path
Direction (Ascending and Descending), both of which are independently processed paths.

With the classification parameters established, a relationship between SAR images is
then sought to generate a chronologically ordered pair (master and slave image), basically
defined as the baseline selection for the two images. This was done in order to create
differential interferometry from the selection of images by means of the Small Baseline
Subset (SBAS) technique, taking advantage of the characteristics of SAR images for a short
temporal and special baseline [2,44]. With the creation of the baseline and the selection
of the ordered pair of images, the processing of these elements is carried out to obtain
differential interferometry. This processing is performed using the Alaska Satellite Facility’s
Hybrid Pluggable Processing Pipeline (ASF HyP3) program, which is a tool available on
the ASF portal [45,46]. The ASF HyP3 is a free service that was developed to process
synthetic aperture radar (SAR) images, benefiting users by reducing image processing
where distortions are eliminated, the amount of computing resources is minimized, some
program complications and usage costs are eliminated and the user is helped to manage
the complexity of SAR processing [45,46]. The products generated under the ASF HyP3
have a spatial resolution of 40 m and are based on the Copernicus GLO-30 Digital Elevation
Model (DEM), which has a native resolution of 1 arcsecond (about 30 m).

For processing in the ASF HyP3 program, the Sentinel-1 image pair is selected in
the direction of the ascending and descending orbital direction. This procedure is carried
out independently and in parallel thanks to the benefits provided by the support of the
ASF portal, in which the processing of the images is carried out by means of a work order
that is uploaded to a cloud, of which a series of internal orders (11 steps) are executed,
arranged in three phases (pre-processing, INSAR processing, post-processing) [45]. From
this procedure, a total of 11 products are obtained, arranged by selection in the configuration
of the processing characteristics that are executed in the work order. The products of
the Coherence Map (correlation), Line-of-Sight Displacement Map (LOS) and Vertical
Displacement Map are acquired for the present research.

The coherence map expresses the overlap between the two images and represents
the homogeneity generated by the correlation of pixels measured between the phase
of two images in a window centered on that pixel; of this overlap, the values close to
1 will have the greatest consistency [1,45,46]. The Line-of-Sight Displacement Map (LOS)
is a one-dimensional projection that describes the movement of the ground in meters
along the display vector (line of sight) and is based on the conversion of the unwrapped
differential phase, where positive values are observed as uplifts and negative values as
subsidence [23,45-47]. The vertical displacement map is a projection from the differential
phase measurements, developed under the assumption that the displacement is completely
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in the vertical direction by means of a mathematical transformation of the LOS displacement,
and its values are expressed in the same condition as LOS [45,46,48,49].

The third step described in the methodological workflow (Figure 2) consists of a
statistical analysis based on the differential interferometry performed on each pair of
Sentinel-1 images. For this analysis, a certain number of zones or areas (ratio in pixels)
are taken randomly that are the most concordant among all the images resulting from
interferometry as Statistical Control Points (SCP). From these control points, a correlation
is made with the images to establish a time series (multi-temporal), thus describing the
behavior of the degrees of deformation present in the study region [5,50,51]. For this
statistical analysis, the Sentinel-1 images arranged in the ASF port between the periods
2014 and 2021 are selected, where the pair of images for differential interferometry are
taken at an interval of 3 months, thus generating 4 interferometry images per year. The
construction of this analysis is carried out by means of a box-whisker diagram where the
characteristics of time, dispersion and symmetry of the control points are described. The
fourth step described in the methodological scheme comprises two phases. These phases
involve the correlation and analysis of the tectonic environments (Bucaramanga Seismic
Nest and the Bucaramanga Fault) and the surface displacement states in temporal terms.
This analysis seeks to establish a deformation pattern of the rock massif based on the multi-
temporal analysis and its correlation with regional tectonic elements. These deformation
patterns, evaluated according to regional tectonic-structural aspects, can aid understanding
of the dynamic behavior of surfaces as a function of the generation of instability planes as
an inherent endogenous parameter. To carry out this analysis, the seismic record is taken,
which is acquired by downloading historical data from the database of the Colombian
Geological Service (SGC) within a radius of 200 km [52], and centered on the city of
Bucaramanga, Colombia. Seismic events recorded in a depth range between 0 and 50 km
(crustal region) are also selected [53,54] with a Moment Magnitude (Mw) greater than 4.0.
This magnitude reference is taken from the studies carried out by Keefer [55,56] and also the
contributions generated in the studies carried out by Rodriguez et al. [53], Papadopoulos
and Plessa [57] and Bommer and Rodriguez [54], where a variation of the threshold defined
by Keefer in terms of minimum magnitude and distance is described, and in which seismic
activity can generate surface effects such as mass movements.

For the fifth step within the methodological scheme, a comprehensive analysis of the
deformation factors present in the study region is carried out, examining how these factors
may be influencing the generation of surface instability effects. Being able to establish
this type of superficial dynamic behavior would contribute greatly to regional knowledge
on this subject, providing a tool that would facilitate the construction of surface models
that can provide answers during the construction of regional development plans within
an anthropogenic environment. In turn, within the context of disaster risk management,
they would contribute greatly to management and development plans for the protection
and expansion of natural and/or anthropogenic areas, integrating specific information into
studies of susceptibility and hazard of geoenvironmental risks.

4. Results

For the analysis of the degree of deformation present in the Santander rock massif in
the study region, we started with the construction of the temporal sequences of differential
interferometry from the Sentinel-1 images. For this construction, the study region (creation
of the polygon) was delimited within the ASF portal for the selection of images in order to
define the baseline and subsequently develop the SBAS technique [2,6]. The configuration
parameters described in Section 3, steps 1 and 2, were applied for each pair of Sentinel-1
images in its ascending and descending orbit. The selected Sentinel-1 images covered the
period from 2014 to 2021, with a ratio between images (master and slave) of every three
months (90 days) and a spatial resolution of 40 m. A total of 59 Sentinel-1 images were taken
from the present selection, generating a total of 225 pairs for differential interferometry
(111 ascending and 114 descending) [42,43]. The images selected for the production of the



Remote Sens. 2024, 16, 449

7 of 25

interferograms had a temporal (<90 days) and short spatial (<200 m) baseline to limit the
loss of coherence between pixels [58].

With the baseline established and the configuration parameters selected, the differen-
tial interferograms were calculated using the SBAS technique by means of the ASF HyP3
program [45,46]. To eliminate the topographic contribution, as mentioned in Section 3, the
ASF HyP3 program takes as its base the Copernicus GLO-30 DEM with a spatial resolution
of 30 m; in turn, for the execution of the work order, a selection was made by the type of
product to be obtained based on the required spatial resolution. This selection considered
two types of appearance, 20 x 4 or 10 x 2, which determine the resolution and pixel spacing
of the resulting images (products). The first number indicates the number of looks in the
range and the second number is the number of looks in azimuth [45,46]. For the present
research, the 10 x 2 appearance generated by a product with a spatial resolution of 40 m
was taken, since the 20 x 4 appearance has a resolution of 80 m. The 10 x 2 appearance
was taken because the generated product has a high degree of detail which can provide a
greater contrast of the zones of punctual deformation over the study region, which also
favors the correlation with the areas that have historically presented unstable points on the
surface (mass movements).

The products generated and subsequently downloaded from the ASF portal were
delimited to the geometry of the study region (404 km?), in order to perform the analysis
of the deformation from the statistical control points (SCP), followed by the correlation
with the catalog of seismic events associated with each tectonic geometry. The first product
obtained corresponded to the coherence map, which was an important basis for the follow-
ing analyses, since this product determines the degree of correlation between the pair of
processed SAR images. The coherence threshold used was >0.5 (medium to high multilook
factor) for the present research. From this threshold, an average of 24,105 coherent pixels
out of 252,377 was described for the entire study region between the ascending-orbiting
interferograms and 19,930 coherent pixels for the descending-orbiting interferograms
(Figure 3a).

To perform the statistical analysis, a sample size of 3550 SCP was taken for inter-
ferograms in ascending orbit and the same for the descending orbit; this selection was
made randomly (Figure 3b). From the correlation of the SCP with each interferogram in
ascending orbit, it is described that, for the range between 0.7 and 1, there is a number of
67.2% of coherent accumulated pixels (Figure 3c), and for interferograms in descending
orbit at that threshold, 64.2% of coherent cumulative pixels are present (Figure 3d). At the
same time, it is observed that the number of pixels with a good correlation with reference to
the total area of study is very low, in a ratio of 1:10 (approx. 10%); therefore, the points that
were generated as SCP were taken as evaluation points for the analysis of the Line-of-Sight
Displacement Map (LOS) and the vertical displacement map. This aspect is important to
highlight, since, as can be seen in Figure 3a, for the total area of the study region, 90% of
pixels show low coherence (<0.5). This is largely due to the effect generated by the areas
that have dense vegetation cover 48% (194 km?) of the study region.

Vegetation is one of the factors that generates a volumetric dispersion effect within
the interferogram, showing low coherence values that are described as areas that contain
only noise, since significant vegetation cover reduces the spatial density of the coherent
elements [8,25]. The effect of vegetation is described due to its high presence in the region,
since it was possible to identify forested areas from an analysis that considers the minimum
canopy density of 30% and minimum canopy height in situ of 5 m, with a minimum area of
0.01 km?. This information was acquired through satellite monitoring of forest areas carried
out by the Institute of Hydrology, Meteorology and Environmental Studies (IDEAM), based
on medium- and high-resolution images from Sentinel 1-2 and Planet Scope [59]. The other
factor influencing the low coherence for the region is the topographic slope relationship. If
we take as a reference the areas that have a slope > 30°, they represent 34% (137 km?) of the
study area, to which condition is added the geomorphological aspect, which is described as
an abrupt relief with straight and steep slopes. This effect of topography on the coherence
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of short baseline interferograms is very important, as areas with steep relief or a high slope
often induce important atmospheric signals [8,24].
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Considering the above, the objective of this research is to estimate the degree of
deformation of the rock massif in the study region influenced by the tectonic elements
present, and as an added value, how this deformation can inherently affect the creation
of unstable planes. To this end, the regions that present a high coherence within the
interferograms are selected, in addition to the selection of the SCP as internally distributed
points that are found in the regions that have a relatively flat, homogeneous topography
of great extension and with a low density of vegetation (forests). They were considered
because regions with arid terrain or little vegetation, and with homogeneous and flat
surfaces, can obtain high values of temporal coherence [1,60]. This allows a coherent
evaluation to be made for the degree of analysis required in the present research, where the
physical concept was also applied that the rock massif for the study region behaves as a
rigid body that is limited by the regional tectonic and structural context. In this way, the
average degree of deformation is established for the entire study region with some subtle
internal variations.
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Within the statistical analysis, as a function of differential interferometry (step 3,
Figure 2), the construction of the multi-temporal statistical sequence of each differential
interferogram in ascending and descending orbit was carried out, where the Line-of-Sight
Displacement Map (LOS) and the vertical displacement map products were downloaded,
which were correlated with the SCP. These products were obtained under the work order
carried out on the ASF portal and were later delimited to the geometry of the study region.
The correlation of the SCP with each of the differential interferograms was performed
independently for the LOS and vertical (ascending and descending) images, and from this,
a box-whisker diagram was constructed, obtaining four multi-temporal sequences that will
be shown later. The degree of deformation present in the study region, described by the
relationship between the SCP and the differential interferograms between the years 2014
and 2021, is shown in Figure 4; here, we can see the behavior of the displacement of LOS
in Figure 4a, and in Figure 4b, the transformation to the vertical, and observe these two
sequences in the ascending direction of the satellite. The sequences described in Figure 4a,b
show the same trend, but the vertical displacement has a slight increase with respect to
LOS. Since the vertical displacement is the transformation of LOS, the maximums and
minimums generated on the analyzed region are described [49].

For these two sequences, a maximum (uplift) displacement in the vertical of 151.7 mm
(117.5 mm in LOS) and a minimum (subsidence) of —110.2 mm (—86.2 mm in LOS) are
found. Looking at the complete sequence, between the years 2014 and 2017 the highest
rates of deformation are described. Subsequently, a somewhat homogeneous and stable
behavior is observed, with an oscillating trend giving an elastic rebound effect that remains
in the system at a low magnitude for the subsequent years. On the other hand, in Figure 4c,
we can observe the displacement behavior of LOS and in Figure 4d, the transformation to
the vertical in the descending direction of the satellite. These two multi-temporal sequences
have a maximum vertical deformation of 59.7 mm (49.3 mm in LOS) and a minimum of
—85 mm (—71.5 mm in LOS) present in 2018. The general behavior of these two sequences
differs with respect to Figure 4a,b; this is due in part to the position of the satellite (ascending
and descending) and the antenna receiving the backscattered signal, which may be affected
by the orbital phase, angle of intake or geometric condition of the medium [1]. The latter,
with reference to the orientation and slope of the surfaces of the study region, added to a
possible change in the direction of displacement created by seismic activity and the motion
tensor, which describes the geometry of the faulted plane in a two-dimensional way and its
movement, the latter of which will be evaluated below. The sequence in general manifests
the same singularity as the ascending sequence, with an oscillatory effect of low magnitude.

For the analysis of the deformation sequences correlated with the seismic events
present in the study region, we first want to clarify that this analysis was approached
from a temporal perspective between these two aspects. The objective is to determine the
influence of seismic activity as a surface deformation element within the pair of processed
SAR images, especially for the co-seismic deformation generated by an earthquake [7,61].
For this analysis, the information reported by the Colombian Geological Survey (SGC)
was used, in which a record of 86,817 seismic events was obtained for the period between
2014 and 2021 [62]. These events were selected with the parameters of depth (<300 km),
magnitude (>1 Mw) and a radius of 200 km (center in Bucaramanga). A filter was made
for this catalog where events with a depth between 0 and 50 km, magnitude > 4 Mw
and a radius of 200 km were selected, producing a total of 17 seismic events with these
characteristics, whose horizontal distance with respect to the study region was calculated
(Table 1). The other events present in the selection will be discussed in greater detail in the
next chapter with reference to their participation in the degrees of deformation.
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Figure 4. Displacement behavior for the study region between 2014 and 2021 taken from the
SCP (0.7-1). Behavior of the satellite’s Line-of-Sight Displacement (LOS) with ascending orbital
direction (a). Behavior of vertical displacement with ascending orbital direction (b). Behavior of the
satellite’s Line-of-Sight Displacement (LOS) with descending orbital direction (c). Behavior of vertical
displacement with descending orbital direction (d).

For the present analysis, the 50th percentile that is part of the analysis of the SCP (0.7-1)
of the previously generated statistical construction of each differential interferometric pair
was taken, and this was correlated with the inventory of selected seismic events. The
purpose of this correlation is to observe whether the seismic event had an impact on the
deformation of the ground, and in what type of phase, but it does not fully describe the
rate of displacement. This is due to the separation applied for the interferometric process
of the images (3 months), which is not directly correlated with the date of the seismic event.
This condition only provides information on the present correlation between cause and
effect but does not fully establish the displacement rate in the factor of magnitude, since
this requires a more detailed analysis that considers each seismic event separately. For



Remote Sens. 2024, 16, 449

11 of 25

ascending LOS interferograms of the satellite (Figure 5a), it is observed that registers S7, S8,
510, S11 and S17 (Table 1), contrasted with the generated deformation line, create a positive
displacement phase (uplift) due to the co-seismic effects generated. Based on the present
correlation, aspects that differ between each sequence can be observed (Figure 5a,b).

Table 1. Inventory of seismic events present for the study region obtained from the SGC [62], with
depth selection parameters from 0 to 50 km, magnitude >4 Mw and radius of 200 km.

Code Date (I]“)aet;rtcel:) ](“B:z:::; Depth (km) Mag\z;t};lde Distance (km)
S1 5 February 2015 8.356 —72.102 3 4.0 186.3
52 5 February 2015 8.355 —72.131 4 54 180.1
53 11 April 2015 6.395 —73.273 3 43 69.7
54 19 September 2015 6.064 —74.294 4 4.5 175
S5 30 January 2017 6.533 —73.364 32 4.0 63.4
56 7 March 2017 7.277 —72.152 2 41 99.3
57 8 August 2017 6.593 —72.203 4 4.9 96.7
S8 25 May 2018 6.941 —72.335 21 41 73
59 22 August 2018 6.22 —74.157 20 4.0 152.4
S10 5 November 2019 6.994 —73.066 5 4.2 5.6
S11 21 December 2019 6.994 —73.066 5 41 5.6
S12 30 January 2020 6.994 —73.066 5 4.2 5.6
S13 14 February 2020 6.093 —73.943 11 4.0 142.3
S14 6 March 2020 6.994 —73.066 5 41 5.6
S15 4 September 2020 6.994 —73.066 5 45 5.6
S16 29 January 2021 7.053 —72.145 15 43 93.7
S17 23 March 2021 7.394 —71.806 30 46 139.4

An important aspect to note at this point is the relationship proposed by Massonnet
and Feigl [7], with respect to the deformation patterns observable within the interferogram,
since earthquakes of a magnitude M > 5 and with a depth of <10 km can generate clear
stripe patterns. According to this, the S7 event would be concordant with these conditions,
but observing the deformation line, its impact on the study region was slight. This is due
to the distance between the event (epicenter) and the study region, which has a length
of 96.7 km, which is why the degree of deformation as a zonation decreases as it moves
away from the epicentral site, as can be seen in the works of Hashimoto et al. [63] and
Ganas et al. [64]. In turn, this event is associated with the stroke of the Guaicaramo
Fault (kinematics reverse-dextral), which is an active fault with a moderate activity rate
(0.1-1 mm/year) [65]. In addition to the above, events S8 and S17 present a positive phase,
but their depths (21 and 30 km respectively) are not concordant with what was proposed.
For the satellite’s LOS interferograms descending (Figure 5b), it is observed that registers
51,52, 53, S8, 510, 511, S15 and S17 (Table 1) have a positive displacement phase (uplift)
due to the co-seismic effects generated. Of these events, only S2 would be consistent
with what was proposed by Massonnet and Feigl [7]; the others differ in one condition or
another. Events 54, S5, 56, S9, 512, S13, 514 and S16 differ in some parameters from those
proposed; in addition, their geometry is seen in a negative displacement phase (subsidence).
On the other hand, event S5 is associated with the stroke of the Suarez Fault (kinematics
reverse-sinistral), which is an active fault with a low (0.01-0.1 mm/year) to moderate
(0.1-1 mm/year) activity rate [65]. The S13 event is associated with the stroke of the La
Salina Fault (inverse kinematics), which is an active fault with a low (0.01-0.1 mm/year)
to moderate (0.1-1 mm/year) activity rate [65], and events S10, S11, 512, S14 and S15 are
associated with the stroke of the Bucaramanga Fault (kinematics reverse-sinistral), which is
an active fault with a moderate (0.1-1 mm/year) to high (1-10 mm/year) activity rate [65].
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Figure 5. Behavior of displacement in LOS for the study region between the years 2014 and 2021,
taken from the 50th percentile of the statistical analysis of the SCP (0.7-1). LOS displacement with
ascending orbital direction (a). LOS displacement with descending orbital direction (b). Red lines
demarcate seismic events, where the first number is the code for the event and the second number is
the Magnitude (Mw).

As mentioned above, there is a significant discrepancy between the deformation rates
observed by the ascending and descending view of LOS and their correlation with seismic
events. This behavior is largely due to the acquisition geometry and the sensitivity of
the signal due to the effect of the displacement of the satellite, which is limited only to
measuring the movement of the ground in a one-dimensional (1D) way in the field of view
of LOS, thus acquiring the displacements due to the co-seismic effects in an anamorphic way
and with biased source parameters [66,67]. The other factor that influences the behavior
of Figure 5a,b, especially where it correlates with the events of Table 1, is the effect of the
focal mechanism, since it describes in a two-dimensional way the geometry of the fault
plane and its motion. An important aspect to mention within the general behavior of
Figure 5a,b, is that these are the sectors that do not have a point of convergence with the
seismic record, since it is not possible to establish the reason for the present deformation.
Among these sectors is the behavior, especially in 2016 and 2019, in an ascending and
descending direction, which, in turn, relatively describe the highest rates of deformation
without a seismic event that presents the aforementioned characteristics. Taking this into
account and adding other sectors that present the same conditions, the surface seismic
events, as described, would not generate the present surface deformation. Based on this,
for the present research and taking into account the results obtained from the superficial
analysis, which are based on the descriptions made by Massonnet and Feigl [7], temporal
spaces are observed within the sequence of differential interferometry images that do not
present a convergence with this surface tectonic analysis. In this sense, in order to establish
a broader assessment where a scenario that generates these disturbances is proposed, an
assessment from a more regional point of view will be addressed.

With this approach, it is observed that the study region is located at the interaction
of three tectonic plates (Nazca, Caribbean and South American Plate) that generate at the
level of the Colombian territory zones that are described in the study by Chen et al. [68] as
subduction, stable continental region (non-Craton) and active continental shallow region,
the latter being the area where the study region is located. Within the active continental
shallow region, there is a particular feature belonging to the tectonic environments, defined
by Taboada et al. [69,70] and named as the “Seismic Nest of Bucaramanga”, a term used for
the first time by Tetsuo Santo in 1969 (cited in Prieto et al. [71]) that refers to a large number
of intermediate-depth seismic events present in the Bucaramanga region; this reference
also alludes to the definition proposed by Richter [72], in which he defines the sectors
with a large number of seismic events worldwide as a “Seismic Nest”. This tectonic aspect
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distinguishes the Bucaramanga Seismic Nest due to its large number of seismic events with
magnitudes between 4 and 5 (Mw) and depths between 140 and 200 km [71].

The present tectonic context arises for the study region due to its proximity, and also
due to its large amount of seismic activity. Taking into account the analysis generated by
Valencia Ortiz et al. [32], in which an estimate of the seismic productivity generated by the
Bucaramanga Seismic Nest is made from a catalog of events between the years 1993 and
2021, it is observed that, for the region, a total of 524 events of magnitude 3 Mw, 42 events
of magnitude 4 Mw and three events of magnitude 5 Mw can be generated per year. From
this analysis and considering the seismic events that were not previously selected, a further
evaluation was carried out, selecting the events of magnitude >5 Mw and depth >50 km
(Table 2). From the present selection, a total of 17 seismic events were found, which
were correlated with the multi-temporal sequences of the differential interferograms of
LOS-ascending and LOS-descending created by the 50th percentile. From the present
correlation, a high convergence of the dates of seismic activity is observed with the regions
that presented temporal spaces where the action of an element that generated the present
surface deformation was not evident.

For the multi-temporal sequence on the line LOS-ascending (Figure 6a), it is observed
that the seismic events P3, P4, P5, P9, P11, P12, P14, P15 and P16 (Table 2) describe a
negative phase (subsidence) due to the co-seismic effects generated. These events have an
average depth of 148 km, with an average horizontal distance to the study region of 26 km,
which would be found in the tectonic environment of the Seismic Nest of Bucaramanga.
An aspect of these events that it is important to describe is their shape, which is evidenced
in a subsidence phase a condition that would be framed to a greater extent by the type of
focal mechanism which describes the geometry of the fault and its movement, the latter
being important for its relationship with the field of view in the satellite’s trajectory; these
aspects will be evaluated later.

Events P1, P2, P6, P7, P8, P10, P13 and P17 describe a positive phase (uplift). For the
multi-temporal sequence on the line LOS-descending (Figure 6b), it is observed that the
seismic events P1, P2, P5, P7, P9, P11, P14, P16 and P17 (Table 2) describe a subsidence
phase, and are found at an average depth of 148 km and an average horizontal distance of
26 km (except for P2, which is 182 km), which condition places them on the Seismic Nest
of Bucaramanga.

Table 2. Inventory of seismic events present for the study region obtained from the SGC [62], with
depth selection parameters >50 km, magnitude >5 Mw and radius of 200 km.

Code Date (]]“)a:;trl;:; ](“BI;;:::; Depth (km) Ma(%\z‘l::de Distance (km)
P1 25 November 2014 6.82 —73.166 150 53 21
P2 14 December 2014 5.449 —73.748 151.1 5 182
P3 10 March 2015 6.825 —73.134 157.7 6.4 18
P4 22 March 2015 6.804 —73.147 154.6 5 20
P5 14 October 2015 7.742 —73.329 117.6 55 68
Pé6 22 September 2016 6.83 —72.972 163.1 5 11
P7 4 September 2017 6.827 —73.145 156 5 18
P8 1 October 2017 7.657 —73.261 137.7 5.7 57
P9 8 January 2018 6.839 —73.139 154.7 5.5 17

P10 31 May 2018 6.814 —73.143 148.99 55 19
P11 7 August 2018 6.87 —73.109 150.02 5.6 13
P12 24 January 2019 6.829 —73.179 151.51 53 22
P13 22 September 2019 6.823 —73.12 152.77 52 17
P14 28 March 2020 6.809 —73.161 148.6 5.1 21
P15 9 July 2020 6.813 —73.209 150.18 52 25
P16 16 December 2020 6.805 —73.213 147.46 5 26

P17 12 October 2021 6.818 —73.205 158.25 5 25
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Figure 6. Behavior of displacement in LOS for the study region between the years 2014 and 2021
(50th percentile). Ascending orbital direction (a). Descending orbital direction (b). Red lines demar-
cate surface seismic events, blue lines demarcate deep seismic events.

Events P5, P9, P11 and P14 are observed in both satellite trajectories due to the type
of motion (focal mechanism), and events P1, P2, P3 and P4, which present an inverted
phase in Figure 6a,b, display a condition also associated with the focal mechanism and
the way of observing the satellite trajectory. From the present analysis, it is observed
that the seismic events are not concordant with what was described by Massonnet and
Feigl [7] in relation to the magnitude and depth; however, if we take into account what
has been observed from the behavior of the graph (Figure 6), in addition to a degree of
magnitude that is greater than 5 Mw, the seismic productivity, the proximity of the events,
the tectonic environment and the type of rock (which would have a better response in the
propagation of the energy released by the seismic event), a high correspondence between
the degrees of surface deformation and the deep seismic events present in the study region
is obtained. However, unlike surface events, these would generate subtle changes in the
surface deformation that would occur within a range of 20 mm (data calculated from the
values of the interferograms only where they correlate with the deep events).

On the other hand, performing the analysis of the focal mechanisms generated from
the seismic record of each event, this clear correspondence of the shape of the graph in its
subsidence and uplift phases is observed, which, in turn, is also influenced by the field of
view of the satellite trajectory. The focal mechanism shows the geometry and movement
of the fault described from the proposed solution to determine a behavior of compression
(reverse fault), expansion (normal fault), transformation (strike slip fault) or combined
(oblique fault). In this context, punctually, for the trajectory of LOS-ascending in positive
phase (uplift), the events P1, P7, P13, P17, S8 and S17 (oblique) are concordant with the
degree of deformation on the surface, and the events P3 (normal), P9, P11 and S5 (strike
slip) and P4, P5, P14, P15, P16, S1, S2, 57, 59, 513, 515 and S16 (oblique) agree with the
negative phase (subsidence) (Figure 7). For the trajectory of LOS-descending in positive
phase, events P4, P12, P13, P15, S1, S2, S7, S15 and 517 (oblique), S8 (reverse), and in
negative phase, events P1, P5, P7, P14, P16, P17, S9, 513 and S16 (oblique), P9, P11 and S5
(strike slip) and P2 (normal) are concordant with the degree of surface deformation. We
want to make it clear that, due to the strike plane described by the strike and oblique focal
mechanism, these can occur in both the directions of LOS-ascending and descending.

In order to establish a correct correspondence of the focal mechanisms of the surface (S)
type, an association was made with the structural styles described on the surface as a refer-
ence point between the type of seismic activity, the tectonic and/or structural environment
and the manifestation of the type of deformation on the surface (positive or negative). At
the same time, for the focal mechanisms of the deep (P) type, based on their description in
location and geometry, they were located on the tectonic environment in which this seismic
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activity would be generated (Table 3). From this correlation, the source that generates
the seismic activity and the effects generated on the surface are coherently established,
providing reliable support to support the cause/effect conjecture.

74°0'0"W 73°0'0"W 72°0'0"W

Strike Slip

EocalPs :
%f <

Ny

Reverse

()

Oblique

Figure 7. Focal mechanisms present in the region from the inventory of surface (S) and deep (P)
seismic events. The purple polygon represents the study region, and the yellow lines are the main
structures. Focal mechanisms were taken from the SGC [73] and the main structures were taken from
the SGC [74].

However, on the graph (Figure 6), there are still sectors that do not correlate with a
seismic event generated from the two selections made (surface and deep). In this sense,
the option of smaller magnitude events (4 to 5 Mw) that could have an impact on surface
deformation conditions was explored. To do this, the range of dates that did not present
a seismic event was taken as a basis and on this basis, a seismic event with the highest
reported magnitude and that presented a focal mechanism according to the deformation
generated was sought (Table 4).

From this analysis a new research question is generated: To what extent can deep seis-
mic events have an impact on the degrees of deformation on the surface? A solution to this
question could be posed by the acquisition of data of greater precision than those described
by the analysis of satellite observations. This data acquisition can be given by a direct
measurement on the evaluated surfaces in this case, on the rock massif (Santander Massif),
which through the installation of a Global Navigation Satellite System (GNSS) would have
real-time data in the three coordinates for the moment of seismic wave generation. With this
information, a more concrete answer could be given about the low-magnitude (Mw < 5)
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deep seismic activity that may be generating surface deformation effects. In the same way,
without considering the above, a great correspondence between seismic activity and the
degrees of surface deformation is observed for the present study. This activity is directly
proportional between the cause that is generated by the seismic event and its effect, which is
described by the deformation created, considering that this deformation has variables that
depend on the magnitude of the event, depth, focal mechanism, and horizontal distance,
which are conditions that define the rate of displacement.

Table 3. Description of the structural styles and tectonic environments present for surface (S) and
deep (P) seismic events.

Current Stress

Event Fault Name Structure Type Vergence State Field Reference
S1 i
Aguas Calientes Dextral-reverse SE Active - [75]
S2 Fault
S5 Suarez Fault ReYerse— W-vertical Active Compressive
sinistral E-W
S7 Guaicaramo Fault  Reverse-dextral Y Active Compressive
S8 Chitaga Fault Reverse SE Potentially active - [65]
S9 Cambras Fault Reverse E Potentially active -
. . Compressive
S13 La Salina Fault Reverse SE Active NW-SE
S15 Bucaramanga Fault Sinestral- E-vertical Active Compressive
reverse E-W
S16
s17 Caparo Fault Reverse-dextral NE Active - [76]

Observation 1: Events that do not have a description of the focal mechanism, such as S3, would be associated

with the stroke of the Confines Fault (strike-slip), S4 with the stroke of the Cambras Fault (reverse), S6 with the
stroke of the Caparo Fault (reverse-dextral), 510, S11, S12 and S14 with the stroke of the Bucaramanga Fault

(sinistral-reverse).
Observation 2: For all deep events (P) that are found in the tectonic environment of the Bucaramanga Seismic

Nest, which presents a variability of the focal mechanisms. The P2 event, due to its horizontal distance to the [35]
study region and its depth, is more associated with the Benioff Zone.

[65,74]

Table 4. Seismic events of magnitude between 4 and 5 Mw with possible association of surface
deformation states.

Date

.. Magnitude Focal Tectonic
Depth (k
Start Final Seismic Event (Mw) epth (k) Mechanism Environment
20 May 2015 17 September 2015 1 July 2015 4.6 145 Oblique
11 February 2016 47 154 Oblique
9 March 2016 4.8 148 Reverse N
15 January 2016 30 August 2016 23 June 2016 47 149 Oblique S];llsg;:nl\llae;t gf
26 July 2016 49 153 Oblique &
11 April 2019 10 June 2019 25 May 2019 4.8 145 Oblique
11 June 2021 19 September 2021 6 July 2021 4.8 145 Oblique

As a final part of the proposed methodological scheme (step 5, Figure 2), a comprehen-
sive analysis of the deformation conditions generated by tectonic activity present in the
study region and its possible influence on the generation of instability planes was carried
out. From the present analysis, it is observed that seismic events have an impact on most
of the conditions of ground deformation, giving rise to successive sequences of uplift and
subsidence that affect to some degree the stability of the rock massif. This repetitive effect
can create stress on the rocks, leading to the formation of planes of weakness that can
manifest as micro-cracks or fractures in the rock [77], which are mostly of the igneous and
metamorphic type. These conditions of maximum deformation could lead to a collapse of
a structure or slope (mass movement), but as observed in the multi-temporal sequences
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correlated with the historical planes of instability, there is no direct action between cause
and effect. However, this does not exclude their participation, since a considerable increase
in unstable planes (mass movements) is also observed within these sequences after the
generation of the maximum deformations. The effect generated by the deformation of
the ground would remain in the system as an inherent action that is later sponsored by
the action of a trigger such as rains or an earthquake, the latter of which is line with the
characteristics described by Keefer [56]. For this reason, the construction of the multi-
temporal sequences of the differential interferograms provides to a large extent a tool
that can establish this behavior of the terrain, obtaining a certain degree of prediction in
the future as a response to unstable future planes, allowing time to carry out a correct
implementation within the early warning schemes, since being able to observe the degree
of deformation of the terrain in a temporal way can provide a preemptive warning about
sectors that show considerable variation in the degree of deformation of surfaces.

5. Discussion

As described earlier in the results chapter, both surface and deep tectonic activity have
generated significant changes in surface deformation states. These states of deformation
in the analyzed period (2014-2021) have an important impact on the stress generated on
the rocks, leading to the creation of possible planes of weakness that are an important
point within an inherent scheme of the surfaces; they can subsequently lead to the gener-
ation of events such as mass movements, which can be triggered by climatic or seismic
conditions, or even by anthropic factors. These states of deformation provide basic ar-
guments in the construction of scenarios for the evaluation of these unstable conditions
on surfaces (mass movements), as these conditions are measurable in the first place by
the inherent relationships that develop between the attributes and their variables such
as geology, geomorphology, land cover and land use that model this spatial behavior or
susceptibility [78-82]. Then, the factors that trigger mass movements can be integrated
into these conditions of susceptibility, changing the analysis to a spatiotemporal or hazard
aspect, where intense rains, rapid snowmelt, changes in water levels, volcanic eruptions or
strong shaking of the ground by the action of an earthquake are the major precursors [83],
and within these scenarios, rainfall and seismic activity are the most recurrent factors for
conditions that pose the threat of mass movement [29,80,82,84].

In this context, the evaluation of each inherent element gives added value in the
analysis of the conditions that can generate an alteration within that surface dynamic. To
this end, one way to observe this, which can be framed as a geomorphological variable,
is the degree of surface deformation measured by the analysis of satellite images; this
is a tool that provides a valuable opportunity to establish this behavior of the terrain,
since it allows measurements to be made indirectly, but with positive feedback on the
sequential analysis generated in real time. To paraphrase Hanssen [1], a way to analyze
the deformation conditions induced by endogenous or anthropic elements on surfaces at a
local scale is through observation with geodetic methods, where constant measurements
can be made of high precision and with a very good spatial resolution, from which tools
can be obtained that serve as an input for the analysis of environmental risk management
focused on climate change, the management of natural resources, and territorial planning.

In this sense, a relationship with the historical record of generated instability events
is integrated as an analysis for the present research, which events correlated with the
multi-temporal sequence of surface deformation and regional tectonic activity. To this
end, it is assumed that the objective of this analysis is not to estimate the velocity and
displacement rates of the unstable areas present in the study region, but to generate a
description of the type of event based on the criteria generated by Cruden and Varnes [85],
where a classification of the different types of movements and their relative displacement
is made. The mass movements present for the region are part of the classification of fast
surface movements, which is an important factor, since this type of mass movement within
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the interferometer differential analysis does not generate an optimal response, tending to
underestimate the rate of velocity [1,86].

For this analysis, an inventory of mass movements was first constructed, following
the classification made by Varnes [87], where the parameters of type of movement, size
and date of the movement are defined, this last parameter being the most important for
the temporal correlation of the movements with the images generated from the differential
interferometry. For the generation of this inventory of mass movements, data registered
in international and national databases were acquired, such as the Disaster Information
Management System (DesInventar), the Mass Movement Information System (SIMMA) of
the Colombian Geological Service and the National Unit for Disaster Risk Management
(UNGRD). Parallel to this work, a geometric construction of the undocumented movements
is carried out by means of a process of photointerpretation carried out on images arranged
on the Google Earth® platform [88,89]. Each of the mass movements is assigned the
date of occurrence of the event based on the information recorded in the databases of
DesInventar, SIMMA and UNGRD, in addition to the information reported by sources such
as newspapers and regional news [84].

The data obtained from international and national sources show a total of 99 events,
of these, 10 events belong to the DesInventar portal [90], eight events on the UNGRD
portal [91] and 81 events on the SIMMA portal [92]. A total of 269 events were obtained
from the photo-interpretation process carried out on the images available on the Google
Earth® platform. Integrating each of these inventories, a total of 368 mass movements were
obtained, which were characterized based on the classification made by Varnes [87], and
were grouped according to speed type [85]. The 368 mass movements have a total area of
0.784 km? (0.19% of the study area) and were classified as: translational debris landslide
with 131 events with an area of 0.42 km? (52.5% of the total event area), translational earth
landslide with 146 events and an area of 0.126 km? (16%), debris flow with 31 events and
an area of 0.098 km? (12.5%) and earth flow with 60 events and an area of 0.149 km? (19%).
These events have a maximum area of 49,903 m? and a minimum area of 33.5 mZ. In turn,
206 events (0.275 km?, 34%) are shallow and 162 events (0.518 km?, 66%) are deep (>2 m
thick), and are all classified within the fast-moving events (Table 5 and Figure 8).

73°2'30"W 73°0'0"W  72°57'30"W  72°55'0"W  72°52'30"W

73°2'30"W

Figure 8. Spatial distribution of mass movements presents in the study region. The image on the left
presents the spatial distribution of the mass movement inventory (green dots) over the study region
(Google Earth® background image).
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Table 5. Inventory of mass movements present in the study region between the dates of 2014 and 2021.

Number of Translational Translational Total Area
Date MM MM Debris Earth Debris Flow Earth Flow Affected Year
Landslide Landslide (km?)
1 July 2014 10 8 1 - 1 0.111
1 March 2015 8
10 March 2015 1 3 5 1 0.012
8 April 2016 8
2 November 2016 1 2 5 2 0.015
17 July 2017 2
18 August 2017 1 2 - 2 - 0.011
18 September 2017 1
30 January 2018 1
1 May 2018 2
6 May 2018 17 8 12 1 1 0.017
1 August 2018 1
1 October 2018 1
18 April 2019 1
24 April 2019 2
27 May 2019 2 10 7 1 5 0.014
1 August 2019 17
18 September 2019 1
26 February 2020 224
1 July 2020 10 77 96 24 46 0.579
27 November 2020 9
17 February 2021 48 21 20 2 5 0.025
Total 368 131 146 31 60 0.784

The inventory of mass movements is correlated with the multi-temporal sequences
of the differential interferograms of LOS-ascending and LOS-descending created by the
50th percentile. This is because, under these conditions, the most favorable scenarios for
the creation of planes of instability would occur. In addition to this, the relationships
generated in the study by Valencia Ortiz and Martinez-Grafia [84] were also taken into
consideration for the present analysis, with reference to seismic events that trigger mass
movements (Figure 9). From this it is observed that there are no points of convergence
between seismic activity and the generation of mass movements, but a state of change in
the rate of displacement and the subsequent generation of a mass movement is observed.
However, the lack of connection between cause and effect is more dependent on an inherent
action of the surface planes that have been destabilized by vertical displacement and that
are subsequently activated or detonated by the action of rainfall or seismic activity itself. A
reflection of this is the considerable and repetitive increase in mass movements generated
subsequently, as can be seen in Table 6, where the total displacement generated from an
initial state prior to the date of mass movement and the current state, where it is in motion,
was estimated. Furthermore, in Table 6, the displacement phase in which the movement
was generated (uplift or subsidence) can be seen.

These oscillatory states generate volumetric changes of the surfaces, giving rise to a
phase of disturbance of the system (rock massif) that is affected, reducing the resistance of
the rocks, which are mostly crystalline (igneous and metamorphic), thus creating planes
of weakness that are later exploited by the action of a trigger. In addition to the above,
if we take only the sequences of the interferograms that correlate with the dates of the
movements, two important aspects are observed. On the one hand, the correlation between
the number of events and the total displacement in LOS-descending describes an almost
linear trend (Figure 10). This relationship can establish a recurrence of a mass movement as
a function of the rate of displacement, clarifying that the number of possible events that
can be generated cannot be predicted with this function. At the same time, it is observed
that the largest number of movements is associated with a subsidence phase, where the
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predominant structural style is of the oblique type associated with the Bucaramanga
fault and the Bucaramanga Seismic Nest, as described earlier in the results chapter. For
the correlation in LOS-ascending, this linear relationship is not observed, which may be
associated with the shape of the field of view of the satellite trajectory and the geometry
of the fault plane, especially the stroke of the Bucaramanga fault that is almost parallel
to this field of view an aspect that was described in the results chapter (Figure 10). On
the other hand, it is generally observed that the average deformation rates are between
18.2 mm and —21.1 mm for LOS-ascending and 13.9 mm and —21 mm for LOS-descending.
All these behaviors can be measurement indicators for future events in a real-time tracking

of surface deformations.
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Figure 9. Behavior of displacement in LOS for the study region between the years 2014 and 2021
(50th percentile) correlated with the inventory of mass movements. Ascending orbital direction (a).
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Table 6. Relationship of mass movements with the behavior of total displacement in LOS and its

phase in which displacement occurs.

LOS-Ascending

LOS-Descending

Date Quantity MM Total Total
Displacement Phase Displacement Phase
(mm) (mm)
1 March 2015 8 15.2 Subsidence 5.9 Uplift
10 March 2015 1 15.2 Subsidence 59 Uplift
8 April 2016 8 32.7 Subsidence 159 Uplift
2 November 2016 1 65.3 Uplift 10.8 Uplift
17 July 2017 2 0.5 Subsidence 9.3 Subsidence
18 August 2017 1 0.5 Subsidence 9.3 Subsidence
18 September 2017 1 0.5 Subsidence 9.3 Subsidence
30 January 2018 1 11.8 Subsidence 124 Subsidence
1 May 2018 2 3.1 Uplift 9.1 Uplift
6 May 2018 17 3.1 Uplift 9.1 Uplift
1 August 2018 1 27.0 Subsidence 6.4 Subsidence
1 October 2018 1 18.9 Uplift 6.4 Subsidence
18 April 2019 1 29.0 Uplift 8.0 Uplift
24 April 2019 2 29.0 Uplift 8.0 Uplift
27 May 2019 2 29.0 Uplift 8.0 Uplift
1 August 2019 17 36.8 Subsidence 18.2 Subsidence
18 September 2019 1 36.8 Subsidence 18.2 Subsidence
26 February 2020 224 10.2 Subsidence 41.0 Subsidence
1 July 2020 10 4.5 Subsidence 9.6 Uplift
27 November 2020 9 10.9 Uplift 8.3 Uplift
17 February 2021 48 22.7 Subsidence 40.5 Subsidence
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Figure 10. Linear least-squares regression between the total displacement in which the mass move-
ment occurs and the number of mass movements for each satellite direction in LOS.

The action of the behavior of surface deformation as a trigger for mass movements
would be framed as an inherent element of great weight in the analysis of susceptibility
conditions, since it describes the response of surfaces and how they are disturbed (tension
stress) by constant changes in deformation. On the other hand, structural control also plays
an important role within the degrees of deformation, if observed by the effect generated
by the stroke of the Bucaramanga fault. Since this fault is an oblique structure with a
sinistral strike slip and reverse dip in the NNW-SSE direction, which, as described by
Valencia Ortiz et al. [32], generates a tilt with its activity that infers on the geometry of
the hydrographic basins present on its stroke, it thus generates a tilt (asymmetry factor)
in the direction of the kinematics of the fault. All these considerations within the study of
susceptibility to mass movements guarantee a more complete analysis based on the vari-
ables contemplated that are directly related to the conditioning action of a mass movement,
which guarantees the creation of a model more in line with the situation present in the
environment [31,82]. Finally, it is important to mention an aspect of the study carried out
by Valencia Ortiz et al. [84], which describes how seismic activity and rainfall are relevant
factors that act as a trigger for mass movements for the study region. This study established
a combined effect between seismic activity (Mw > 4) and rainfall, with a threshold of
53 mm for 24-h rainfall and 158 mm for accumulated rainfall from the previous 15 days in
a 25-year return period, thus giving a spatiotemporally framed scenario.

6. Conclusions

The degrees of surface deformation that were analyzed by means of Sentinel-1 satellite
images with the ASF HyP3 program available on the Alaska Satellite Facility’s WEB portal,
to generate the DINSAR multi-temporal series between the years 2014 and 2021 in the as-
cending and descending satellite trajectories, describe clear patterns of surface displacement.
Within the multi-temporal analysis, it was observed that the surfaces for the evaluated
period have reached a positive phase (uplift) up to 117.5 mm (LOS-ascending) or 49.3 mm
(LOS-descending) and a negative phase (subsidence) up to —86.2 mm (LOS-ascending)
or —71.5 mm (LOS-descending), with a behavior that is mostly seen as oscillating. These
changes in surface deformation are directly related to the seismic activity present in the
study region, where it was possible to correlate the activity of the surface seismic event
(>4 Mw; <50 km), the focal mechanism and the tectonic or structural environment with the
degree of displacement and the satellite trajectory that observed it. At the same time, deep
seismic activity (>5 Mw; >50 km) was also analyzed, because some segments within the
multi-temporal analysis did not show a causative factor of this deformation. In response, it
was observed that deep seismic activity is generating subtle changes in the surface in the
order of +20 mm a condition that is evidenced recurrently due to the repetitive action that
is exerted by its proximity to the tectonic environment of the Seismic Nest of Bucaramanga.

This constant action of the changes in the behavior of the displacement exerted by
these two sectors (surface and deep) creates conditions of tension stress on the rock massif,
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comprising mostly igneous and metamorphic rocks, which favors the generation of planes
of weakness that can manifest as micro-fissures or fractures in the rock that can later enable
the generation of a mass movement. From the present study, it can be observed that the
displacement in the direction of LOS-descending presents an almost linear relationship with
the number of mass movements generated, clarifying that the generated linear function does
not represent an action of the number of mass movements per generated displacement. This
action of the deformation of the surfaces is framed in an indirect way with the generation
of mass movements (action as a trigger), since it is generating conditions of instability on
the surface that are later exploited by the effect of a trigger (e.g., rainfalls). On the other
hand, from the correlation between the sequences of interferograms evaluated only on the
dates of generation of mass movements, it was observed that the average deformation
rates are between 18.2 mm and —21.1 mm for LOS-ascending and 13.9 mm and —21 mm
for LOS-descending, in addition to the fact that the largest number of events occur in a
subsidence phase associated with an oblique structural style. Therefore, the analysis of
surface deformation would remain as an inherent factor of the terrain, as it is a condition
of vital importance, since it provides the possibility of observing this behavior, giving the
capacity for an early response both in time and in the sectors that present a maximum
of deformation. This allows for the formulation of strategies and actions for possible
mass movements within risk management plans, where a continuous process can also be
established for the analysis of satellite images, thus providing positive feedback for the
system. However, the acquisition of higher precision data by means of a GNSS system for
the study region would greatly improve the quality of the degrees of surface deformation, as
it would provide the opportunity to generate real-time data series that could be correlated
in a timely manner with the seismic record.

Author Contributions: Conceptualization, data collection, data analysis, writing draft and final
manuscript, ].A.V.O. Concept, writing draft manuscript, A.AM.M.-G. Data analysis, M.T.C.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Acknowledgments: This research was assisted for Grant 131874B-100 funded by MCIN/AEI/10.13039/
501100011033 and GEAPAGE research group (Environmental Geomorphology and Geological Her-
itage) of the University of Salamanca. The first author thanks the Foundation for the Future of
Colombia (COLFUTURO) for the scholarship for doctoral stay. The authors thank Francisco Alberto
Velandia for his suggestions on the structural and tectonic analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Hanssen, R.E. Radar Interferometry: Data Interpretation and Error Analysis; Springer: Berlin, Germany; Dordrecht, The Netherlands,
2001. [CrossRef]

2. Berardino, P.; Fornaro, G.; Lanari, R.; Sonsosti, E. A new algorithm for surface deformation monitoring based on small baseline
differential SAR interferograms. IEEE Trans. Geosci. Remote Sens. 2002, 40, 2375-2383. [CrossRef]

3. Casu, F; Manzo, M,; Lanari, R. A quantitative assessment of the SBAS algorithm performance for surface deformation retrieval
from DINSAR data. Remote Sens. Environ. 2006, 102, 195-210. [CrossRef]

4. Casu, F; Elefante, S.; Imperatore, P.; Zinno, I.; Manunta, M.; De Luca, C.; Lanari, R. SBAS-DInSAR parallel processing for
deformation time-series computation. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 3285-3296. [CrossRef]

5. Gonzalez, PJ.; Fernandez, J. Error estimation in multitemporal INSAR deformation time series, with application to Lanzarote,
Canary Islands. . Geophys. Res. Solid Earth 2011, 116, B10404. [CrossRef]

6. Nobile, A.; Dille, A.; Monsieurs, E.; Basimike, ].; Bibentyo, T.M.; d'Oreye, N.; Kervyn, F.; Dewitte, O. Multi-temporal DInSAR to
characterise landslide ground deformations in a tropical urban environment: Focus on Bukavu (DR Congo). Remote Sens. 2018,
10, 626. [CrossRef]

7. Massonnet, D.; Feigl, K.L. Radar interferometry and its application to changes in the Earth’s surface. Rev. Geophys. 1998, 36,
441-500. [CrossRef]

8. Wasowski, J.; Bovenga, F. Investigating landslides and unstable slopes with satellite Multi Temporal Interferometry: Current

issues and future perspectives. Eng. Geol. 2014, 174, 103-138. [CrossRef]


https://doi.org/10.1007/0-306-47633-9
https://doi.org/10.1109/TGRS.2002.803792
https://doi.org/10.1016/j.rse.2006.01.023
https://doi.org/10.1109/JSTARS.2014.2322671
https://doi.org/10.1029/2011JB008412
https://doi.org/10.3390/rs10040626
https://doi.org/10.1029/97RG03139
https://doi.org/10.1016/j.enggeo.2014.03.003

Remote Sens. 2024, 16, 449 23 of 25

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Calo, F; Ardizzone, E; Castaldo, R.; Lollino, P; Tizzani, P.; Guzzetti, F; Lanari, R.; Angeli, M.; Pontoni, F.; Manunta, M. Enhanced
landslide investigations through advanced DInSAR techniques: The Ivancich case study, Assisi, Italy. Remote Sens. Environ. 2014,
142, 69-82. [CrossRef]

Geudtner, D.; Torres, R.; Snoeij, P.; Davidson, M.; Rommen, B. Sentinel-1 System capabilities and applications. In Proceedings of
the 2014 IEEE Geoscience and Remote Sensing Symposium, Quebec City, QC, Canada, 13-18 July 2014. [CrossRef]

Ulaby, ET.; Dubois, P.C.; Van Zyl, ]. Radar mapping of surface soil moisture. J. Hydrol. 1996, 184, 57-84. [CrossRef]

Nolan, M.; Fatland, D.R. Penetration depth as a DINSAR observable and proxy for soil moisture. IEEE Trans. Geosci. Remote Sens.
2003, 41, 532-537. [CrossRef]

Funning, G.J.; Parsons, B.; Wright, T.J.; Jackson, J.A.; Fielding, E.]. Surface displacements and source parameters of the 2003
Bam (Iran) earthquake from Envisat advanced synthetic aperture radar imagery. J. Geophys. Res. Solid Earth 2005, 110, B09406.
[CrossRef]

Cando-Jacome, M.; Martinez-Grana, A. Differential interferometry, structural lineaments and terrain deformation analysis applied
in Zero Zone 2016 Earthquake (Manta, Ecuador). Environ. Earth Sci. 2019, 78, 499. [CrossRef]

Chen, Q.; Liu, X.; Zhang, Y,; Zhao, J.; Xu, Q.; Yang, Y.; Liu, G. A nonlinear inversion of InSAR-observed coseismic surface
deformation for estimating variable fault dips in the 2008 Wenchuan earthquake. Int. J. Appl. Earth Obs. Geoinf. 2019, 76, 179-192.
[CrossRef]

Cando-Jacome, M.; Martinez-Grafia, A.; Chunga, K.; Ortiz-Hernandez, E. Satellite radar interferometry for assessing coseismic
liquefaction in Portoviejo city, induced by the Mw 7.8 2016 Pedernales, Ecuador earthquake. Environ. Earth Sci. 2020, 79, 467.
[CrossRef]

Kenyi, L.W.; Kaufmann, V. Estimation of rock glacier surface deformation using SAR interferometry data. IEEE Trans. Geosci.
Remote Sens. 2003, 41, 1512-1515. [CrossRef]

Samsonov, S. Three-dimensional deformation time series of glacier motion from multiple-aperture DINSAR observation. J. Geod.
2019, 93, 2651-2660. [CrossRef]

Singh, G.; Nela, B.R.; Bandyopadhyay, D.; Mohanty, S.; Kulkarni, A.V. Discovering anomalous dynamics and disintegrating
behaviour in glaciers of Chandra-Bhaga sub-basins, part of Western Himalaya using DInNSAR. Remote Sens. Environ. 2020, 246,
111885. [CrossRef]

Hooper, A.; Zebker, H.; Segall, P.; Kampes, B. A new method for measuring deformation on volcanoes and other natural terrains
using InSAR persistent scatterers. Geophys. Res. Lett. 2004, 31, L23611. [CrossRef]

Currenti, G.; Napoli, R.; Del Negro, C. Toward a realistic deformation model of the 2008 magmatic intrusion at Etna from
combined DINSAR and GPS observations. Earth Planet. Sci. Lett. 2011, 312, 22-27. [CrossRef]

Corsa, B.; Barba-Sevilla, M.; Tiampo, K.; Meertens, C. Integration of DINSAR Time Series and GNSS Data for Continuous Volcanic
Deformation Monitoring and Eruption Early Warning Applications. Remote Sens. 2022, 14, 784. [CrossRef]

Cascini, L.; Fornaro, G.; Peduto, D. Advanced low- and full-resolution DINSAR map generation for slow-moving landslide
analysis at different scales. Eng. Geol. 2010, 112, 29—-42. [CrossRef]

Bru, G.; Gonzalez, PJ.; Mateos, RM.; Roldan, FJ.; Herrera, G.; Béjar-Pizarro, M.; Fernandez, . A-DInSAR monitoring of landslide
and subsidence activity: A case of urban damage in Arcos de la Frontera, Spain. Remote Sens. 2017, 9, 787. [CrossRef]

Stumpf, A.; Malet, J.P,; Delacourt, C. Correlation of satellite image time-series for the detection and monitoring of slow-moving
landslides. Remote Sens. Environ. 2017, 189, 40-55. [CrossRef]

Fialko, Y.; Simons, M. Deformation and seismicity in the Coso geothermal area, Inyo County, California: Observations and
modeling using satellite radar interferometry. J. Geophys. Res. Solid Earth 2000, 105, 21781-21793. [CrossRef]

Hoffmann, J. The Application of Satellite Radar Interferometry to the Study of Land Subsidence over Developed Aquifer Systems.
Ph.D. Thesis, Stanford University, Stanford, CA, USA, 2003.

Declercq, PY.; Dusar, M.; Pirard, E.; Verbeurgt, ].; Choopani, A.; Devleeschouwer, X. Post Mining Ground Deformations Transition
Related to Coal Mines Closure in the Campine Coal Basin, Belgium, Evidenced by Three Decades of MT-INSAR Data. Remote Sens.
2023, 15, 725. [CrossRef]

Corominas, J.; Moya, ]J. A review of assessing landslide frequency for hazard zoning purposes. Eng. Geol. 2008, 102, 193-213.
[CrossRef]

Rossi, M.; Witt, A.; Guzzetti Malamud, B.D.; Peruccacci, S. Analysis of historical landslide time series in the Emilia-Romagna
region, northern Italy. Earth Surf. Process. Landf. 2010, 35, 1123-1137. [CrossRef]

Valencia Ortiz, ].A.; Martinez-Grafia, A.M. A neural network model applied to landslide susceptibility analysis (Capitanejo,
Colombia). Geomat. Nat. Hazards Risk 2018, 9, 1106-1128. [CrossRef]

Valencia Ortiz, J.A.; Martinez-Grafia, A.M. Morphometric Evaluation and Its Incidence in the Mass Movements Present in the
Chicamocha Canyon, Colombia. Sustainability 2023, 15, 1140. [CrossRef]

Ried, H.F. The elastic-rebound theory of earthquakes. Univ. Calif. Publ. Bull. Dept. Geol. 1911, 6, 413-444.

SGC. Las Amenazas por Movimientos en Masa de Colombia, una Vision a Escala 1:100.000; Grupo de Evaluacién de Amenaza por
Movimientos en Masa, Servicio Geolégico Colombiano: Bogotd, Colombia, 2017. [CrossRef]

Arcila, M.; Garcia, J.; Montejo, J.; Eraso, ].; Valcarcel, J.; Mora, M.; Vigan6, D.; Pagani, M.; Diaz, F. Modelo Nacional de Amenaza
Sismica para Colombia; Servicio Geoldgico Colombiano y Fundacion Global Earthquake Model: Bogota, Colombia, 2020. [CrossRef]


https://doi.org/10.1016/j.rse.2013.11.003
https://doi.org/10.1109/IGARSS.2014.6946711
https://doi.org/10.1016/0022-1694(95)02968-0
https://doi.org/10.1109/TGRS.2003.809931
https://doi.org/10.1029/2004JB003338
https://doi.org/10.1007/s12665-019-8517-4
https://doi.org/10.1016/j.jag.2018.10.022
https://doi.org/10.1007/s12665-020-09205-x
https://doi.org/10.1109/TGRS.2003.811996
https://doi.org/10.1007/s00190-019-01325-y
https://doi.org/10.1016/j.rse.2020.111885
https://doi.org/10.1029/2004GL021737
https://doi.org/10.1016/j.epsl.2011.09.058
https://doi.org/10.3390/rs14030784
https://doi.org/10.1016/j.enggeo.2010.01.003
https://doi.org/10.3390/rs9080787
https://doi.org/10.1016/j.rse.2016.11.007
https://doi.org/10.1029/2000JB900169
https://doi.org/10.3390/rs15030725
https://doi.org/10.1016/j.enggeo.2008.03.018
https://doi.org/10.1002/esp.1858
https://doi.org/10.1080/19475705.2018.1513083
https://doi.org/10.3390/su15021140
https://doi.org/10.32685/9789589952887
https://doi.org/10.32685/9789585279469

Remote Sens. 2024, 16, 449 24 of 25

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

IDEAM. Geoportal—IDEAM. Consulta y Descarga de Datos Hidrometeoroldgicos. Available online: http://dhime.ideam.gov.co/
atencionciudadano/ (accessed on 9 January 2024).

Ward, D.E.; Goldsmith, R.; Jimeno, A.; Cruz, J.; Restrepo, H.; Gémez, E. Mapa Geoldgico de Colombia, Cuadrangulo h-12 Bucaramanga.
Planchas 109 Rionegro—120 Bucaramanga. Cuadrdngulo H-13 Pamplona. Planchas 110 Pamplona—121Cerrito; Ingeominas: Bogota,
Colombia, 1973.

Osorio Naranjo, J.A.; Hernandez Moreno, C.; Torres Jaimes, E.M.; Botero Santa, P.A.; Diederix, H. Modelo Geodindmico del Macizo
de Santander; Ingeominas: Bogota, Colombia, 2008.

Velandia, F.; Bermudez, M. The transpressive southern termination of the Bucaramanga fault (Colombia): Insights from geological
mapping, stress tensors, and fractal analysis. J. Struct. Geol. 2018, 115, 190-207. [CrossRef]

Siravo, G.; Fellin, M.G.; Faccena, C.; Maden, C. Transpression and build-up of the cordillera: The example of the Bucaramanga
fault (eastern cordillera, Colombia). J. Geol. Soc. 2020, 177, 14-30. [CrossRef]

Gabriel, K.; Goldstein, R.M.; Zebker, H.A. Mapping small elevation changes over large areas: Differential interferometry. J.
Geophys. Res. 1989, 94, 9183-9191. [CrossRef]

ASF DAAC. Copernicus Sentinel data (2014-2021). Processed by ESA. Available online: https://search.asf.alaska.edu/#/
(accessed on 20 March 2023).

ASF. Alaska Satellite Facility. ASF—Data Search (Vertex). Available online: https://search.asf.alaska.edu/#/ (accessed on 20
March 2023).

Acosta, G.; Rodriguez, A.; Euillades, P; Euillades, L.; Ruiz, E; Rosell, P.; Sanchez, M.; Leiva, F; Ariza, J.; Garcia, H. Detection of
active landslides by DINSAR in Andean Precordillera of San Juan, Argentina. J. S. Am. Earth Sci. 2021, 108, 103205. [CrossRef]
Hogenson, K.; Kristenson, H.; Kennedy, J.; Johnston, A.; Rine, J.; Logan, T.; Zhu, J.; Williams, F.; Herrmann, J.; Smale, J.; et al.
Hybrid Pluggable Processing Pipeline (HyP3), version v0.8.3; A Cloud-Native Infrastructure for Generic Processing of SAR Data;
Zenodo: Geneva, Switzerland, 2020. [CrossRef]

ASF DAAC HyP3. Using the hyp3_gamma Plugin Version 6.0.1 Running GAMMA Release 20220630. Contains Modified Coper-
nicus Sentinel Data 2017, Processed by ESA. Available online: https:/ /hyp3-docs.asf.alaska.edu/ (accessed on 21 March 2023).
Manzo, M.; Ricciardi, G.P.; Casu, F; Ventura, G.; Zeni, G.; Borgstrom, S.; Berardino, P.; Del Gaudio, C.; Lanari, R. Surface
deformation analysis in the Ischia Island (Italy) based on spaceborne radar interferometry. J. Volcanol. Geotherm. Res. 2006, 151,
399-416. [CrossRef]

Sanabria, M.P.; Guardiola-Albert, C.; Tomas, R.; Herrera, G.; Prieto, A.; Sdnchez, H.; Tessitore, S. Subsidence activity maps derived
from DINSAR data: Orihuela case study. Nat. Hazards Earth Syst. Sci. 2014, 14, 1341-1360. [CrossRef]

Bianchini, S.; Pratesi, F; Nolesini, T.; Casagli, N. Building deformation assessment by means of persistent scatterer interferometry
analysis on a landslide-affected area: The Volterra (Italy) case study. Remote Sens. 2015, 7, 4678-4701. [CrossRef]

Hooper, A. A multi-temporal INSAR method incorporating both persistent scatterer and small baseline approaches. Geophys. Res.
Lett. 2008, 35, L16302. [CrossRef]

Han, Y;; Zou, J.; Lu, Z; Qu, F; Kang, Y.; Li, J. Ground deformation of wuhan, china, revealed by multi-temporal insar analysis.
Remote Sens. 2020, 12, 3788. [CrossRef]

Deniz, A.; Yiicemen, M.S. Processing earthquake catalog data for seismic hazard analysis. In Proceedings of the 8th International
Congress on Advances in Civil Engineering, Famagusta, Cyprus, 15-17 September 2008.

Rodriguez, C.E.; Bommer, ].].; Chandler, R.J. Earthquake-induced landslides: 1980-1997. Soil Dyn. Earthq. Eng. 1999, 18, 325-346.
[CrossRef]

Bommer, ].J.; Rodr1’guez, C.E. Earthquake-induced landslides in Central America. Eng. Geol. 2002, 63, 189-220. [CrossRef]
Keefer, D.K. Landslides caused by earthquakes. Geol. Soc. Am. Bull. 1984, 95, 406—421. [CrossRef]

Keefer, D.K. Investigating landslides caused by earthquakes—A historical review. Surv. Geophys. 2002, 23, 473-510. [CrossRef]
Papadopoulos, G.A.; Plessa, A. Magnitude—distance relations for earthquake-induced landslides in Greece. Eng. Geol. 2000, 58,
377-386. [CrossRef]

Zebker, H.A.; Villasenor, J. Decorrelation in Inteferometric Radar Echoes. IEEE Trans. Geosci. Remote Sens. 1992, 30, 950-959.
[CrossRef]

IDEAM. Monitoreo de la Superficie Cubierta por Bosque Natural. Available online: http://www.ideam.gov.co/web/ecosistemas/
superficie-cubierta-por-bosque-natural?inheritRedirect=true (accessed on 29 March 2023).

Cando-Jacome, M.; Martinez-Grafia, A. Determination of Primary and Secondary Lahar Flow Paths of the Fuego Volcano
(Guatemala) Using Morphometric Parameters. Remote Sens. 2019, 11, 727. [CrossRef]

Atzori, S.; Hunstad, I.; Chini, M,; Salvi, S.; Tolomei, C.; Bignami, C.; Stramondo, S.; Trasatti, E.; Antonioli, A.; Boschi, E. Finite
fault inversion of DINSAR coseismic displacement of the 2009 L’Aquila earthquake (central Italy). Geophys. Res. Lett. 2009, 36,
L15305. [CrossRef]

SGC. Servicio Geoldgico Colombiano. Sismos. Available online: https://www.sgc.gov.co/sismos (accessed on 2 April 2023).
Hashimoto, M.; Enomoto, M.; Fukushima, Y. Coseismic deformation from the 2008 Wenchuan, China, earthquake derived from
ALOS/PALSAR images. Tectonophysics 2010, 491, 59-71. [CrossRef]

Ganas, A; Elias, P; Bozionelos, G.; Papathanassiou, G.; Avallone, A.; Papastergios, A.; Valkaniotis, S.; Parcharidis, I.; Briole, P.
Coseismic deformation, field observations and seismic fault of the 17 November 2015 M = 6.5, Lefkada Island, Greece earthquake.
Tectonophysics 2016, 687, 210-222. [CrossRef]


http://dhime.ideam.gov.co/atencionciudadano/
http://dhime.ideam.gov.co/atencionciudadano/
https://doi.org/10.1016/j.jsg.2018.07.020
https://doi.org/10.1144/jgs2019-054
https://doi.org/10.1029/JB094iB07p09183
https://search.asf.alaska.edu/#/
https://search.asf.alaska.edu/#/
https://doi.org/10.1016/j.jsames.2021.103205
https://doi.org/10.5281/zenodo.4646138
https://hyp3-docs.asf.alaska.edu/
https://doi.org/10.1016/j.jvolgeores.2005.09.010
https://doi.org/10.5194/nhess-14-1341-2014
https://doi.org/10.3390/rs70404678
https://doi.org/10.1029/2008GL034654
https://doi.org/10.3390/rs12223788
https://doi.org/10.1016/S0267-7261(99)00012-3
https://doi.org/10.1016/S0013-7952(01)00081-3
https://doi.org/10.1130/0016-7606(1984)95%3C406:LCBE%3E2.0.CO;2
https://doi.org/10.1023/A:1021274710840
https://doi.org/10.1016/S0013-7952(00)00043-0
https://doi.org/10.1109/36.175330
http://www.ideam.gov.co/web/ecosistemas/superficie-cubierta-por-bosque-natural?inheritRedirect=true
http://www.ideam.gov.co/web/ecosistemas/superficie-cubierta-por-bosque-natural?inheritRedirect=true
https://doi.org/10.3390/rs11060727
https://doi.org/10.1029/2009GL039293
https://www.sgc.gov.co/sismos
https://doi.org/10.1016/j.tecto.2009.08.034
https://doi.org/10.1016/j.tecto.2016.08.012

Remote Sens. 2024, 16, 449 25 of 25

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Montes, N.; Sandoval, A. Base de Datos de Fallas Activas de Colombia, Recopilacion Bibliogrifica; Ingeominas—Servicio Geologico
Colombiano: Bogota, Colombia, 2001.

Frontera, T.; Concha, A.; Blanco, P,; Echeverria, A.; Goula, X.; Arbiol, R.; Khazaradze, G.; Perez, E; Surinach, E. DINSAR Coseismic
Deformation of the May 2011 M w 5.1 Lorca Earthquake (southeastern Spain). Solid Earth 2012, 3, 111-119. [CrossRef]

Wang, X.; Liu, G.; Yu, B,; Dai, K.; Zhang, R.; Chen, Q.; Li, Z. 3D coseismic deformations and source parameters of the 2010 Yushu
earthquake (China) inferred from DInSAR and multiple-aperture INSAR measurements. Remote Sens. Environ. 2014, 152, 174-189.
[CrossRef]

Chen, Y.S.; Weatherill, G.; Pagani, M.; Cotton, F. A transparent and data-driven global tectonic regionalization model for seismic
hazard assessment. Geophys. |. Int. 2018, 213, 1263-1280. [CrossRef]

Taboada, A.; Dimaté, C.; Fuenzalida, A. Sismotecténica de Colombia; deformacion continental activa y subduccion. Fisica Tierra
1998, 10, 111.

Taboada, A.; Rivera, L.A.; Fuenzalida, A.; Cisternas, A.; Philip, H.; Bijwaard, H.; Olaya, J]. Geodynamics of Northern Andes:
Subduction and intra-continental deformation (Colombia). Tectonics 2000, 19, 787-813. [CrossRef]

Prieto, G.A.; Beroza, G.C.; Barrett, S.A.; Lopez, G.A.; Florez, M. Earthquake nests as natural laboratories for the study of
intermediate-depth earthquake mechanics. Tectonophysics 2012, 570, 42-56. [CrossRef]

Richter, C. Elementary Seismology; W.H. Freeman: San Francisco, CA, USA, 1958.

SGC. Servicio Geoldgico Colombiano. Catalogo Mecanismo Focal y Tensor Momento. Available online: http:/ /bdrsnc.sgc.gov.
co/sismologial /sismologia/focal_seiscomp_3/index.html (accessed on 13 April 2023).

SGC. Servicio Geoldgico Colombiano. Portal Datos Abiertos. Available online: https://datos.sgc.gov.co/ (accessed on
13 April 2023).

Rodriguez, L.; Diederix, H.; Torres, E.; Audemard, F.; Hernandez, C.; Singer, A.; Bohdrquez, O.; Yepez, S. Identification of the
seismogenic source of the 1875 Cucuta earthquake on the basis of a combination of neotectonic, paleoseismologic and historic
seismicity studies. J. S. Am. Earth Sci. 2018, 82, 274-291. [CrossRef]

Bermudez, M.A ; van der Beek, P.A.; Bernet, M. Strong tectonic and weak climatic control on exhumation rates in the Venezuelan
Andes. Lithosphere 2013, 5, 3-16. [CrossRef]

Kranz, R.L. Microcracks in rocks: A review. Tectonophysics 1993, 100, 449—480. [CrossRef]

Soeters, R.; van Westen, C.J. Slope instability recognition, analysis and zonation. Landslides Investig. Mitig. 1996, 247, 129-177.
Popescu, M. Landslide Causal Factors and Landslide Remedial Options. In Proceedings of the 3rd International Conference on
Landslides, Slope Stability and Safety of Infra-Structures, Singapore, 11-12 July 2002; pp. 61-81.

van Westen, C.J.; Castellanos, E.; Kuriakose, S.L. Spatial data for landslide susceptibility, hazard, and vulnerability assessment:
An overview. Eng. Geol. 2008, 102, 112-131. [CrossRef]

Fell, R.; Corominas, ].; Bonnard, C.; Cascini, L.; Leroi, E.; Savage, W.Z. Guidelines for landslide susceptibility, hazard and risk
zoning for land use planning. Eng. Geol. 2008, 102, 85-98. [CrossRef]

Valencia Ortiz, J.A.; Martinez-Grafia, A.M.; Méndez, L.M. Evaluation of Susceptibility by Mass Movements through Stochastic
and Statistical Methods for a Region of Bucaramanga, Colombia. Remote Sens. 2023, 15, 4567. [CrossRef]

Wieczorek, G.F. Landslides: Investigation and mitigation. En Chapter 4-Landslide triggering mechanisms. Transp. Res. Board Spec.
Rep. 1996, 247, 76-90.

Valencia Ortiz, ].A.; Martinez-Grafia, A.M. Calculation of precipitation and seismicity thresholds as triggers for mass movements
in the region of Bucaramanga, Colombia. Ecol. Indic. 2023, 152, 110355. [CrossRef]

Cruden, D.M,; Varnes, D.J. Chapter 3: Landslide Types and Processes. In Lanslides: Investigation and Mitigation; National Research
Council 247, Special Report; National Academy of Sciences: Washington, DC, USA, 1996. [CrossRef]

Foumelis, M.; Raucoules, D.; Colas, B.; De Michele, M. On the Effect of Interferometric Pairs Selection for Measuring Fast
Moving Landslides. In Proceedings of the IGARSS 2019—2019 IEEE International Geoscience and Remote Sensing Symposium,
Yokohama, Japan, 28 July—2 August 2019. [CrossRef]

Varnes, D.J. Slope movement types and processes. Spec. Rep. 1978, 176, 11-33.

Sato, H.P,; Harp, E.L. Interpretation of earthquake-induced landslides triggered by the 12 May 2008, M7. 9 Wenchuan earthquake
in the Beichuan area, Sichuan Province, China using satellite imagery and Google Earth. Landslides 2009, 6, 153-159. [CrossRef]
Guzzetti, F.; Mondini, A.C.; Cardinali, M.; Fiorucci, E; Santangelo, M.; Chang, K. Landslide inventory maps: New tools for an old
problem. Earth-Sci. Rev. 2012, 112, 42-66. [CrossRef]

Desinventar. DesInventar.org. Disaster Information Management System. Available online: https://www.desinventar.org/
(accessed on 30 March 2023).

UNGRD. Unidad Nacional para la Gestion del Riesgo de Desastres. Emergencias. Available online: http://www.gestiondelriesgo.
gov.co/sigpad/emergencias/temporada/MapD.aspx?visor=1 (accessed on 30 March 2023).

SIMMA—SGC. Sistema de Informacién de Movimientos en Masa. SIMMA. Available online: https://simma.sgc.gov.co (accessed
on 30 March 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5194/se-3-111-2012
https://doi.org/10.1016/j.rse.2014.06.014
https://doi.org/10.1093/gji/ggy005
https://doi.org/10.1029/2000TC900004
https://doi.org/10.1016/j.tecto.2012.07.019
http://bdrsnc.sgc.gov.co/sismologia1/sismologia/focal_seiscomp_3/index.html
http://bdrsnc.sgc.gov.co/sismologia1/sismologia/focal_seiscomp_3/index.html
https://datos.sgc.gov.co/
https://doi.org/10.1016/j.jsames.2017.09.019
https://doi.org/10.1130/L212.1
https://doi.org/10.1016/0040-1951(83)90198-1
https://doi.org/10.1016/j.enggeo.2008.03.010
https://doi.org/10.1016/j.enggeo.2008.03.022
https://doi.org/10.3390/rs15184567
https://doi.org/10.1016/j.ecolind.2023.110355
https://doi.org/10.17226/11057
https://doi.org/10.1109/IGARSS.2019.8900566
https://doi.org/10.1007/s10346-009-0147-6
https://doi.org/10.1016/j.earscirev.2012.02.001
https://www.desinventar.org/
http://www.gestiondelriesgo.gov.co/sigpad/emergencias/temporada/MapD.aspx?visor=1
http://www.gestiondelriesgo.gov.co/sigpad/emergencias/temporada/MapD.aspx?visor=1
https://simma.sgc.gov.co

	Introduction 
	The Test Area 
	Methods and Materials 
	Results 
	Discussion 
	Conclusions 
	References

