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Abstract: A detailed geological study of the Guando oilfield has identified a modern landslide
phenomenon that significantly alters the previous structural model and affects production challenges.
The multi-compositional nature of the oil-bearing Cretaceous sequences of the Villeta Group, the
rugged relief, the climatic incidence, and seismic activity in the Upper Magdalena Valley trigger the
Guando Slump, which adjusts the topography to levels of greater stability. The previous tectonic model
of the Guando oilfield was based on the superposition of an internally disturbed block by the Boquerén
thrust. However, in its westernmost segment, this structure shows angular incompatibilities with the
expected horizontal stress fields. Therefore, based on a detailed 3D interpretation of geological maps,
DEM, and available geophysical data, we propose that this segment must be associated with the surface
of the underlying detachment of the Guando Slump. The horizontal displacement of the landslide,
ranging from 1 to 2 km, deforms and collapses the wells that reach the underlying productive reservoirs.
This study describes the relationship of this new tectonic model of the Guando oilfield, considering
the westernmost segment of the Boquerdn thrust as a detachment of the Guando Slump. This real-life
example, if properly monitored, will contribute to a better management of the possible causes and
consequences of technical problems encountered in the Guando oilfield exploration and prevent
catastrophic risks to the production facilities.
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1. Introduction

The Guando Slump is located above the Guando oilfield in the northeastern end of the Girardot
sub-basin within the northern part of the Upper Magdalena Valley Basin [1-8]. Virtually all of the
producing wells in the oilfield pass through the Guando Slump to reach the main reservoir levels of
the Cretaceous sequences (Figure 1).
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Figure 1. Location of the Guando Slump in the Girardot sub-basin of the Upper Magdalena
Valley, in the Tolima Department of Colombia, based on regional topographic and RADAR
maps.

The Guando oilfield is underlain by a large gravity slip that obscures the structural understanding
of its component sedimentary sequences [1]. Previous interpretations have linked low-angle faulting
to produced repeats and displacements to the Boquerdn thrust. However, they cannot be linked to the
characteristic Andean transpressional tectonics responsible for the conformation of the Upper
Magdalena Valley. The area within which it is located, on the western flank of the Eastern Cordillera
of Colombia, is considered to have a high risk of landslide hazard due to the dominant topographic and
climatic characteristics [9]. The geomorphology of the studied sector is dominated by a semicircular
depression open to the west, extensively vegetated, where the slope created by the collapsing outcrop
is prominent (Figure 2).

The previous structural model of the Guando oilfield was based mainly on the application of 2D
geometric balanced reconstruction techniques through the Boquerdn thrust. However, the influence of
the gravitational slip due to the Guando Slump has been largely neglected. Therefore, current
theoretical and practical analysis of the available geological, topographical, and geophysical data
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makes it possible to propose a new tectonic model capable of explaining the spatial arrangement of the
oil-producing horizons and a better-adapted correlation with the Boquerdn thrust.

Figure 2. Photographs. A. Northeast view showing the topographic ridge marking the
eastern boundary of the Guando Slump. B. South view showing in the foreground the steep
slope of the escarpment and the position of an oil-production well (open arrow) on a block
of the landslide. C. View to the north of the Guadalupe Formation sandstone scarp.

Previously, Rossello and Saavedra [8] carried out a structural study of the available surface and
subsurface geological information of the Guando oilfield, with particular emphasis on the analysis of
the Boquerdn thrust. DEM and RADAR imagery combined with the reinterpretation of a 3D seismic
survey and well controls have led to the recognition of the modern Guando Slump phenomenon. This
gravitational sliding significantly modifies the previously known structural model based on the low-
angle faulting, superposing Villeta Group levels on younger strata.

The aim of this paper is to describe the main morpho-structural features of the gravity
displacements superimposed on the Boquerdn thrust in the Guando oilfield, as an example that can be
extrapolated to situations with similar structural environments. The Guando Slump provided an
example of the characteristic geoforms of gravity displacements and their possible causes and
consequences for exploration activities (Figure 1). Therefore, a new structural model of the Guando
oilfield is proposed, which takes into account the integral characteristics of the Boqueron thrust and
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the recent deformation events due to the Guando landslide. The understanding of this new tectonic
model is not only useful to explain the constant collapse problems of the producing wells but also to
predict future events with mitigation tasks.

2. Materials and methodology

In the structural interpretation of mountainous areas as a result of compressional tectonic
convergence, it is very common to consider thrusting as the main responsible factor for the generation
of relief, both by models of thick or thin tectonics [10]. Moreover, as a consequence of the instability
of their slopes, they usually show phenomena of landslides or shallow gravity movements [11-20].

Thus, the slopes of the relief are attenuated by achieving conditions of greater stability by adapting
to the base levels [21]. In this way, the conventional tectonic interpretation is often influenced and
erased by features attributed to more recent gravity-like phenomena. On the other hand, when these
sectors are located on exploration targets, the stability of the logistical installations is affected and, in
the case of the wells that pass through them, the risks described [22,23] include blockages and collapses
due to the displacements and modifications of the terrain that occur on the sub-horizontal surfaces of
the displacement.

A synthesis of the tectonic evolution of the sector was undertaken to describe and interpret the
Guando Slump and its implications for structural interpretation. The available subsurface information
was integrated in 3D with the topographic and geological surface mapping according to the criteria of
[24]. In order to conceptualize the main characteristics of the gravity slip processes, a compilation of
theoretical aspects of their morphologies and generation processes was carried out, using analogies to
classical real cases extracted from specific literature [ 14-22].

The geomorphological interpretation was carried out using high-precision digital elevation
models (3601 x 3601 pixels with a spatial resolution of 1 arcsecond) from the open-source satellite
imaging program SRTM (Shuttle Radar Topography Mission) using ArcGIS. The analysis of the
seismic and well data was carried out using industrial software on a workstation kindly provided by
Petrobras Colombia. This topography was acquired and overlaid with regional geological mapping.
Due to the excellent evidence provided by digital mapping, visualizations of block diagrams and
profiles were obtained with different orientations, highlighted with artificial shading to facilitate the
geomorphological interpretation [25].

A brief review of the geological history of the Upper Magdalena Valley Basin, focusing on the
tectonic evolution, is given to analyze the impact of the Guando Slump on the conventional structural
interpretation of the subsurface oil field. In order to describe the geometry of the slump at depth and
to estimate its evolution, 4D models have been constructed, supported by transects fitted with
acquisitions of the available reflection seismic data previously studied by [8].

3. Geological setting

The Guando field covers an area of 60 km? at an average altitude of 1300 m a.s.1. It has more than
143 wells, of which approximately 109 produce oil, with an average production of approximately
20,000 BPD of light oil (29.5° API), 50,000 BPD of water, and 2000 KPC of gas (Figure 3). It was
discovered in the year 2000 and has significant reserves estimated at 130 MMBO. The structural model
is characterized by a sub-thrust trap associated with the Boquer6n thrust system, which marks the
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boundary between the Upper Magdalena Valley and the Eastern Cordillera (Figure 3). The producing
horizon is the Guadalupe Formation with average depths of 1200 m and average pressures of about
300 psi. The source rocks are pelites and marly limestones of the Villeta Group of Late Albian to
Santonian age, and it is postulated that the oil kitchens are derived from the nearest synclines. The
Guaduas Formation is composed of clays and small sandy intercalations (Figure 4).

Figure 3. Location of the Guando oilfield in the VSM on a regional geological map.
Horizontal dashed area indicates outcrops disturbed by gravity sliding from the head (white
dashed line) and the western boundary (yellow line). The red line indicates the outcrop of
the main faults (Ki: Saldafia-Yavi Formation; Kgl: F: Caballos Formation, Kgn: Villeta
Group, Kgc: Monserrate Formation, Tkg: Guadala Formation, Tcl: Barzalosa F., Tbo:
Orteguaza F., Qal: Alluvial deposits, Qoo: modern sediments). The green polygon indicates
the Guando oilfield license. The blue polygons show the underlying producing areas
(modified from [8]).
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3.1. Stratigraphy

The stratigraphy of the Guando area has been adapted from the Upper Magdalena Valley
Basin [26,27]. To describe the main sedimentary records, it can be divided into the following three
main depositional sequences (Figure 4):
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Figure 4. Stratigraphic map of the Guando Field showing interbedded ductile levels of the
Villeta and Guadalupe Groups as potential triggers for the Guando Slump detachment
levels.

(a) Triassic rhyolitic volcaniclastic of the Saldafia Formation overlying a Paleozoic crystalline
basement [28,29]. The thickness of the Triassic-Neogene sedimentary sequence is up to 9000 m thick,
and its deposition was at least partly controlled by pre-existing Paleozoic extensional faults.

(b) Cretaceous non-marine clastics (Saldafia-Yavi and Caballos formations, and Guadalupe Gr.)
to marine and carbonates (Villeta Gr.), influenced by successive phases of the Andean orogeny,
starting with the mid-Cretaceous Peruvian phase [30].

(c) Tertiary non-marine molasse succession (Guaduas Fm.) associated with the deformation and
major uplifts of the Eastern Cordillera, causing exhumation, erosion, and the subsequent deposition of
thicker continental sediments.
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3.2. Tectonic framework

From the point of view of regional tectonic analysis, the Upper Magdalena Valley (OMV) is a
typical ramp basin (in the sense of [30]), with a multi-phase history, mainly influenced by the different
phases of Andean tectonics. As a result, it is bounded by major thrusting to the west by the Cordillera
Central and to the east by the Cordillera Oriental [29,31-33].

The main tectonic stages that have affected the region, based on surface and subsurface data and
our own interpretations, have been compiled from the abundant related literature [4,22,34]. Although
the tectonic history of the VSM basin began in the Triassic-Jurassic as a back-arc depocenter, it may
have been at least partially controlled by pre-existing Paleozoic anisotropies [35]. The morphotectonic
conformation of the studied area has been acquired from the Neogene to the present by the Andean
tectonics, with the deposition of syntectonic sediments in intermontane basins.

The following three Andean phases, due to the convergence of the Nazca plate with the South
American plate, are mainly responsible for the structural features expressed in the seismic data
associated with the development of petroleum systems in several fields in the region [26, among others].

a) The Peruvian Phase or “Mochica Event”: generally, poorly recognized in Colombia, although
well represented in the rest of the Andes [36]; in the VSM, it is bounded by the Albian-Cenomanian
with a main direction of WSW-ENE compression [26].

b) The Incaic Phase, widely recognized in the Upper Magdalena Valley Basin, started in the Early
Eocene and reached its climax in the Middle Eocene [31,32,36]. It started with an increase in the
convergence between the Nazca and South American plates. Their convergence determines the cortical
shortening structures expressed by widespread distributed thrusts involving the basement, especially
on the western and eastern margins of the Cordillera Central.

¢) The Quechua Phase: with several deformational episodes during the Neogene. During this
phase, the Boqueron thrust (among others), syntectonically associated with folds with axes arranged
in directions preferentially perpendicular to the main direction of WSW-ENE convergence [26], is the
main feature of the Boqueron thrust. As a result of the Quechua phase of the Andean orogeny between
the Late Miocene and the present, the Eastern Cordillera was compressed and uplifted with the
development of the basement-involved Boquerdn thrust system [36,37]. Folds with NNE-SSW
oriented axes suggest WSW-ENE compression during the Middle Miocene. During the Pliocene, NW-
SE strike-slip faulting involving the basement displaced fold axes and pre-existing faults [31,32].

3.3. Previous tectonic models

The Boquerén and Quinini thrusts, with a regional dip of about 30° to the east and a westerly
plunge, form the main structure of the Guando oilfield [3]. The westernmost segment of the faults
overlies and seals the productive units that define the main underlying targets (Figure 5). The thrusting
is a consequence of the Andean compressional tectonics and is the main tectonic feature of the Guando
oilfield [31,34,36].

Previous 2D interpretations considered the Boqueron thrust with its detachment surface as having
local spatial arrangements on the western margins, with dips that vary markedly with respect to the
regional trend. These previous interpretations of the surfaces of the Boquerdn thrust show an inverted
dip to the west, or even typical listric upward concave buckling.
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Figure 5. Examples of interpretations prior to the present work. A, B. 2D seismic lines
(PSTM), with synthetic traces of producing wells in reservoir levels (Kg: Guadalupe
sandstones; Kv: Villeta limestones; Kgi: Lower Guadalupe sandstones; Kgs: Upper
Guadalupe sandstones; Tkg: Guaduas sandstones) that dip to the northwest, located in the
lower block of the Boquerdn thrust (taken from [3,8]). See location in Figure 3.

4. Results
4.1. The geometry characteristics of the Guando Slump

Digital topographic interpretation of various views of high-precision elevation models shows the
geomorphological evolution of the Guando Slump (Figure 6). The volume of rock affected by the
slump covers the oilfield and affects the production activity. The surface shows soft reliefs that slowly
move westward from the very well-marked semicircular eastern escarpment over the steep slope that
marks the current watershed, arranged sub-meridionally between Icononzo and Melgar towns. At the
latter locality, the most distal position of the foot of the Guando Slump can be recognized (Figure 6).
The crescent length of the escarpment reaches 10 km, and the gravitational slip to its anterior foot
averages about 20 km, determining a topographic slope of the order of 15°.
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Figure 6. Topographic diagrams of the Guando Slump from digital models of SRTM
satellite images. A. 3D view to the east. The red line shows the base of the escarpment. B.
North-flush view. C. Frontal view to the east with indication of the sector occupied by the
landslide.

From the point of view of subsurface interpretation using available seismic data, the Guando
Slump is a sedimentary volume that overlies the undisturbed sequences of the oil-producing targets
(sedimentary reservoirs in the Caballos, Villeta, and Guadalupe groups). This landslide has a well-
marked basal detachment surface with a listric trough design in profile and the appearance of a concave
crescent in plan that joins the escarpment of the topographic ridge to the east. The Guando Slump
covers about 10 km? with a longitudinal extension of about 3 km and a width that varies between 1200
m and 700 m at its midpoint neck due to the interference of more resistant salients (Figure 6).

Based on the change in position of the Boquero6n thrust in the slumping volume with respect to
its original position in the undeformed eastern block, its displacement can be estimated to be between
1 and 2 km (Figure 7). The magnitude of the displacement is related to the regional topographic
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gradient and the volume and deformability of the rocks involved in the gravitational slip. The greater
the slope and the greater the deformability of the rocks involved, the greater the displacement.

Guando Slump

Wells

headscarp

Guando Slump

Figure 7. 3D projected view showing the listric geometry of the morphostructural features
of the basal surface of the landslide (blue line). A, B. Interpretative transects of the
Boqueron thrust (red line) partially dissected and translated NW wards by the landslide
surface (taken from [8]).

Borehole image log data showing the spatial arrangement of discontinuities confirms that above
the plane of the Boquerdn thrust, planar features attributed to fractures with random angles and
directions show no characteristic pattern. The same behavior is observed at stratigraphic boundaries
where azimuths and dips are chaotic. For this reason, the geometric and temporal characterization of
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the morphology of the Guando Slump detachment surface is fundamental for the design of exploration
activities, the location of logistic facilities, and the orientation of future production wells.

The magnitude of slump displacement can be calculated from the relationship between the
topographic relief of the landslide detachment surface [13,38—41]. In the case of the Guando Slump,
the detachment in the central part of the landslide is estimated to be about 2 km, based on the lateral
displacement of the Boqueron thrust. This could be due to the more intense internal disturbance of the
landslide volume as it passes the threshold of the take-off surface, which favors an internal disturbance
that makes it less competent and therefore more prone to collapse and erosion.

4.2. Structural model of the Boqueron thrust

Previous interpretations of the westernmost segment of the Boquerdn thrust in the Guando oilfield
showed different surface dispositions where the horizontal maximum principal stress was not considered
to be responsible for it (Figure 5). This segment shows an almost sub-horizontal laying surface, but in
the easternmost segment, it is contrasted by the regional dipping toward the east (Figure 5). This
discrepancy between the morphological features in the sector currently affected by the Guando Slump
is very much at odds with the mechanistic underpinnings of the 4D structural interpretation.

Thus, the previously interpreted peculiar geometry of the Boqueroén thrust (Figure 7) is due to the
fact that its western and shallower segment was reactivated by the underlying detachment of the
slumping plane. Consequently, this western segment is a part of the Boquerdn thrust that has been
modified and displaced by the slip plane. For this reason, from the seismic data, it appears to be
associated with the same surface, giving the appearance of conforming to the same and continuous
structure.

On the other hand, if the western part of the Boquerdn thrust was, as previously proposed, a thrust,
it would have to be east-vergent to respect the unambiguous spatial relationships between faulting and
stress fields [see a synthesis in 42]. This relationship determines that the maximum principal stress o1
and the fault surfaces will always maintain an angle of less than 45°, often of the order of 30°—40°.
Therefore, regardless of whether it is a normal, reverse, or transcurrent fault, the maximum principal
stress o1 is always located at an angle of less than 45° (close to 30°—40°) with respect to the fault plane
on which it acts (Figure 8).

Figure 8. A: Schematic representation of the typical relationship between the vertical
position of the maximum principal stress in a slumping whose displacement is sub-
horizontal. B: Schematics of Anderson's law, which establishes univocal spatial
relationships between the stress field and thrusting always at <45° (modified from [42]).
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Therefore, if the previous interpretations are maintained, it would be an anomalous situation to
consider that the same surface of the Boquerdn thrust has opposite vergences, as shown in Figure 5.

5. Discussion

The multi-lithological Cretaceous sequences of the Villeta Group of the Guando oilfield have
different mechanical responses, allowing the identification of detachment surfaces that exploit
mechanical discontinuities for their development. This active slumping in mountainous regions with
rugged relief, humid weather, and seismicity defines a westward sliding hanging block above the
undisturbed oil target sequences. This horizontal displacement of 1-2 km provides a coherent
explanation for the mechanical problems encountered by production and injection wells crossing it.
These collapse and/or throttling problems increase with the age of the wells.

Based on various antecedents [43—45], the triggering of the Guando Slump gravity process may
have been favored by the combination of steep relief and the interaction of the following causes:

e High regional tectonic instability in the midst of the developing and rapid exhumation of the Central
Cordillera, which affects the readjustment of the base level. The stability conditions in the pre-
rupture phase are assessed taking into account the initial geometry of the slope, the strength limit
of the materials involved, the groundwater and/or percolation conditions, and the effect of possible
external forces (earthquakes, overloads, excavations, etc.).

e Intense weathering contributes to the erosion processes due to climate and abrupt changes in the
ground level.

e The multi-compositional nature of the affected volume of rocks with interspersed incompetent
levels, particularly the plasticity of the interfinger pelites and mechanical equivalent rocks of the
Cretaceous Villeta Group. This incompetent behavior acts as a lubricant capable of defining a
detachment surface that triggers gravitational displacement.

The evolution of the Guando Slump can be explained as a recent and still evolving feature
affecting the Boquerdn thrust, giving it the particular listric geometry previously interpreted (Figure
9).

The curved structures with opposite dips at the western end with respect to the interpreted regional
spatial trend in their eastern continuity were inconsistent with the mechanistic underpinnings of the
4D structural interpretation. This is because they do not conform to Anderson's law, which establishes
a certain angular relationship between the orientation of the generating stress field and the produced
fault surfaces [42,46,47].
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Figure 9. Schematic evolution of gravitational slip on the Boquerén fault and its
overhanging slip compartment from conceptual sections. A. Previous state, with the
position of the potential slip plane indicated. B. Slip initiation triggered by seismicity (red
stars) and weathering favored by the mechanical inconsistency of Villeta Group pelites. C.
An advanced landslide where a producing well is located. D. Current state where the
collapse of the producing well can be seen.

Moreover, this gravitational slip, which developed over the Guando oilfield, could explain the
problems of pipe collapse due to tangential deformation at depths compatible with its location and the
presence of hydrocarbons in shallow and variably disturbed reservoirs, which must have been loaded
prior to its operation.

Unfortunately, a calculation of the displacement velocity is not yet available, which could be made
from different methodologies applied in other cases [48-50]. If information on the speed of
gravitational movement of the Guando Slump were available, it would be possible to implement
measures to mitigate the catastrophic effects of displacements [51,52]. In this way, they could be taken
into account in the siting of the infrastructure to estimate its useful life and possible attenuation in the
case of wells that will have to cross the basal surface of the displacement.

The measures to mitigate the consequences of landslides are clearly different before and after the
failure. In the pre-failure phase, the potential instability must be assessed in its geological context in
order to determine the measures to be taken to protect and/or contain the slope movement. In the event
of an overt failure, various measures must be taken, ranging from immediate evacuation if necessary
and feasible to containment and remediation. The techniques and procedures to be employed will be
specific to each phase and will require a differentiated approach.

6. Conclusion

This detailed 3D surface and subsurface study in the Guando oil field identified the active
landslide phenomenon represented by the Guando Slump and a new structural interpretation of the
Boquero6n thrust.

The new tectonic model significantly modifies the previous structural model based on the
Boquero6n thrust, due to the strong incompatibility of the spatial relationship between the westernmost
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segment of the Boquerdn thrust and the responsible stress fields. The previously assumed position of
the westernmost segment of the Boquerodn thrust is strongly modified by a gravitational slip, which
causes the initial layout of its surface to be strongly obliterated. This structural model provides new
observations and a more confident interpretation that takes into account the integral characteristics of
the Boquerdn thrust and the active deformation events due to the Guando slump.

The spatial and temporal diversity of the structures detected in the Guando oilfield hinders the
application of geometrically balanced reconstruction techniques that consider all events in a single
process; therefore, a multiscale and evolutionary tectonic analysis is required.

Finally, the structural peculiarities of the tectonic model of the Guando oilfield, due to the

presence of the active Guando Slump, if properly monitored, can contribute to a better management of
the oilfield.
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