‘ energies

Article

CO; Storage Site Assessment in the Mugrosa Formation, Middle
Magdalena Valley Basin: An Integrated Geocellular,
Geomechanical, and Fault Seal Modeling Workflow

Edwar Herrera Otero 1'*

W) Check for updates

Academic Editor: Andrea De Pascale

Received: 9 July 2026

Revised: 31 July 2026

Accepted: 17 August 2026
Published: 2 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Maria Cecilia Ruiz Cardona 2

School of Petroleum Engineering, Faculty of Physicochemical Engineering, Universidad Industrial de
Santander, Bucaramanga 680002, Colombia

Agencia Nacional de Hidrocarburos, Bogota 110221, Colombia; maria.ruiz@anh.gov.co
Correspondence: edherote@uis.edu.co

Abstract

Geological CO; storage represents one of the main strategies for mitigating greenhouse
gas emissions within the framework of global energy transition. This study presents an
integrated workflow for assessing the geological CO, storage potential of the Mugrosa
Formation in the Middle Magdalena Valley Basin (Colombia). The methodology integrates
multicriteria analysis, seismic interpretation, sedimentological and petrophysical char-
acterization, three-dimensional geocellular modeling, geomechanical analysis, and fault
seal evaluation using Shale Gouge Ratio (SGR) approach to assess reservoir-seal integrity
and storage feasibility. Based on regional evaluation, two targets were selected: North
and Central Structures. Seismic interpretation identified faulted anticline traps associated
with reverse faults within a compressional regime, revealing different degrees of reservoir
compartmentalization. Petrophysical characterization showed a predominance of clay-rich
facies, with shale volume > 90% in some intervals, limiting reservoir quality and restricting
storage potential to discrete sandy bodies. Reservoir intervals exhibit effective porosity
from 13-15% and permeability between 500-800 mD. Geomechanical analysis allowed the
evaluation of system stability under injection conditions, main faults are close to critical
reactivation conditions, although they remain stable under moderate injection pressures.
High SGR values (>0.75) suggest favorable fault-sealing capacity. Storage feasibility is
controlled by the balance between reservoir quality, structural integrity, and geomechanical
behavior. The integrated workflow provides a robust framework for subsurface integrity
assessment and early-stage screening of geological CO; storage prospects in structurally
complex sedimentary basins.

Keywords: CO, geological storage; geocellular modeling; reservoir characterization; fault
seal analysis; Shale Gouge Ratio (SGR); geomechanical modeling

1. Introduction

Geological CO, storage has become one of the main strategies for mitigating green-
house gas emissions within the context of the global energy transition and the development
of Carbon Capture and Storage (CCS) technologies [1,2]. Its long-term feasibility largely
depends on the subsurface capacity to safely and permanently contain injected CO,, which
requires a comprehensive characterization of the reservoir-seal system and a rigorous
assessment of subsurface integrity under injection conditions [3].
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Traditionally, the evaluation of geological storage sites has been conducted through
independent analyses focused separately on structural, petrophysical, geomechanical, or
seal-capacity aspects [4]. Although these approaches are widely applied, they present
important limitations because they do not fully capture the coupled interaction between
reservoir heterogeneity, mechanical behavior, and fault response to pore-pressure changes
induced by CO; injection [5,6].

In structurally complex sedimentary basins, structural characterization defines trap
geometries, compartmentalization, and fault architecture, whereas geocellular modeling
enables the spatial representation of facies distribution and petrophysical heterogeneity
within the storage interval [7]. In parallel, geomechanical analysis evaluates the stability of
the reservoir-seal system under stress perturbations associated with injection processes,
while fault seal assessment methods, such as the Shale Gouge Ratio (SGR), provide quanti-
tative estimations of the sealing behavior of faults and their capacity to act as hydraulic
barriers [8]. However, the isolated application of these methodologies limits a holistic
understanding of containment risk, particularly in heterogeneous reservoirs affected by
complex structural deformation [9].

Consequently, there is still a need for integrated methodologies capable of simultane-
ously evaluating: (i) the spatial heterogeneity of the reservoir, (ii) the mechanical stability
of the system during injection, (iii) fault behavior and reactivation potential, and (iv) the
sealing capacity of structural discontinuities.

The integration of these components within a unified modeling framework represents
a critical step toward improving reliability in the screening, selection, and risk assessment
of geological CO; storage sites. Recent studies have highlighted that thermo-mechanical
coupling, stress redistribution, and fracture evolution may significantly influence the
long-term performance and integrity of subsurface storage systems [10,11].

In this context, the Middle Magdalena Valley Basin in Colombia constitutes a promis-
ing region for future Carbon Capture, Utilization and Storage (CCUS) applications due
to its favorable geological conditions, hydrocarbon infrastructure, and proximity to major
industrial CO, emission sources [12]. Among the potential storage units, the Mugrosa For-
mation represents an attractive target because of its stratigraphic configuration, structural
trapping conditions, and the presence of interbedded reservoir and sealing facies.

This study proposes and applies an integrated workflow that combines three-
dimensional geocellular modeling, geomechanical analysis, and fault seal assessment
to quantify subsurface integrity in a CO, geological storage scenario within the Mu-
grosa Formation. The proposed approach explicitly links reservoir heterogeneity, struc-
tural configuration, mechanical stability, and fault-sealing behavior within a single
geocellular framework.

The main contribution of this work lies in the development of a unified methodological
framework that integrates geological, petrophysical, structural, and geomechanical do-
mains into a consistent subsurface model for CO; storage site assessment. This integrated
approach not only improves the characterization of containment-related risks but also
provides a more robust basis for prospect ranking and decision-making during the early
stages of screening CCUS project evaluation.

2. Geological Setting of the Middle Magdalena Valley Basin
2.1. Basin Architecture and Tectonic Evolution

The Middle Magdalena Valley Basin (MMVB) is an intermontane depression located
between the Central and Eastern Cordilleras of Colombia and represents one of the most
structurally complex sedimentary systems within the Northern Andes due to its prolonged
tectonostratigraphic evolution. Its present-day configuration results from the superposition
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of Mesozoic extensional tectonics and Cenozoic compressional deformation, generating
an inherited structural framework that was subsequently inverted and now controls the
geometry of subsurface units [13,14].

During the Late Triassic-Jurassic, the basin evolved under an extensional tectonic
regime associated with intracontinental rifting processes linked to the regional fragmen-
tation of the northwestern South American margin. This stage promoted the formation
of hemigrabens and the accumulation of continental syn-rift successions, establishing a
structural basement that later conditioned Andean deformation. Subsequently, during
the Cretaceous, the basin underwent thermal subsidence and developed as a passive to
back-arc margin environment, characterized by widespread marine sedimentation and the
deposition of regionally extensive carbonate and siliciclastic successions [15].

From the Paleogene onward, and particularly during the Miocene, Andean conver-
gence induced a transition toward a compressional tectonic regime, promoting the tectonic
inversion of pre-existing extensional structures. This process generated a structural style
dominated by reverse faults, associated folds, and thrust systems, especially along the
eastern margin of the basin. The selective reactivation of paleo-normal faults produced
complex structural configurations and significant subsurface compartmentalization [16].

As a result, the MMVB is currently recognized as an inverted intermontane basin with
sedimentary thicknesses exceeding several kilometers and marked structural and strati-
graphic heterogeneity. The predominant NNE-SSW orientation of faults and folds reflects
the combined influence of Andean tectonics and Mesozoic structural inheritance [17]. These
characteristics are particularly relevant for geological CO, storage applications because
they directly influence reservoir continuity, fault connectivity, mechanical stability, and the
sealing integrity of the reservoir-seal system.

In this context, understanding the tectonic evolution of the MMVB is essential for
evaluating the viability of reservoir-seal systems, identifying structurally favorable storage
zones, and anticipating potential migration pathways induced by CO, injection. Therefore,
the inherited structural architecture of the basin constitutes a key factor in the integrated
risk assessment of deep geological CO, storage projects.

2.2. Stratigraphic Framework of the Target Reservoir-Seal System Formations

The sedimentary succession of the Middle Magdalena Valley Basin comprises a se-
ries of Paleogene and Neogene units with lithological and petrophysical characteristics
favorable for deep geological storage applications. Within this framework, the Mugrosa,
Colorado, and Esmeraldas formations constitute a stratigraphic system of particular inter-
est due to their vertical arrangement, internal heterogeneity, and functional relationships
within the reservoir-seal architecture.

These units represent continental to transitional depositional environments developed
during the Cenozoic evolution of the basin and are associated with fluvial, deltaic, and
alluvial plain systems [17]. Their lateral and vertical variability reflects changes in subsi-
dence patterns, sediment supply, and tectonic controls, resulting in a complex stratigraphic
architecture characterized by interbedded sandstone and mudstone intervals that strongly
influence subsurface hydraulic behavior. Collectively, these formations provide favorable
geological configurations for CO, storage, where porous sandy intervals act as potential
storage reservoirs, while overlying fine-grained successions perform sealing functions.

From a subsurface engineering perspective, the assessment of these units requires
consideration not only of their individual petrophysical properties but also of their strati-
graphic connectivity, lateral continuity, and capacity to maintain long-term confinement
conditions at the regional scale. In this study, these formations were selected as the primary
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target interval because of their representativeness within the regional petroleum system
and their potential applicability for geological CO; storage in mature sedimentary basins.

2.2.1. Mugrosa Formation

The Mugrosa Formation is an Early to Middle Miocene siliciclastic unit widely dis-
tributed throughout the Middle Magdalena Valley Basin. It is predominantly composed
of fine- to medium-grained sandstones interbedded with siltstones, claystones, and car-
bonaceous levels, reflecting deposition within meandering fluvial systems influenced by
extensive floodplain environments [18].

From a petrophysical perspective, the Mugrosa Formation represents one of the prin-
cipal reservoir intervals in the basin due to its moderate-to-high effective porosity and
variable permeability, which are strongly controlled by facies distribution and diagenetic
cementation processes. The internal heterogeneity of the formation promotes local reser-
voir compartmentalization while simultaneously favoring the development of laterally
connected sandstone bodies capable of storing significant fluid volumes [18].

For geological CO, storage applications, the Mugrosa Formation constitutes a strategic
target because of its potential injectivity and its stratigraphic position within a system over-
lain by lower-permeability units. However, its storage performance is critically dependent
on the lateral continuity of sandy bodies, the degree of structural compartmentalization,
and the interaction with active or reactivated fault systems that may influence pressure
distribution and fluid migration pathways.

2.2.2. Colorado Formation

The Miocene Colorado Formation is characterized by a succession of sandstones,
shales, and siltstones deposited within fluvio-deltaic to transitional depositional environ-
ments. Its sedimentary architecture reflects significant lateral variability associated with
channel migration processes and fluctuations in sediment supply regimes [18].

From a functional perspective, the Colorado Formation may act both as a secondary
reservoir unit and as a hydraulic transition interval within the regional stratigraphic
framework. The sandstone bodies exhibit locally favorable storage properties, although
they generally present greater heterogeneity than those observed in the Mugrosa Formation.
The occurrence of interbedded clay-rich intervals increases the complexity of vertical fluid
flow and may contribute to localized sealing and pressure compartmentalization within
the system [19].

Its relevance in the present study lies in its role as an intermediate stratigraphic unit,
whose detailed characterization is necessary to evaluate vertical connectivity, potential
migration pathways, and pressure distribution under CO, injection scenarios.

2.2.3. Esmeraldas Formation

The Esmeraldas Formation is a predominantly fine-grained unit deposited in low-
energy continental environments and is mainly composed of shales, claystones, and silt-
stones with subordinate intercalations of fine-grained sandstones [19]. Its broad regional
distribution and limited occurrence of permeable facies make it a key component of the
regional confinement system [17].

From a geological storage perspective, the Esmeraldas Formation performs a funda-
mental role as a regional seal, restricting the vertical migration of fluids and providing both
capillary and mechanical barriers above the underlying intervals. Its thickness and lateral
continuity constitute critical parameters in subsurface integrity assessment and long-term
containment evaluation.

https:/ /doi.org/10.3390/en19174147


https://doi.org/10.3390/en19174147

Energies 2026, 19, 4147

5 of 40

Additionally, its geomechanical properties, including relatively higher ductility and
lower permeability, favor stress dissipation and reduce the risk of injection-induced fractur-
ing, increasing its relevance under prolonged CO; injection scenarios.

2.3. Structural Framework and Implications for CO, Storage Integrity

The structural framework of the Middle Magdalena Valley Basin exerts a primary con-
trol on the geometry, continuity, and hydraulic behavior of subsurface systems evaluated
for geological CO; storage. The present-day configuration of the basin reflects a predomi-
nantly compressional tectonic regime resulting from the Cenozoic inversion of pre-existing
Mesozoic extensional structures [20]. This tectonic evolution generated a complex network
of reverse faults, associated folds, and thrust systems that segment the subsurface and
control the architecture of structural traps and sealing barriers at multiple scales [21].

Within the study area, seismic interpretation integrated with well data revealed a
structural pattern dominated by high-angle faults with preferential NNE-SSW and NE-
SW orientations, consistent with regional Andean deformation trends. These structures
define partially compartmentalized tectonic blocks and generate anticline and homoclinal
configurations favorable for fluid accumulation and containment.

From a geological storage perspective, faults represent a dual-control element within
the subsurface system. On one hand, faults may act as hydraulic barriers when character-
ized by clay-rich gouge zones, favorable seal-reservoir juxtapositions, and low reactivation
potential. On the other hand, they may constitute preferential migration pathways if ver-
tically connected or if they experience mechanical integrity loss under injection-induced
overpressure conditions.

Therefore, structural integrity assessment requires the simultaneous evaluation of
fault geometry, kinematic evolution, petrophysical properties, and geomechanical response
under injection scenarios. In this context, methodologies such as Shale Gouge Ratio (SGR),
fault seal analysis, and effective stress stability criteria are essential for estimating sealing
capacity and leakage risk associated with major structural discontinuities.

Additionally, the interaction between folded structures and stratigraphic heterogene-
ity generates internal reservoir compartmentalization, affecting pressure distribution and
storage efficiency. This compartmentalization may be advantageous by limiting the re-
gional propagation of the CO, plume; however, it also increases operational complexity by
requiring differentiated injection and monitoring strategies.

In mature compressional systems such as the Middle Magdalena Valley Basin, storage
integrity does not depend exclusively on reservoir quality or regional seal thickness, but
rather on the coupled response between structural architecture, mechanical properties,
and hydraulic connectivity. Consequently, the structural framework must be considered
a central component in risk assessment and prospect selection for deep geological CO,
storage applications.

From an operational perspective, the identification of structurally favorable sectors
involves prioritizing areas with lower fault density, reduced fault reactivation probability,
adequate separation between critical faults and injection trajectories, and sufficient lateral
continuity of the overlying sealing units. This approach contributes to reducing uncer-
tainty and strengthening decision-making robustness during the early planning stages of
CCS projects.

3. Methodology

This study proposes a methodological framework for assessing geological CO, storage
potential based on reservoir modeling approaches widely applied in the hydrocarbon
industry and adapted to a deterministic storage-capacity estimation scheme. The method-
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ology is structured into a sequence of integrated stages leading to the comprehensive
characterization of the reservoir-seal system, the identification of prospective storage units,
and the development of a three-dimensional geocellular model.

The proposed geocellular model consistently integrates structural, stratigraphic, petro-
physical, geomechanical, and fault-sealing domains within a unified subsurface framework.
The sedimentological component is based on facies analysis and characterization, enabling
the definition of spatial property distributions consistent with the depositional environment
and stratigraphic architecture of the system. This multiscale integration approach allows
the representation of reservoir heterogeneity, reduces uncertainty associated with spatial
property distribution, and establishes a robust basis for evaluating storage capacity and
subsurface integrity under CO; injection scenarios.

3.1. Study Area Definition and Reservoir Ranking

The study area was defined through a sequential screening approach following the
methodology proposed by Bachu (2000) [22]. In the first stage, preliminary target areas were
identified based on their proximity to one of the main industrial CO, emission sources in
Colombia, the Barrancabermeja Refinery. A 100 km (km) radius buffer zone was established
around the emission source, within which only areas classified as available by the National
Hydrocarbons Agency (ANH) were selected, ensuring the operational and regulatory
feasibility of the assessment.

Subsequently, the multicriteria evaluation methodology proposed by Bachu (2003) [23]
and Bachu and Adams (2003) [24] were applied. This approach is based on a normalized
scoring system that integrates 15 evaluation parameters to generate an overall suitability
ranking. The methodology allows the prioritization of prospective areas according to their
suitability for geological CO, storage, considering geological, structural, thermodynamic,
and operational variables.

3.2. Compilation and Review of Available Data

The primary dataset comprises well-log data from 48 exploration and development
wells, including gamma ray (GR), Spontaneous Potential (SP), resistivity, bulk density
(RHOB), and Neutron Porosity (NPHI) logs. In addition, 34 two-dimensional seismic
lines acquired from seven independent seismic surveys were integrated into the study,
representing approximately 391 km of total seismic coverage. This dataset provided
an adequate spatial framework for the structural and stratigraphic interpretation of the
study area.

3.3. Reservoir Characterization

Reservoir characterization was conducted through the integrated analysis of sed-
imentological and petrophysical information with the objective of defining the spatial
distribution of facies and porous-medium properties within the geocellular model [25].
This process constitutes the basis for representing reservoir heterogeneity and for the
subsequent estimation of geological CO; storage capacity.

3.3.1. Sedimentological Characterization and Facies Definition

Sedimentological characterization was performed through the integration of thin-
section petrographic analysis and well-log interpretation. This approach allowed the
identification of facies associations and the definition of their vertical and lateral distribution
within the target stratigraphic units.

Core analysis included the description of lithology, texture, sedimentary structures,
and stratigraphic contacts, enabling the identification of dominant depositional environ-
ments associated with fluvial and alluvial plain systems. Complementarily, petrographic
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analysis was used to evaluate mineralogical composition, matrix type, degree of cementa-
tion, and pore-system characteristics, providing key information for diagenetic interpreta-
tion and its impact on reservoir quality.

The interpretation of well logs, particularly GR and SP, was used to extend facies
classification into intervals lacking core control. Based on the response patterns of these
logs, electro facies were defined through the identification of characteristic signatures
associated with specific lithologies.

Based on this integrated workflow, a representative facies scheme of the depo-
sitional system was established and subsequently discretized within the geocellular
model [26]. This classification enabled the representation of sedimentary heterogene-
ity and the establishment of consistent relationships between facies distribution and
petrophysical properties.

3.3.2. Petrophysical Characterization

Petrophysical characterization was conducted to estimate the fundamental reservoir
properties, including shale volume, effective porosity, and fluid saturation, through the
analysis of well-log data.

Whenever available, petrophysical parameters were calibrated using laboratory core
measurements, including porosity and permeability data. This calibration process al-
lowed the adjustment of log responses and improved the reliability of petrophysical
estimations [27].

The derived properties were subsequently integrated into the geocellular model
through interpolation and geostatistical simulation techniques while honoring the previ-
ously defined facies distribution. This workflow enabled the construction of consistent
three-dimensional petrophysical models, which constitute a fundamental input for evaluat-
ing reservoir behavior under CO; injection conditions.

3.4. Seismic Interpretation and Structural Model

Seismic interpretation was performed using Petrel 2021 software, following a workflow
that included seismic-to-well tie calibration, horizon and fault interpretation, and time-
to-depth conversion. During this stage, key stratigraphic horizons corresponding to the
Eocene unconformity, the Esmeraldas, Mugrosa, and Colorado formations, as well as the
Cretaceous basement, were identified and mapped.

The structural model was constructed through the integration of interpreted faults,
stratigraphic horizons, and regional structural features within the study area, following
the Pillar Gridding workflow implemented in Petrel [25]. This workflow enabled the
generation of a structurally consistent three-dimensional framework that served as the
basis for subsequent facies, petrophysical, and geomechanical modeling.

3.5. Petrophysical Model Construction

Petrophysical evaluation involved the estimation of shale volume from GR logs,
calculated using Equation (1). The selection of clean-shale and shale reference values
was based on the statistical distribution of the dataset, considering the first quintile as
representative of the clean interval and the fifth quintile as representative of the shale

interval [28]. CRI CR el
0g — clean

Vsh GR = GR sh — GR clean

(1)

where:
Vsh GR is the shale volume estimated from the gamma ray log;
GR log is the gamma ray value at a given depth within the formation;
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GR clean is the baseline gamma ray response associated with clean reservoir intervals
characterized by minimal shale content;
GR sh is the reference gamma ray value corresponding to the shale interval.
Total porosity (¢D) was calculated from the density log (RHOB) according to
Equation (2) [29].
RHOBma — RHOBI

@D =
RHOBma — RHOBf

(2)

where:
@D = total porosity calculated from the density log
RHOBma = formation matrix density (2.65 and 2.71 g/cc)
RHOBf = fluid density (1 g/cc)
RHOBI = log value (g/cc)
The effective porosity (PHIE) is calculated with the following equation:

PHIE = @Dx (1 — vsh), 3)

Permeability was subsequently estimated using empirical correlations calibrated
according to the available petrophysical information. To estimate the water saturation the
Indonesian equation was employed:

L o VST s @)
VRt o & X Rw VRel

where:
Rt = formation resistivity (well log)
Rcl = clay resistivity
Rw = water resistivity
« = tortuosity exponent
m = cementation exponent
n = saturation exponent
& = porosity
Sw = water saturation
Vsh = shale volume

3.6. Fault Seal Analysis Methodology: Shale Gouge Ratio (SGR)

Fault-sealing capacity was evaluated using the Shale Gouge Ratio (SGR) methodology
proposed by Yielding et al. (1997) [8]. The SGR estimates the proportion of clay-rich
material entrained within the fault zone as a consequence of fault displacement, and is
shown as Equation (5).

SGR = % (Vsh x Az)/T, )

where:

Vsh is the shale volume associated with each stratigraphic interval;

Az is the thickness of each stratigraphic layer;

T is the total vertical fault throw.

SGR values below 0.18-0.25 are commonly interpreted as indicative of limited mem-
brane sealing capacity, whereas values above 0.25 suggest favorable conditions for fault seal
development. Although SGR has been widely validated for hydrocarbon systems [8,30], its
application to geological CO, storage should be interpreted with caution because the CO,-
brine system exhibits different capillary properties than conventional hydrocarbon-water
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systems. Therefore, SGR was used as a qualitative indicator of fault-sealing potential and
was complemented by capillary breakthrough pressure calculations through the estimation
of the maximum sustainable CO, column height (Section 3.8, below).

3.7. Geomechanical Analysis

A one-dimensional (1D) geomechanical model was constructed to define the opera-
tionally safe injection pressure window and to evaluate the fault reactivation potential. The
orientations and magnitudes of the principal stresses were estimated from wellbore break-
out data, drilling-induced fractures, and leak-off test (LOT) measurements. Pore pressure
was derived from density logs and regional pressure-gradient information. Fault stability
was evaluated using the Mohr-Coulomb failure criterion showed at the Equation (6).

T=c+ u(on — Pp), (6)

where:

T is the shear stress;

c is rock cohesion;

L is the friction coefficient;

on is the normal stress acting on the fault plane;

Pp is the pore pressure.

Rock elastic properties, including Young’s modulus and Poisson’s ratio, were es-
timated using Castagna’s empirical relationships derived from sonic and density log
responses from the Zarzal-2 well, after prior quality control and data validation procedures.

3.8. Estimation of Maximum CO, Column

The maximum height of the CO, column confined by the sealing formation (Hmaéx)
was calculated using the capillary entry pressure of the seal rock according to Equation (7):

Hmax = (2y cos0)/(r x g x (p brine — p COy)), (7)

where:

v is the interfacial tension between CO, and brine;

0 is the contact angle;

r is the pore-throat radius;

g is the gravitational acceleration;

p brine and p CO; are the densities of brine and CO,, respectively.

CO;, density under reservoir conditions was estimated from the pressure-temperature
density charts proposed by Bachu (2003) [23], which provide CO, density as a function of
reservoir temperature and pressure for geological storage applications. Reservoir pressure
and temperature for each prospect were projected onto the published density chart to
estimate in situ CO, density under storage conditions.

Brine density was corrected as a function of salinity and in situ pressure-temperature
conditions. Geothermal gradients were derived from calibrated bottom-hole temperature
(BHT) measurements from key wells within the study area.

3.9. 3D Geocellular Modeling and Structural Characterization

Three-dimensional geocellular models were developed for both selected structures
using the Petrel modeling platform. The workflow integrated: (i) structural framework
definition and pillar-grid construction; (ii) sedimentological facies modeling; (iii) petro-
physical property modeling; and (iv) incorporation of geomechanical properties, including
elastic parameters, principal stress fields, and pore-pressure distributions.
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4. Results

The results presented in this section summarize the integrated evaluation of the Mu-
grosa Formation as a potential geological CO, storage system within the Middle Magdalena
Valley Basin. The analyses combine prospect ranking, seismic interpretation, petrophysical
characterization, geocellular modeling, geomechanical assessment, and fault seal evalua-
tion in order to quantify the structural and mechanical integrity of the evaluated prospects.
Particular emphasis is placed on understanding the interaction between reservoir hetero-
geneity, fault behavior, and stress conditions, as these factors collectively control long-term
CO; containment performance.

4.1. Prospect Ranking and Selection

To prioritize areas with potential for geological CO, storage within the Middle Mag-
dalena Valley Basin (MMVB), a multicriteria ranking matrix was applied to 62 candidate
prospects previously identified across the basin.

The evaluation criteria were organized according to their relevance to storage security
and economic feasibility and included: (i) reservoir thermodynamic conditions, particularly
reservoir temperature and pressure, considering that supercritical CO; requires tempera-
tures above 31.1 °C and pressures greater than 7.38 MPa; (ii) seal integrity and thickness;
(iii) reservoir thickness and petrophysical quality; (iv) burial depth; (v) trap type; (vi) field
maturity; and (vii) accessibility and existing infrastructure.

As a result of this assessment, the North Structure and Central Structure emerged
as the two highest-ranked prospects, with scores of 41/50 and 40/50, respectively. Both
structures are associated with Oligocene Mugrosa Formation reservoirs located at depths
compatible with supercritical CO, conditions, ranging from 5970 to 6190 ft (1819.7 to
1886.71 m) MD in the North Structure, and from 4245 to 4410 ft (1293.88 to 1344.17 m) and
4600 to 4680 ft (1402.08 to 1426.46 m) MD in the Central Structure.

The selected prospects exhibit favorable structural and stratigraphic conditions for
CO, storage, including structural closure associated with compressional tectonics, the
presence of regionally extensive sealing intervals, and reservoir units with sufficient thick-
ness and injectivity potential. Additionally, their proximity to existing hydrocarbon in-
frastructure and major CO, emission sources enhances their suitability for future CCS
implementation scenarios.

4.2. Seismic Interpretation and Structural Geometry

Interpretation of the seismic lines allowed the definition of the structural framework
of the study area and the identification of two anticlines within the eastern block, both
bounded by reverse faults. These structures exhibit favorable geometric characteristics for
geological CO, storage, including structural closure, fault-controlled compartmentalization,
and the presence of potential sealing intervals associated with fine-grained deposits.

4.2.1. North Structure Prospect

The northern prospect corresponds to an anticline with northwest-southeast vergence
and a north-south plunging axis, covering an approximate area of 1.6 km? and a width of
nearly 2624.67 ft (800 m). The structure is intersected along its eastern crest by a reverse
fault associated with the Infantas Fault system, which exhibits compressional kinematics.

Figure 1 shows the interpreted seismic section across the North Structure prospect. The
top of the Mugrosa Formation is characterized by high amplitude and laterally continuous
reflectors, indicating relatively consistent stratigraphic continuity. In contrast, lower-
amplitude and less continuous reflectors were identified toward the upper and basal
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sections of the interval, suggesting the presence of shale-rich layers that may act as local
sealing units.
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Figure 1. Interpreted 2D seismic section showing the structural configuration of the study area in
the Middle Magdalena Valley Basin. Key stratigraphic horizons are highlighted, including the Real,
Colorado, Mugrosa, Esmeraldas, Eocene unconformity, La Luna, Tablazo, and Girén formations.
The section illustrates a compressional structural regime characterized by a major reverse fault and
associated folding, which controls the geometry of the identified anticline structures and potential
CO; storage traps.

The structural configuration indicates a fault-bounded anticlinal trap with favorable
closure conditions for CO; accumulation. However, the proximity of the reverse fault to the
structural crest suggests that fault integrity and sealing behavior represent critical factors
controlling long-term containment performance.

4.2.2. Center Structure Prospect

The Central Structure corresponds to a faulted elongated dome-shaped anticline
approximately 2.5 km long and 1.3 km wide, with its principal axis-oriented NW-SE. The
fold exhibits a north-south plunging trend and is structurally controlled by compressional
deformation associated with reverse faulting.

The structure is bounded to the west by the Arrugas Fault, a high-angle reverse fault
dipping eastward and exhibiting northeast vergence. This fault may act as a lateral sealing
boundary, contributing to structural closure and compartmentalization within the prospect.

The interpreted seismic geometry suggests the presence of a structurally confined
reservoir system characterized by fault-assisted closure and vertical stacking of reservoir-
seal intervals (Figure 2). The elongated dome configuration enhances the potential for CO,
trapping, while the associated reverse fault system may influence both fluid migration
pathways and pressure distribution during injection scenarios.

From a storage-integrity perspective, the Central Structure presents favorable geomet-
rical conditions for CO, containment; however, the sealing behavior and geomechanical
stability of the Arrugas Fault represent key controlling factors that must be evaluated to
assess long-term storage security.
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Figure 2. Interpreted 2D seismic section highlighting the structural framework of the study area,
including key stratigraphic horizons (Real, Colorado, Mugrosa, Esmeraldas, and the Eocene uncon-
formity). The section shows a reverse fault (black) affecting the stratigraphic sequence and controlling
the deformation of overlying units. The geometry reflects a compressional tectonic regime, with
gentle folding of the Mugrosa Formation and potential structural trapping conditions relevant for
CO, storage.

Both structures are interpreted as potential CO, storage prospects associated with
fault-bounded structural closures developed under compressional tectonics (Figure 3). The
Mugrosa Formation constitutes the main storage reservoir due to the presence of laterally
continuous sandstone bodies with favorable petrophysical characteristics. In addition,
intraformational shale-rich intervals may provide secondary sealing capacity, enhancing
vertical containment and contributing to reservoir compartmentalization.

4.3. Petrophysical Analysis of the Mugrosa Formation

The petrophysical evaluation of the Mugrosa Formation involved the integration
of well-log data and sedimentological information derived from thin-section analysis
using conventional petrophysical interpretation workflows. Thickness distribution reveals
significant local-scale variability across the study area, reaching its maximum development
in the Margaritas-1 well, where the formation attains approximately 3550 ft (1082.04 m).
In contrast, the Marengo-1 and Zarzal-2 wells exhibit comparable thicknesses of 1740 and
1780 ft (530.352 and 542.544 m), respectively, whereas the minimum thicknesses were
recorded in the Bambuco-1 (1082 ft, 329.79 m) and Cocodrilo-1 (1501 ft, 457.5 m) wells
(Figure 4).

The observed thickness variability reflects the combined influence of synsedimentary
accommodation changes, differential subsidence, and structural deformation associated
with the tectonic evolution of the basin. These variations directly affect reservoir conti-
nuity, storage capacity, and the spatial distribution of petrophysical properties within the
geocellular model.
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Figure 3. Structural depth map (ft) of the study area showing the spatial distribution of the top of the
reservoir and associated fault systems. Contours represent depth variations, highlighting structural
lows and highs across the area. Major faults are indicated in red, defining compartmentalization and
structural closures relevant for CO, storage site for both structures prospect. The locations of key
wells (e.g., Margaritas-1, Zarzal-2, Marengo-1, and others) are shown for reference and calibration of
the structural model.

The storage quality of the Mugrosa Formation as a potential CO, reservoir was
evaluated through the analysis of shale volume (Vsh), porosity, and permeability derived
from petrophysical interpretation. Based on the results obtained, the analyzed wells
were differentiated according to their dominant lithological character, defining two main
depositional trends: clay-dominated intervals and sandstone-dominated intervals.
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Figure 4. Correlation panel of well logs across the study area (Margaritas-1, Bambuco-1, Cocodrilo-1,
Marengo-1, and Zarzal-2) illustrating the vertical and lateral continuity of the Mugrosa Formation.
The logs include GR and SP, highlighting lithological variability and facies distribution. The cor-
relation shows a predominance of high GR values, indicative of clay-rich intervals, with localized
lower GR zones corresponding to potential sandy interbeds, supporting the interpretation of a
heterogeneous reservoir system.

In the Marengo-1 and Zarzal-2 wells, the Mugrosa Formation is characterized by a
continuous and relatively homogeneous succession with a clear predominance of shale-rich
facies. Gamma ray readings exceed 130 gAPI within the most argillaceous intervals in the
Zarzal-2 well, while minimum values near 60 gAPI correspond to the cleanest intervals. A
similar behavior was identified in the Marengo-1 well. Based on these responses, calculated
Vsh values exceed 90% across large portions of the formation, indicating poor overall
reservoir quality. Nevertheless, the Zarzal-2 well exhibits a higher frequency of thin
interbedded intervals interpreted as sandstone horizons, which may locally improve storage
potential (Figure 5).

The predominance of fine-grained facies suggests reduced effective porosity and
limited reservoir connectivity over significant portions of the formation. However, discrete
sandstone intercalations may provide locally injectable intervals that enhance storage
capacity and fluid transmissibility within the otherwise shale-dominated succession.

In contrast, the Cocodrilo-1 and Bambuco-1 wells are dominated by sandstone litholo-
gies (Figure 6). In the Bambuco-1 well, the Mugrosa Formation consists of a relatively
monotonous and laterally continuous sandstone succession with low shale content, sug-
gesting more favorable reservoir conditions in terms of storage capacity and injectivity.
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Figure 5. Composite well-log panels for the Marengo-1 and Zarzal-2 wells across the Mugrosa Forma-
tion, showing SP, caliper (CALI), GR, Vsh, and total porosity (PHIT). The logs indicate predominantly
shale-rich intervals with limited discrete porous sandy bodies, highlighting lateral heterogeneity in
reservoir quality within the studied formation.
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Figure 6. Composite well-log panels for the Cocodrilo-1 and Bambuco-1 wells across the Mu-
grosa Formation, showing SP, GR, Caliper (CALI), Vsh, and total porosity (PHIT). The logs reveal
predominantly shale-rich intervals with limited porous sandy interbeds, confirming the strong
lithological heterogeneity.

Conversely, the Cocodrilo-1 well displays greater internal heterogeneity, characterized
by the interbedding of shale intervals with average thicknesses ranging from 20 to 40 ft
(6.1 to 12.19 m), particularly toward the upper and basal sections of the formation. This
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stratigraphic variability indicates a more compartmentalized reservoir architecture, where
alternating sandstone and shale layers may influence vertical connectivity, fluid migration
pathways, and pressure distribution during CO; injection.

The spatial variability observed among the analyzed wells highlights the strong deposi-
tional control on reservoir quality within the Mugrosa Formation. Sandstone-dominated sec-
tors exhibit more favorable petrophysical conditions for CO; storage, whereas shale-rich in-
tervals contribute to local sealing capacity and internal stratigraphic compartmentalization.

Sandstone intervals with Vsh values ranging between 40% and 50% exhibit relatively
low effective porosities, on the order of 10%, and permeabilities ranging from 500 to
800 mD. Despite the comparatively modest porosity and permeability values inferred for
the sandstone intervals of the Mugrosa Formation, particularly in the Cocodrilo-1 well,
these intervals may still represent viable targets for geological CO, storage.

This interpretation is supported by the favorable reservoir-seal configuration identified
within the formation, where shale-rich horizons act as effective intraformational seals
with considerable thickness and lateral continuity. Such stratigraphic architecture may
enhance vertical containment capacity and reduce the risk of upward CO, migration during
injection operations.

Additionally, well-log analysis did not reveal evidence of hydrocarbon accumulations
within the evaluated intervals, allowing the exclusion of enhanced oil recovery (EOR)
applications as a primary development strategy and reinforcing the suitability of the
formation for dedicated geological CO, storage purposes.

The coexistence of moderate-quality sandstone bodies and laterally persistent shale
intervals suggest that storage system is controlled by stratigraphic heterogeneity, where
storage efficiency and injectivity are strongly influenced by the spatial distribution and
connectivity of reservoir facies. Consequently, detailed geocellular representation of
these heterogeneities becomes essential for accurately evaluating storage performance
and containment integrity.

4.4. Property Modeling

Once reservoir characterization was completed and the geological and petrophysical
properties were defined, the construction of the geocellular model was undertaken. This
model provides a more accurate representation of the spatial distribution of facies and
reservoir properties, thereby facilitating the evaluation of the CO; storage potential within
the Mugrosa Formation.

Cell-based modeling techniques combined with statistical and anisotropy analyses
were applied to reproduce the spatial heterogeneity of the reservoir. The resulting three-
dimensional framework captures the variability in lithological distribution, petrophysical
properties, and stratigraphic architecture, allowing the identification of preferential flow
pathways and potential storage compartments.

The facies model was populated using geostatistical simulation methods constrained
by well-log interpretation, sedimentological characterization, and structural geometry. This
approach enabled the generation of spatially consistent facies distributions that honor
both local well data and regional depositional trends. Subsequently, petrophysical proper-
ties including porosity, permeability, and shale volume were distributed within the grid
according to the previously defined facies associations.

Anisotropy analysis revealed preferential continuity along the principal depositional
directions, particularly within sandstone-dominated intervals interpreted as channelized
fluvial deposits. These trends exert control on reservoir connectivity and may significantly
influence CO; plume migration and pressure propagation during injection scenarios.
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The resulting geocellular model constitutes a fundamental component of the inte-
grated workflow, as it provides the structural and petrophysical basis for subsequent
geomechanical assessment, fault seal evaluation, and future storage-capacity estimation
through dynamic simulation. Moreover, the detailed representation of reservoir heterogene-
ity is critical for identifying the most favorable intervals for CO, injection and long-term
containment under secure storage conditions.

4.4.1. Structural Model

The two identified prospects are associated with fault-bounded structural closures
developed against reverse faults. The North Structure prospect is controlled by the Infantas
Fault, which exhibits a SW-NE strike and an average dip angle of 43°. In contrast, the
Central Structure prospect is associated with the Arrugas Fault, characterized by a SW-NE
strike and an average dip of 34° (Figure 7).
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Figure 7. Areal and spatial distribution of wells (left) and three-dimensional structural framework of
the Mugrosa Formation (right), showing the interpreted stratigraphic horizons used to constrain the
geocellular model. The structural surfaces define the regional geometry of the storage interval and
provide the basis for reservoir zonation, volumetric estimation, and subsequent static modeling.

Both fault systems exert a major control on the structural configuration of the study
area, compartmentalizing the reservoir into three principal structural blocks (Figure 8).
This compartmentalization influences reservoir continuity, fluid communication, and
pressure distribution, representing a key factor in the evaluation of CO, migration and
containment behavior.

4.4.2. Facies Model

The facies model reproduces the spatial heterogeneity of the reservoir and includes
multiple stochastic realizations designed to capture the inherent geological uncertainty of
the system (Figure 9). These realizations provide a probabilistic representation of facies
distribution and are essential for evaluating the influence of sedimentary variability on
petrophysical properties and fluid-flow behavior within the static model.

The simulated facies architecture highlights the spatial distribution and connectivity
of sandstone and shale bodies, allowing the identification of preferential storage intervals
and potential intraformational barriers. This heterogeneity suggests direct control on
reservoir connectivity, injectivity, and the spatial evolution of the CO; plume during
injection scenarios.
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Figure 8. Structural segmentation of the 3D geocellular model into three segments (Zone 1, Zone
2, and Zone 3), highlighting reservoir compartmentalization and its implications for fluid flow and
CO; storage.
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Figure 9. Stratigraphic cross-section (NW-SE) showing facies distribution and formation tops (Col-
orado, Mugrosa, Esmeraldas, and Oligocene), illustrating vertical heterogeneity and depositional
architecture. The inset map (right) indicates the well correlation panel location.
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4.4.3. Petrophysical Model

Petrophysical property modeling allowed the distribution of porosity, permeability,
and water saturation within the geocellular model while honoring the upscaled values
derived from well-controlled cells.

Within the Mugrosa Formation reservoirs, intervals with average effective porosity val-
ues close to 15% were identified in the Central prospect, particularly between 4245-4410 ft
(1293.876-1344.168 m) and 4600-4680 ft (1402.08-1426.46 m). In the North prospect,
average effective porosity values range between 13% and 14% within the 5970-6190 ft
(1819.656-1886.71 m) and 6403-6565 ft (1951.63-2001.01 m) intervals (Figure 10A). These
results are consistent with values reported from producing reservoirs in nearby fields,
supporting the reliability of the petrophysical interpretation and reducing uncertainty
associated with modeling.

The modeled permeability distribution within the Mugrosa reservoirs ranges from
500 to 800 mD, consistent with channel-deposit facies interpreted as the dominant depo-
sitional environment of the formation (Figure 10B). These permeability values indicate
favorable pore connectivity within the reservoir intervals, enhancing fluid transmissibility
and supporting the injectivity requirements for geological CO,; storage.

In contrast, the intervals of sealing facies associated with reservoirs units exhibit per-
meability ranging from 0.01 to 0.1 mD, characteristic of shale-rich floodplain and overbank
deposits. These fine-grained intervals behave as intraformational baffle zones that reduce
vertical transmissibility and contribute to the stratigraphic compartmentalization of the
reservoir. Their spatial continuity and relatively lower permeability may locally retard
upward CO, migration, thereby enhancing containment efficiency within the identified
storage intervals.

The spatial distribution of petrophysical properties highlights the strong control
exerted by depositional facies on reservoir quality and storage performance. Sandstone-
dominated intervals exhibit the most favorable injectivity conditions, whereas shale-rich
facies contribute to internal compartmentalization and enhanced containment efficiency.

4.5. Geomechanical Model

The integration of geomechanical properties into the geocellular model enabled the
evaluation of the spatial relationship between mechanical behavior and the lithofacies
architecture previously defined within the reservoir. Statistical analyses and property
histograms revealed systematic variations among facies with respect to Young’s modulus,
cohesion, pore pressure, and fault reactivation potential (Figure 11).

The results indicate a relationship between geomechanical properties and sedimen-
tological characteristics, confirming that facies distribution exerts a significant control on
the mechanical response of both reservoir and sealing intervals. Sandstone-dominated
facies (reservoirs) generally exhibit higher Young’s modulus values, indicating greater
elastic rigidity, whereas shale-rich facies (seal) tend to display comparatively lower stiffness
and more homogeneous mechanical behavior. Cohesion distributions also reveal facies-
dependent variability, with cohesion values generally increasing with sandstone content.
However, the highest cohesion values were identified in dirty sandstone intervals, likely
associated with mixed sandy-argillaceous compositions and increased matrix support.

Pore-pressure distributions remain relatively consistent across facies, although lo-
calized variations may reflect compartmentalization effects associated with structural
discontinuities and facies architecture. In general, pore pressure tends to decrease within
sandstone-rich facies and increase in finer-grained lithologies, reflecting the lower perme-
ability and greater fluid-retention capacity of shale-rich intervals.
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Figure 10. Three-dimensional geocellular model illustrating petrophysical properties: (A) effective
porosity (v/v); (B) permeability (mD), evidencing vertical and lateral heterogeneity.

Similarly, the fault stability parameter exhibits moderate variability among lithologies,
indicating that mechanical contrasts within the reservoir may influence stress redistribution
and fault reactivation susceptibility during CO, injection. The results further suggest
that slip susceptibility increases in intervals with higher claystone content, implying that
mechanically weaker and more ductile facies may be more sensitive to stress perturbations
induced by injection-related pressure changes.
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Figure 11. Statistical distributions of geomechanical properties within the geocellular model, includ-
ing Young’s modulus, cohesion strength, pore pressure, and fault stability parameter as a function of
lithofacies. The histograms illustrate the influence of sedimentological heterogeneity on the mechani-
cal behavior and stability conditions of the reservoir-seal system. The red and black lines indicate the
cumulative frequency distribution.

This mechanical heterogeneity is particularly relevant for CO, storage applications be-
cause it influences pressure propagation, deformation behavior, and the spatial distribution
of stress during the CO; injection. The incorporation of geomechanical properties within the
geocellular framework therefore improves the representation of coupled sedimentological-
mechanical reservoir behavior and provides a more robust basis for evaluating subsurface
integrity under injection scenarios.

4.5.1. Principal Stresses

The estimated principal stress distributions reveal moderate spatial variability between
the North and Central Structures, primarily associated with differences in burial depth and
structural position within the study area (Figure 12).

In the North Structure, the vertical stress (ov) at the base of the deepest reservoir
interval, between 6500 and 6600 ft (1981.2 and 2011.68 m), was estimated at approximately
5900 psi (40.679 MPa). Similarly, in the area surrounding the Coyote-1 well, vertical stress
values range between 5900 and 6100 psi (40.679 and 42.058 MPa) at depths close to 6100 ft
(1859.28 m). These relatively higher stress magnitudes are consistent with the greater burial
depth and structural loading conditions observed in the northern sector of the model.

In the Central Structure, lower vertical stress magnitudes were identified due to the
comparatively shallower reservoir depths. Near the Regalo-1 well, vertical stress values
range from 4100 to 4300 psi (28.2685 to 29.647456 MPa) at a depth of approximately 3900 ft
(1188.72 m), whereas in the Bravo-1 well area, estimated vertical stresses vary between
4000 and 4200 psi (27.579029 and 28.957981 MPa) at depths close to 3400 ft (1036.32 m).
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Figure 12. Three-dimensional distribution of vertical stress (ov) within the geocellular model for the
North and Central prospects. The model illustrates the increase in vertical stress with burial depth and
highlights spatial variations associated with structural configuration and reservoir geometry. Cross-
sectional views for both prospects show the stratigraphic distribution of stress magnitudes across the
reservoir-seal system, providing a basis for evaluating injection pressure limits and geomechanical
stability during CO, storage operations.
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The observed stress distribution indicates that reservoir depth exerts first-order control
on the magnitude of the vertical stress field across the study area. These variations are
particularly relevant for defining safe injection pressure windows and evaluating fault
stability under CO; injection scenarios, as deeper sectors may tolerate higher pore-pressure
increases before approaching critical stress conditions.

The minimum (SHmin) and maximum (SHmax) horizontal stresses were estimated us-
ing the elastic parameters derived from the geomechanical characterization of the reservoir
and sealing units (Figure 13). These calculations incorporated elastic properties obtained
from well-log-derived mechanical models, allowing the spatial population of horizontal
stresses within the 3D geocellular framework.

For the North Structure, the minimum horizontal stress (SHmin) was calibrated us-
ing data from the Zarzal-2 well. The populated model indicates SHmin values ranging
from 4600 to 4800 psi (31.71 to 33.09 MPa) at depths between 6300 and 6500 ft (1920.24 and
1981.2 m). Similarly, in the vicinity of the Coyote-1 well, SHmin values between 4800 and
5000 psi (33.09 and 34.47 MPa) were estimated at a depth of approximately 6100 ft (1859.28 m).

In the Central Structure, lower SHmin magnitudes were identified due to the shallower
burial conditions. Near the Bravo-1 well, the minimum horizontal stress was estimated
at approximately 3500 psi (24.13 MPa) at a depth of 3500 ft (1066.8 m), whereas values
between 3600 and 3900 psi (24.821126 and 26.889 MPa) were calculated near the Regalo-1
well at similar depths.

The maximum horizontal stress (SHmax) was estimated for all wells assuming a
regional stress orientation of N35°E, consistent with previous tectonic studies of the MMVB
and the dominant northeast-southwest compressional regime. In the North Structure,
SHmax reaches approximately 6200 psi (42.747 MPa) at depths close to 4600 ft (1402.08 m).
In contrast, the Central Structure exhibits SHmax values ranging between 5500 and 5900 psi
(37.921165 and 40.679 MPa) near the Bravo-1 well at a depth of approximately 2400 ft
(731.52 m), while values between 5000 and 5300 psi (34.474 and 36.54 MPa) were estimated
near the Regalo-1 well at a depth of approximately 3900 ft (1188.72 m).

The modeled horizontal stress distribution reflects the combined influence of burial
depth, structural configuration, and regional tectonic stress orientation. These results
are particularly relevant for defining fracture gradients, evaluating fault stability, and
constraining operational injection pressures under CO; storage conditions.

4.5.2. Pore Pressure

Pore pressure was estimated using the Eaton method, integrating both sonic and resistiv-
ity logs to improve the reliability of the pressure prediction model. This approach enabled the
generation of pore-pressure profiles for each well and the identification of intervals where
abnormal pressure conditions could potentially compromise formation stability.

The populated geomechanical model indicates that, within the North Structure, pore
pressure calibrated with the Zarzal-2 well ranges between 8 and 9 ppg at reservoir depths
close to 5000 ft (1524 m). Similarly, in the Coyote-1 well area, pore-pressure values between
8 and 9 ppg were estimated at a depth of approximately 4800 ft (1463.04 m).

For the Central Structure, pore pressure calibrated using the Regalo-1 well, range
between 8.6 and 8.8 ppg at depths close to 4500 ft (1371.6 m). In the Bravo-1 well, pore-
pressure values between 8.6 and 8.9 ppg were estimated at a depth of approximately 4000 ft
(1219.2 m). These intervals correspond to the main reservoir sections identified within the
Mugrosa Formation (Figure 14).

Overall, the modeled pore-pressure distribution suggests relatively stable pressure
conditions across both prospects, with no evidence of significant overpressure development
within the evaluated reservoir intervals. These conditions are favorable for CO, storage
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operations, as they reduce the likelihood of injection-induced fracturing and contribute to
maintaining mechanical stability during pressure buildup.
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Figure 13. Three-dimensional distribution of maximum horizontal stress (SHmax) within the geo-
cellular model for the North and Central prospects. The populated stress model illustrates the
spatial variability of horizontal stress magnitudes associated with structural geometry, burial depth,
and regional tectonic orientation. Cross-sectional views highlight the stress distribution across
the reservoir-seal system and provide a framework for evaluating fracture propagation and fault

reactivation potential during CO; injection.
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Figure 14. Three-dimensional pore-pressure distribution within the geocellular model for the North
and Central prospects. The populated model illustrates the spatial variability of pore pressure
across the reservoir-seal system, calibrated using well-log derived Eaton pressure predictions. Cross-
sectional views highlight pressure trends within the Mugrosa Formation and provide a basis for
evaluating injection safety limits and geomechanical stability during CO, storage operations.
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4.5.3. Mechanical Properties

According to the geomechanical modeling results, the mechanical properties of the
rock units were estimated using P-wave velocity and density log data. Young’s modulus
and Poisson’s ratio were calculated as key elastic parameters controlling rock stiffness
and deformation behavior under stress conditions. These properties were subsequently
incorporated into the geocellular model to evaluate the capacity of the reservoir-seal system
to withstand stress changes induced by CO, injection.

The calculated Young’s modulus values reflect the elastic rigidity of the formations,
whereas Poisson’s ratio describes the relationship between axial and lateral deformation
under mechanical loading. The spatial distribution of these parameters provides important
constraints for assessing deformation potential, fracture susceptibility, and seal integrity
during injection scenarios.

The populated Young’s modulus model shows a general increase in stiffness with
depth, indicating that deeper intervals tend to exhibit greater resistance to deformation
under stress conditions (Figure 15). In the North Structure, seal intervals display Young’s
modulus values ranging between 1.8 and 3.4 Mpsi (12.41 and 23.44 GPa), which are consis-
tent with typical claystone-dominated lithologies. Values approaching 3.4 Mpsi (23.44 GPa)
suggest relatively compact and mechanically competent sealing units, potentially reduc-
ing deformation susceptibility and improving containment efficiency against upward
CO; migration.

In the Central Structure, Young’s modulus values range between 2.8 and 3.6 Mpsi
(19.31 and 24.82 GPa), indicating comparatively stiffer sealing intervals than those iden-
tified in the North Structure. These higher elastic moduli suggest improved mechani-
cal integrity and a greater capacity to withstand pressure perturbations associated with
injection operations.

Overall, the modeled elastic properties indicate that both prospects exhibit mechani-
cally competent sealing intervals capable of supporting moderate injection-induced stress
increases, although the Central Structure appears to present comparatively more favorable
geomechanical conditions for long-term CO; containment.

On the other hand, the incorporation of Poisson’s ratio into the 3D geocellular model
(Figure 16) provides additional constraints for evaluating the mechanical stability of both
the reservoir and sealing units under CO, injection conditions. In the East Block, the sealing
intervals identified in both the North and Central Structures exhibit Poisson’s ratio values
greater than 0.30, which are characteristic of relatively ductile lithologies with higher lateral
deformation capacity. These mechanical characteristics favor stress redistribution and
contribute to improved sealing behavior, reducing the potential for upward CO, migration
into overlying formations.

In contrast, the reservoir intervals display average Poisson’s ratio values close to 0.24,
indicating an intermediate mechanical behavior between brittle and ductile responses.
Although these values suggest mechanically stable reservoir conditions, they also indicate
that the reservoir units may become more susceptible to fracturing if injection pressures
exceed the operational geomechanical limits defined for the system.

Overall, the combined distribution of Young’s modulus and Poisson’s ratio indicates a
mechanically favorable reservoir-seal configuration, where relatively stiff yet ductile sealing
units overlie reservoir intervals with sufficient deformability to accommodate moderate
pressure increases during CO, injection operations.

4.6. Thermodynamic Conditions and Maximum CO, Column Height

The pressure-temperature conditions determined for both evaluated structures indi-
cate that injected CO, would remain under dense supercritical conditions, as reservoir tem-
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peratures and pressures exceed the critical point of CO; (31.1 °C and 1070.4 psi-7.38 MPa).
Under these conditions, CO, exhibits significantly higher density than in the gaseous phase,
improving storage efficiency by increasing the mass of CO, stored per unit pore volume
while reducing buoyancy effects.
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Figure 15. Three-dimensional distribution of Young’s modulus within the geocellular model for the
North and Central prospects. The populated model illustrates the spatial variability of elastic rigidity
across the reservoir-seal system, highlighting the increase in mechanical stiffness with depth and the
distribution of mechanically competent sealing intervals relevant for CO, containment integrity.
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Figure 16. Three-dimensional distribution of Poisson’s ratio within the geocellular model for the
North and Central prospects. The model highlights the spatial variability of elastic deformation
behavior across the reservoir-seal system, illustrating the presence of relatively ductile sealing
intervals and mechanically stable reservoir units relevant for evaluating CO, containment integrity
and fracture susceptibility under injection conditions.
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The calculated CO, densities range from 555 to 610 kg/m?> (Table 1). The North
Structure, located at greater burial depth (5970 ft-1819.656 m, MD), exhibits the highest
CO, density (610 kg/m?), resulting from reservoir conditions of approximately 2585 psi
(17.82 MPa) and 70 °C. In contrast, the two reservoir intervals identified within the Central
Structure present CO, densities of 555 kg/m?3 and 580 kg/m3, corresponding to reservoir
pressures of 1838.1 psi and 1909.5 psi (12.67 and 13.165 MPa), and temperatures of 58.5 °C
and 60.8 °C, respectively. Brine densities remain relatively constant, ranging from 1010 to
1013 kg/m?, maintaining a favorable density contrast for gravitational trapping while
reducing buoyancy compared with gaseous CO,.

Table 1. Thermodynamic conditions and maximum sustainable CO, column for the evaluated storage

prospects.

Parameter North Structure Central, Unit 1 Central, Unit 2
Reservoir depth (MD) 5970 ft-1819.656 m 4245 ft-1293.876 m 4600 ft-1402.08 m
Reservoir bressur 2585 psi— 1838.1 psi- 1909.5 psi-

CSCTVOLL presstire 17.82 MPa 12.67 MPa 13.165 MPa
Reservoir temperature (°C) 70 58.5 60.8
CO; density (kg/ m?) 610 555 580
Brine density (kg/m?) 1010 1013 1010
Maximum CO, column 169.1 ft-51.54 m 283.69 ft-86.47 m 270.4-82.42 m

The maximum sustainable CO, column was estimated from the capillary entry pres-
sure of the sealing intervals and compared with the structural closure defined from the
three-dimensional structural model. The calculated maximum CO, columns reach 169.1 ft
(51.54 m) for the North Structure and 283.7 ft and 270.4 ft (86.47 and 82.42 m) for the
two storage intervals of the Central Structure, indicating that all evaluated seals possess
sufficient capillary sealing capacity to retain substantial CO; columns.

Although the North Structure exhibits the highest in situ CO; density, the Central
Structure supports larger capillary-controlled CO; columns due to the sealing properties
of the overlying mudstone intervals. These results demonstrate that reservoir preference
cannot be based exclusively on thermodynamic conditions, since storage security is jointly
controlled by CO, density, seal capillary entry pressure, and structural closure geometry.
Consequently, integrating thermodynamic analysis with capillary seal assessment provides
a more comprehensive evaluation of geological storage performance than considering
either criterion independently.

4.7. Fault Behavior

Fault behavior represents a critical factor in evaluating the integrity of geological
CO; storage systems, as faults may either act as effective hydraulic barriers or constitute
potential migration pathways depending on their mechanical stability and sealing capac-
ity. In this study, fault behavior was assessed through the integration of geomechanical
analysis and fault seal characterization within the geocellular framework, combining fault
slip potential (FSP) derived from the Mohr-Coulomb criterion with Shale Gouge Ratio
(SGR) modeling. This integrated approach enables the evaluation of fault reactivation
susceptibility, sealing efficiency, and the overall risk of fault-controlled CO, migration
under projected injection conditions.

4.7.1. Fault Slip Potential (FSP)

Fault Slip Potential (FSP), estimated using the Mohr-Coulomb failure criterion within
the geomechanical model, was used to identify intervals susceptible to fault reactivation
within the Mugrosa Formation. The calculated FSP values range between 0 and 2. Intervals
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with FSP values between 0 and 1 indicate higher fault reactivation susceptibility, whereas
values greater than 1 suggest mechanically stable conditions with low reactivation potential.

In the North Structure, the interval calibrated with the Zarzal-2 well within the shallowest
section of the Mugrosa Formation (57006200 ft) exhibits low susceptibility to fault reactivation.
Similarly, in the area calibrated with the Coyote-1 well, corresponding to the 36004000 ft
interval, no significant evidence of fault reactivation susceptibility was identified.

For the Central Structure, the calibration performed for both the reservoir intervals and
their associated sealing units within the Mugrosa Formation indicates stable mechanical
conditions, with no intervals showing critical fault slip potential (Figure 17). These results
suggest that the evaluated faults are unlikely to experience reactivation under the modeled
stress and pore-pressure conditions associated with the proposed CO; injection scenarios.

Overall, the FSP analysis indicates favorable geomechanical conditions for CO, storage,
as the main structural discontinuities remain below critical reactivation thresholds. This
behavior supports the integrity of the reservoir-seal system and reduces the likelihood of
injection-induced leakage through fault-controlled pathways.

4.7.2. Fault Seal Analysis: Shale Gouge Ratio (SGR)

Shale Gouge Ratio (SGR) is a commonly used parameter for evaluating the sealing
capacity of faults by estimating the proportion of clay-rich material incorporated into
the fault zone during displacement. This parameter is particularly relevant for assessing
whether a fault may behave as an effective hydraulic barrier to fluid flow, including the
migration of injected CO,.

Figure 18 presents the spatial distribution of SGR values using a color scale ranging from
violet for low values (<0.35) to red for high values (>0.75). High SGR values, predominantly
represented by yellow to red tones, indicate an increased shale content within the fault gouge,
which is potentially associated with lower fault permeability and enhanced sealing capacity.

The North Structure prospect, associated with the Infantas Fault, exhibits inverse
kinematics, with westward vergence and a dip of 40° to 70°. The modeled SGR distribution
shows consistently high values along the fault plane, suggesting favorable sealing condi-
tions. In particular, the fault intervals corresponding to the Mugrosa Formation exhibit
SGR values between 0.8 and 0.9, indicating a high proportion of clay-rich gouge material.
These results imply a reduced probability of vertical CO, migration through the fault zone
and support the interpretation of the Infantas Fault as an effective sealing structure under
the evaluated storage conditions.

The high SGR values identified within the reservoir-seal interval reinforce the integrity
of the structural trap and suggest that fault-related leakage risk is relatively low in the
evaluated sector. Consequently, the fault seal analysis supports the suitability of the North
Structure as a potential candidate for geological CO, storage.

Similarly, the Central Structure prospect, associated with the Arrugas Fault, which has
a SW-NE bearing with a dip of 34°, also exhibits high SGR values exceeding 0.75, indicating
strong fault-sealing potential. The intervals corresponding to the evaluated reservoir and
sealing units within the Mugrosa Formation present average SGR values close to 0.85,
suggesting a significant proportion of clay-rich gouge material associated with low fault
permeability and enhanced sealing capacity (Figure 19).

The heterogeneous distribution of SGR values along the fault plane suggests spatial
variability in sealing behavior. Such variability is likely related to lithological contrasts
within the displaced stratigraphic intervals, fault geometry, and the tectonic processes
that controlled fault evolution and gouge development. These heterogeneities may lo-
cally influence fluid migration pathways and pressure compartmentalization within the
reservoir-seal system.
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Figure 17. Fault Slip Potential (FSP) distribution populated within the 3D geological model. The
model illustrates the spatial variability of fault reactivation susceptibility across the reservoir-seal
system based on the Mohr-Coulomb failure criterion. Intervals with FSP values greater than
1 indicate mechanically stable conditions with low fault reactivation potential under the evaluated
CO; injection scenarios.
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Figure 18. Three-dimensional distribution of Shale Gouge Ratio (SGR) values along the modeled fault
planes within the North Structure prospect study area. Warmer colors indicate higher SGR values
and therefore greater clay content within the fault gouge, suggesting enhanced sealing capacity and
lower fault permeability. The Mugrosa Formation intervals associated with the Infantas Fault exhibit
consistently high SGR values, supporting favorable CO, containment conditions.
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Figure 19. Spatial distribution of Shale Gouge Ratio (SGR) values along the Arrugas Fault within
the Central Structure prospect. High SGR values (>0.75) dominate the evaluated fault intervals,
suggesting the development of clay-rich fault gouge that may favor low-permeability conditions and
enhanced sealing capacity. Local variations in SGR distribution reflect lithological heterogeneity and
structural complexity along the fault plane.
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Despite this variability, the predominance of high SGR values across the evaluated
fault segments indicates that the Arrugas Fault likely behaves as an effective hydraulic
barrier under the modeled conditions. Consequently, the structural configuration of the
Central Structure appears favorable for long-term CO, containment, with a relatively low
probability of fault-controlled leakage.

4.7.3. Implications for Storage Integrity

The integrated structural, petrophysical, geomechanical, and capillary seal analyses
indicate that both evaluated prospects satisfy the principal geological requirements for
long-term CO; storage, although each structure exhibits different advantages that influence
storage performance and containment security.

The North Structure benefits from deeper burial conditions, resulting in the highest
reservoir pressure and temperature among the evaluated prospects. These conditions
produce the highest calculated in situ CO, density (610 kg/m?), improving volumetric
storage efficiency while reducing buoyancy-driven migration. Furthermore, the Infantas
Fault exhibits high SGR values and low fault reactivation susceptibility, indicating favorable
fault-sealing behavior. The estimated maximum sustainable CO, column of approximately
169 ft confirms that the capillary sealing capacity of the overlying seal is sufficient to
maintain CO, confinement under the evaluated reservoir conditions.

The Central Structure, despite exhibiting slightly lower CO, densities (555-580 kg/m?3),
presents the largest calculated capillary-supported CO, columns (approximately 270284 ft).
These results suggest that the sealing intervals associated with the Arrugas Fault possess
excellent capillary sealing capacity. However, the greater lithological heterogeneity and
structural compartmentalization identified within this prospect may introduce local varia-
tions in injectivity, pressure propagation, and reservoir connectivity, potentially increasing
operational complexity during large-scale CO; injection.

The predominance of clay-rich facies throughout the Mugrosa Formation constitutes
an important advantage for storage security by providing effective sealing intervals char-
acterized by low permeability and high capillary entry pressures. Nevertheless, the same
lithological characteristics reduce reservoir quality by limiting the lateral continuity of high-
permeability sandstone bodies, thereby restricting effective storage capacity and potentially
affecting injection efficiency.

Overall, the results indicate that the principal uncertainty associated with geological
CO, storage in the Mugrosa Formation is not related to seal failure through the caprock
matrix, but rather to the heterogeneous distribution of reservoir-quality sandstones and the
resulting variability in pressure communication within the reservoir. Consequently, reliable
prospect evaluation requires integrating thermodynamic conditions, reservoir architecture,
capillary seal capacity, fault-sealing behavior, and geomechanical stability into a unified
assessment framework.

The integrated workflow developed in this study demonstrates that combining these
complementary datasets substantially reduces uncertainty during the screening of geologi-
cal CO; storage sites and provides a more robust basis for prospect ranking than approaches
based solely on structural or petrophysical criteria.

5. Discussion

The integrated evaluation performed in this study demonstrates that the feasibility
of geological CO, storage within the Mugrosa Formation is strongly controlled by the
interaction between structural configuration, reservoir heterogeneity, fault-sealing behavior,
and geomechanical stability. Although the evaluated prospects exhibit favorable sealing
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conditions and structurally closed traps, variations in reservoir quality and fault-related
compartmentalization introduce important operational and containment uncertainties.

5.1. Feasibility of Geological CO, Storage in the Mugrosa Formation

The results obtained in this study indicate that the Mugrosa Formation presents
mixed but generally favorable conditions for geological CO; storage. From a structural
perspective, both the North and Central prospects correspond to fault-bounded anticlinal
traps associated with reverse fault systems, representing a classical structural confinement
mechanism commonly considered suitable for subsurface fluid storage.

The North Structure is characterized by comparatively lower structural compartmen-
talization and greater lateral continuity of reservoir intervals, conditions that may favor
pressure dissipation and improve injectivity performance during CO; injection. In contrast,
the Central Structure exhibits greater heterogeneity in the spatial distribution of porosity
and permeability, which may reduce storage efficiency and increase operational complexity
due to localized variations in flow behavior and reservoir connectivity.

However, the high clay content identified throughout significant portions of the
Mugrosa Formation represents a critical trade-off for storage performance. While clay-rich
intervals improve sealing efficiency and contribute to containment integrity, they also
reduce effective porosity and permeability, limiting the effective storage capacity and
potentially restricting injectivity. Consequently, the feasibility of CO; storage within the
Mugrosa Formation is strongly controlled by the spatial distribution and connectivity of
sandstone-dominated intervals within the reservoir architecture.

Overall, the integrated results suggest that the Mugrosa Formation constitutes a po-
tentially viable target for geological CO, storage, although successful implementation
would require careful management of injection pressures, detailed characterization of reser-
voir heterogeneity, and continuous assessment of fault stability to minimize uncertainty
associated with long-term containment performance.

5.2. Geomechanical Risks and Fault Stability

The geomechanical analysis indicates that the principal faults associated with the
evaluated prospects, namely the Infantas Fault in the North Structure and the Arrugas Fault
in the Central Structure, exhibit mechanical conditions that reduce the likelihood of fault
reactivation under moderate CO; injection pressures. The calculated fault slip potential
(FSP) values remain below critical thresholds across the evaluated reservoir intervals,
suggesting that the current stress regime is compatible with stable injection conditions.

Nevertheless, the Central Structure exhibits greater structural compartmentalization
and increased seismic reflector tortuosity, which may indicate reduced continuity of the
sealing intervals. Although the Shale Gouge Ratio (SGR) results suggest that both faults
possess favorable sealing characteristics, local discontinuities within the sealing units could
potentially facilitate slow fluid migration if injection pressures are not carefully controlled
and monitored over time.

The upper and lower sealing intervals identified within the Mugrosa Formation
display relatively high Young’s modulus values and low permeability, supporting their role
as mechanically competent and hydraulically effective barriers. However, the lithological
heterogeneity observed in the Central Structure may increase the risk of localized leakage
pathways, particularly in areas where the lower sealing units are in direct contact with
reservoir sand bodies. These local heterogeneities highlight the importance of detailed site
characterization and continuous integrity assessment during storage operations.

Despite these differences, both prospects exhibit sealing conditions supported by the
presence of clay-rich intraformational intervals and fault zones with high SGR values,
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suggesting a relatively low probability of fault-controlled leakage under the evaluated
conditions. Furthermore, the geomechanical analysis indicates that the main structural
discontinuities remain below critical reactivation thresholds, reinforcing the potential
viability of the reservoir-seal system for CO; containment.

In this context, the Central Structure may require a more comprehensive monitoring
strategy due to its greater structural complexity and variability in petrophysical properties.
Advanced monitoring techniques, including time-lapse (4D) seismic surveys and zonal
injection testing, could provide valuable information regarding pressure evolution, plume
migration, and reservoir response during injection. The implementation of these monitoring
approaches would improve the ability to detect early changes in reservoir behavior and
reduce uncertainty associated with long-term CO, containment performance.

5.3. Implications of Seal Analysis (SGR) in Heterogeneous Systems

The Shale Gouge Ratio (SGR) is widely used as a first-order predictor of fault-sealing
capacity in hydrocarbon-bearing sedimentary basins [8,30]. The SGR calculations assume
predominantly reverse (dip-slip) fault kinematics, whereby the measured vertical throw ad-
equately represents the stratigraphic thickness involved in fault gouge generation. Seismic
interpretation of both the Infantas and Arrugas faults indicates reverse fault geometries
associated with compressional tectonic framework of the Middle Magdalena Valley Basin.
Although previous tectonic studies have suggested that minor oblique- or strike-slip de-
formation may locally occur within the basin [31], no seismic evidence of a significant
strike-slip component was identified within the faults analyzed in this study. Nevertheless,
potential oblique-slip displacement represents an additional source of uncertainty in SGR-
based fault seal predictions and should be considered where detailed structural analyses
indicate more complex fault kinematics.

In the present study, SGR analysis suggests that the major faults within the study area
generally exhibit favorable conditions for CO, containment due to the high clay content
present within the displaced stratigraphic units. The predominance of elevated SGR values
along both the Infantas and Arrugas faults indicates the development of clay-rich fault
gouge zones associated with reduced permeability and enhanced sealing behavior.

However, the results also reveal an important limitation of fault seal prediction in het-
erogeneous depositional systems. The spatial variability of lithofacies within the Mugrosa
Formation produces significant heterogeneity in SGR distribution along the fault planes,
implying that sealing capacity is not uniform throughout the fault system. In particular,
intervals dominated by shale-rich lithologies tend to generate higher SGR values and
therefore more effective sealing conditions, whereas sandstone intercalations may locally
produce segments with comparatively lower sealing capacity.

These results highlight the importance of evaluating fault seal behavior at a local scale
rather than relying exclusively on regional-scale interpretations, especially in heterogeneous
fluvial systems such as the Mugrosa Formation. Local variations in lithological juxtaposi-
tions, reservoir connectivity, and fault gouge composition may significantly influence fluid
migration pathways and pressure compartmentalization during CO, injection.

Although originally developed and calibrated for hydrocarbon systems, SGR should
not be interpreted as an absolute criterion for CO, containment. Geological CO, storage
systems are governed by different interfacial tension, wettability, and capillary pressure
relationships than conventional hydrocarbon-water systems [3,32].

For this reason, the fault seal analysis was complemented with capillary breakthrough
pressure calculations based on seal capillary properties, providing an independent line of
evidence to assess seal performance through the estimation of the maximum sustainable
CO; column. This complementary approach reduces uncertainty in the evaluation of CO,
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containment by incorporating the capillary behavior of the CO,-brine system, which is not
explicitly captured by SGR alone.

Consequently, although the overall SGR results support favorable containment condi-
tions, fault seal integrity for geological CO; storage should be evaluated using multiple
complementary approaches. Integrating SGR with capillary breakthrough pressure anal-
ysis, reservoir characterization, and geomechanical assessment provides a more robust
framework for evaluating long-term containment performance, particularly in heteroge-
neous fluvial systems where lithological variability strongly controls fault- sealing behavior
and pressure compartmentalization.

5.4. Implications for Prospect Selection in CCS Projects

The results of this study demonstrate that site selection for geological CO, storage
in mature sedimentary basins requires a careful balance between storage site capacity
and containment security. In the evaluated case, the Mugrosa Formation exhibits favor-
able sealing conditions associated with clay-rich intraformational seals and fault zones
characterized by high SGR values, suggesting a generally reliable containment system.
However, these favorable sealing conditions are accompanied by limitations in reservoir
quality, including reduced effective porosity, heterogeneous permeability distribution, and
compartmentalization associated with structural complexity.

The evaluated prospects also highlight the importance of considering fault behavior
under injection conditions as a key component of storage feasibility assessment. Although
the geomechanical analysis indicates relatively low fault reactivation susceptibility un-
der moderate injection pressures, the presence of heterogeneous lithologies and struc-
turally compartmentalized intervals may locally influence pressure propagation and fluid
migration pathways.

Consequently, the viability of CO, storage within the Mugrosa Formation strongly
depends on the accurate identification and characterization of connected sandstone bodies
capable of sustaining injectivity and storage efficiency. Similarly, maintaining controlled
injection pressures is essential to minimize the risk of fault reactivation and preserve seal
integrity during long-term operations.

A comparable behavior has been reported in several internationally recognized CCS
projects hosted in structurally complex siliciclastic reservoirs, where storage feasibility
depends on achieving an appropriate balance between injectivity, seal integrity, and geome-
chanical stability [3,32].

For example, projects such as the Sleipner field in the North Sea [33], the In Salah
project in Algeria [34], and the Quest project in Canada [35] demonstrate that suc-
cessful long-term CO; storage can be achieved even in heterogeneous systems, pro-
vided that injection pressures are carefully controlled and reservoir architecture is
thoroughly characterized.

Compared with these large-scale projects, the Mugrosa Formation presents compara-
tively lower reservoir quality due to its higher clay content and stronger compartmentaliza-
tion, which may limit effective storage capacity and injectivity. However, the evaluated
system also exhibits important advantages, including the presence of thick sealing inter-
vals, structurally closed traps, and faults with high SGR values indicative of favorable
sealing behavior.

Operationally, the main challenges for the Mugrosa Formation are likely associated
with pressure management, uncertainty related to fault-controlled migration, and the
identification of laterally connected sandstone bodies capable of sustaining stable injection
rates. These characteristics position the Mugrosa Formation as a technically promising,
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though operationally complex, candidate for future CCS development within mature
Andean basins.

The workflow presented here is intended to support the early stages of CCS site screen-
ing and prospect ranking. Quantitative storage capacity estimation requires additional
characterization, including gross rock volume, net-to-gross ratio, storage efficiency factors,
and dynamic reservoir simulations, which were beyond the scope of the present study. Nev-
ertheless, the integrated geological and geomechanical characterization developed herein
provides the essential framework for subsequent capacity estimation and injection design.

These results emphasize that prospect selection in CCS projects should not rely exclu-
sively on reservoir capacity estimates, but rather on an integrated evaluation of structural
configuration, fault-sealing behavior, reservoir heterogeneity, and geomechanical stability.
In structurally complex and heterogeneous systems such as the Middle Magdalena Valley
Basin, multidisciplinary workflows integrating seismic interpretation, geocellular model-
ing, geomechanics, and fault seal analysis are essential to reduce uncertainty and improve
decision-making during early-stage CCS project screening.

6. Conclusions

This study developed an integrated geocellular modeling workflow for evaluating the
appropriateness of the Mugrosa Formation within the Middle Magdalena Valley Basin for
geological CO, storage. The proposed methodology integrates structural interpretation,
sedimentological and petrophysical characterization, fault seal analysis, and geomechanical
assessment within a unified modeling framework, allowing a comprehensive evaluation of
reservoir-seal integrity under prospective CO; injection conditions.

The multicriteria ranking workflow enabled the identification of two priority prospects,
namely the North Structure and the Central Structure. Among them, the North Structure ex-
hibits comparatively more favorable conditions due to its greater reservoir continuity, lower
structural compartmentalization, and more effective structural confinement associated with
the Infantas Fault system. In contrast, the Central Structure presents greater operational
and geological challenges related to lithological heterogeneity and spatial variability in
petrophysical properties, which may affect injectivity and the homogeneous distribution of
injected CO,. Additionally, the direct interaction between reservoir intervals and structural
discontinuities locally increases uncertainty regarding potential migration pathways and
long-term containment performance.

Petrophysical characterization indicates that the Mugrosa Formation is dominated by
clay-rich facies, resulting in generally limited reservoir quality. Consequently, the effective
storage potential is restricted to discrete sandstone bodies characterized by heterogeneous
spatial distribution and variable connectivity. These results demonstrate that reservoir
continuity and connectivity constitute primary controls on storage feasibility within the
evaluated system.

Fault seal analysis suggests generally favorable containment conditions due to the high
clay content present within the displaced stratigraphic units, promoting the development
of sealing fault gouge materials with elevated SGR values. However, the heterogeneous
nature of the depositional system introduces significant local variability in sealing capacity,
indicating that fault behavior must be evaluated at both regional and local scales.

The geomechanical analysis indicates that the principal faults, namely the Infantas
Fault in the North Structure and the Arrugas Fault in the Central Structure, remain mechani-
cally stable under moderate injection pressures, supporting the preservation of fault-sealing
capacity during injection scenarios. Nevertheless, the lithological heterogeneity identified
within the sealing intervals of the Central Structure may represent an additional long-term
integrity risk, particularly in intervals characterized by lower cohesion or localized mechan-
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ical weakness, where slow fluid migration could potentially occur if injection pressures are
not adequately managed.

Overall, the results demonstrate that the viability of geological CO, storage within
the Mugrosa Formation is controlled not only by seal integrity, but fundamentally by
the quality, continuity, and connectivity of the reservoir intervals. This highlights the
importance of integrating sedimentological, petrophysical, structural, and geomechanical
analyses during the early stages of CCS prospect evaluation.

Finally, the proposed workflow provides a reproducible and adaptable methodology
for the geological screening and suitability assessment of potential CO, storage sites as-
sessment in sedimentary basins characterized by significant heterogeneity and limited
data availability. The methodology may therefore provide a valuable framework for fu-
ture CCS screening and feasibility studies in mature Colombian basins and analogous
geological settings worldwide. The resulting structural, petrophysical, and geomechani-
cal models constitute the basis for subsequent storage capacity estimation and dynamic
injection simulations.
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