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ABSTRACT 
There are numerous industrial processes and energy generators 
that emit CO2 into the atmosphere, which are still in an incipient 
state of technological transition for their reduction. A global 
expanding alternative involves storing CO2 for long periods (> 
1,000 years), in geological environments such as saline aquifers. 
Thus, studies on a semi-regional scale are fundamental to 
reduce the uncertainty regarding location of sites with the best 
storage capacities and high Chance of Successful. The use of 
Forward Stratigraphic Modeling (FSM) workflows to populate 
static models with properties is a time-versatile tool to evaluate 
the prospectivity of subsurface resources over large areas, as 
required for CO2 storage. These workflows, coupled to Common 
Risk Segment Analysis, have been applied in a basin with a 
long history of O&G exploration and production, the Middle 
Magdalena Valley basin in Colombia, proving their effectiveness 
in the selection of areas along prospective corridors to store CO2, 
in Mesozoic and Cenozoic formations. Preliminary estimates 
suggest that the Meso-Cenozoic formations in this part of the 
basin may reach a Theoretical CO2 Storage Capacity close to 830 
GTon CO2 and an Effective CO2 Storage Capacity of 293 GTon CO2.
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RESUMEN
Son numerosos los procesos industriales y generadores de energía 
que emiten CO2 a la atmosfera, aún en un estado incipiente de 
transición tecnológica para lograr disminuirlas. Una alternativa en 
crecimiento global es almacenar el CO2 por periodos de tiempo 
prolongados (> 1,000 años), en medios geológicos como acuíferos 
salinos. Es así como realizar estudios a escala semiregional es una 
tarea básica para reducir la incertidumbre en la ubicación de sitios 
con las mejores capacidades de almacenamiento y las mejores 
probabilidades de éxito. El uso de flujos de trabajo de modelado 
estratigráfico anticipado (FSM), para poblar con propiedades 
modelos estáticos, es una herramienta versátil en tiempos para 
lograr evaluar la prospectividad de recursos del subsuelo en 
grandes áreas, como es requerido para el almacenamiento de CO2. 
Estos flujos de trabajo combinados con análisis de segmentos de 
riesgo común han sido aplicados en una cuenca con gran historia 
exploratoria y de producción de O&G como lo es la parte central de 
la cuenca Valle Medio del Magdalena de Colombia, logrando probar 
su efectividad en la selección de áreas a lo largo de corredores 
prospectivos para almacenar CO2, en formaciones del Mesozoico y 
Cenozoico. Estimaciones preliminares sugieren que las formaciones 
Meso-Cenozoicas en esta parte de la cuenca pueden alcanzar una 
Capacidad Teórica de Almacenamiento de CO2 cercana a 830 GTon 
CO2 y la Capacidad Efectiva de Almacenamiento de CO2 alcanza 
293 GTon CO2.
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Unpredictable changes in the environment and discrete increases 
in sea level, atmospheric temperatures and floods coincide with 
increasing greenhouse gas emissions that, if left unconstrained, 
can lead to irreversible and unmanageable scenarios. (Javaid, et 
al. 2022). The global trend of CO2 emissions into the atmosphere 
is incremental; just starting in 2022, industrial and energy 
processes through combustion increased by 0.9% (equivalent to 
321 MegaTon), reaching a new historical maximum value of 38.8 
GigaTon (International Energy Agency 2023). Given this trend, CO2 
capture, and storage (CCS) constitutes a technological bridge that 
contributes to mitigating climate change (Directive 2009/31 2009). 
Currently, O&G companies carry out projects to reduce their CO2 
emissions into the atmosphere in Colombia, including the alternative 
of storage in geological media. CO2 reduction strategies project to 
capture around 2 MTonCO2/year with a 110 million Cubic Feet per 
Day (MMscf/d) starting in 2030, from sources such as refineries 
located in the central part of the Middle Magdalena Valley basin 
(MMV). These quantities of captured CO2 make it necessary to look 
for storage sites with sufficient capacity to inject, store and contain 
it safely for long periods of time.

The most common geological environments for CO2 storage 
activities are reservoirs in depleted O&G fields, deep unmineable 
coal seams, deep saline aquifers, and basaltic formations (USDOE, 
OFE, NETL 2008). In reservoirs, CO2 is confined by the geometry of 
the trap (structural or stratigraphic), by capillarity (residual trapping 
phase), its solubility (as a function of pressure, temperature, and 
salinity conditions) and mineral precipitation (Benson y Cole 2008, 
IPCC 2005). The trapping of CO2 due to the geometry of the trap 
(either due to the presence of a structure or due to lateral facies 
variations), under static conditions, behaves similar to the trapping 
of hydrocarbons, with a seal that prevents its escape and retain 
it permanently, while it is diluted in water or mineralized in the 
reservoir formation (Bachu, S.; 2001, Zulaika, Hasbollah y Junin 
2017, ICTPL 2005). In sedimentary basins, deep traps have great 
potential to sequester CO2, especially in basins with extensive 
history of hydrocarbon exploration, as they provide information on 
hydrogeological systems, petrophysical properties of the reservoirs, 
extension and seal properties (Bachu, S.; 2001). To optimize its 
storage space, CO2 must be stored in a critical state in the reservoirs, 
with temperatures higher than 31ºC and pressures higher than 

INTRODUCTION1.

2.. GEOLOGICAL FRAMEWORK
MORPHOLOGY OF THE CENTRAL PART OF THE MIDDLE 
MAGDALENA VALLEY BASIN (MMV)

The central part of the Middle Magdalena Valley Basin (MMV) 
occupies an approximate area of 5,600 km2 and limits to the south 
and east with the western foothills of the Eastern Cordillera, to the 
north with the Simití – Cascajal swamp system, and to the west 
with the eastern foothills of the Serranía de San Lucas (Fig. 1). 
Morphologically, it is characterized by a relatively flat topography, 
composed by river flood plains, terraces and elevated plateaus that 
do not exceed 500 meters above sea level (m.a.s.l.), drained by the 
Magdalena River and numerous rivers and streams that come from 
the Eastern Cordillera and the Serranía de San Lucas. 

REGIONAL TECTONOSTRATIGRAPHY

The northwestern corner of South America has experienced 
different geological events, which have controlled the formation 
of tectonic domains, one of which, the central one, includes the 
Central and Eastern Cordilleras whose eastern and western 
foothills, respectively, limit the MMV basin (Barrero, et al. 2007). 
In the central part of the MMV basin, there are numerous O&G 
fields, as well as geological chartography and stratigraphy works, 
which have provided data on the age, properties and extension of 
reservoirs and seals, in addition to understanding the evolution 
of this area. The basement of the central part of the MMV Basin 
is composed by igneous-metamorphic rocks from the Santander 

9 MPa, conditions in which it is reduced to 0.27% of the original 
volume (NETL; USDOE 2015). These critical CO2 storage conditions 
generally occur in most sedimentary basins at depths greater than 
800 m (Bachu, S.; 2001, Bachu, S.; 2003) and salinities greater than 
10,000 ppm (Bachu, S.; 2008, Benson y Cole 2008).

In the central part of the Middle Magdalena Valley basin of 
Colombia (MMV), sources with emissions greater than 1 MTonCO2/
year and potential mature O&G fields have been identified to carry 
out enhanced oil recovery (EOR) with capacities greater than 30 
MTonCO2 (Yañez, et al. 2020). However, only a portion of the CO2 
used in EOR activities is stored, as much of it leaves during O&G 
production and must be recycled, vented into the atmosphere, or 
stored permanently (OECD/IEA 2015). The presence of large sources 
of CO2 such as refineries, H2 production in plants from heavy crude 
oil, cement production, among others, suggest the need to look for 
traps, with adequate storage, containment, and injection capacity 
to receive volumes greater than 100 MMscf/d, for periods equal 
to or greater than 20 years. Geologically, the central sector of 
the MMV basin is part of a polyhistoric basin, whose development 
has been related to tectonic events that affected northern South 
America, from the end of the Triassic to the Neogene (Barrero, et 
al. 2007). These events have left their mark on the basin fill history, 
characterized by layers with high vertical and lateral variations, 
accumulated in a wide range of depositional environments, from the 
outer marine shelf to the continental foothills, as well as numerous 
unconformities, of variable extent, that make it difficult to identify 
traps to store large amounts of CO2. Given the need to search for 
traps to store CO2, as well as the complex stratigraphy that the basin 
presents, the geological information available from the MMV central 
sector was integrated, to build a semi-regional static model, useful 
for identifying corridors with favorable conditions for its storage and 
planning of subsequent studies (pre-feasibility and feasibility). Such 
studies enable us to focus efforts and resources on areas with less 
uncertainty in storage, containment, and injection capacity, thus 
reducing the identification times of areas with lower risk to carry 
out CCS projects. This work shows the most relevant aspects of 
the static model obtained, its application in the identification of 
corridors with greater favorability for CO2 storage and with lower 
geological risk of leakage to the surface in the central part of the 
MMV basin of Colombia.
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Figure 1. Regional geological map of the central part of the MMV basin (see stratigraphic nomenclature of the map in Fig. 2), 
taken from the Geological Map of Colombia scale 1:500,000 (Gómez, et al. 2015). The black dots show the location of the wells 
used to calibrate the seismic interpretation, blue dots the wells used to constrain the Cenozoic Forward Stratigraphic Modeling 
(FSM), green dots the wells used to constrain the Mesozoic FSM, red dots the wells used to construct the apparent geothermal 
gradient map, values taken from (Alfaro, et al. 2009), the yellow diamonds show the location of hydrocarbon oil seeps described in 
publications  (Aguilera, et al. 2010, Asadzadeh, Plata y de Souza 2022) and unpublished works based on remote sensing analysis. 
The red line polygon defines the coverage of the Forward Stratigraphic Modeling and the basin modeling area, while the thick black 
lines show the location of the chronostratigraphic correlation diagram of Fig. 2 (A – A’) and the structural cross section of Fig. 3 
(B – B’).
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Massif to the east and the Serranía de San Lucas to the west, with 
ages between 1.0 and 0.36 Giga years (Ga), considered as part of 
the Putumayo crustal domain (Restrepo-Pace and Cediel 2010, 
Ibañez-Mejia 2020), affected by tectono-thermal events during 
the Permian, Triassic and Jurassic (Rodríguez-Garcia, et al. 2019, 
Piraquive, et al. 2021, Clavijo, et al. 2008). Above the igneous-
metamorphic sequences of the Meso-Neoproterozoic, as well as 
sedimentary sequences of the Paleozoic, in sectors affected by 
low-grade regional metamorphism, sediments accumulated during 
the Triassic-Jurassic rest discordantly. This regional unconformity 
is interpreted as a result of the collision that occurred during the 
Permo - Triassic between North and South America, a period during 
which the supercontinent of Pangea was formed (Restrepo-Pace 
and Cediel 2010, Rodríguez-Garcia, et al. 2019), exposing great 
part of the sedimentary sequences accumulated in northern South 
America to erosion and locally to regional metamorphism. Once the 
collision is over, the supercontinent of Pangea divides, a process in 
which basins associated with crustal thinning processes develop 
in northern South America, concentrating especially in the central 
part of the current Eastern Cordillera and the MMV (Rolon 2004, 
Barrero, et al. 2007, Cooper, et al. 1995, Sarmiento, L.F.; 2002, 
Vasquez, M. F.; 2007).

Figure 2. Wheeler diagram for the central part of the MMV basin (see location in Figure 1), extracted from the stratigraphic modeling 
carried out during this work. On the left, the geological timetable and colors follow the Commission for the Geological Map of the 
World standard (Cohen, et al. 2013), followed on the right by the composite eustatic change curve (Haq, Hardenbol and Vail 1988), 
used during Forward Stratigraphic Modeling. The acronyms with a white box refer to the stratigraphic nomenclature of the units 
shown on the geological map (Figure 1). The color of the units shown in this diagram relates to the lithofacies discretized for the 
construction of the basin modeling (upper right part of the diagram, see detail in Fig. 7). The right column corresponds to the 
modeled time step intervals; the black arrows indicate the chronostratigraphic position of the structural maps from the seismic 
interpretation and the blue arrows indicate the limits derived from the stratigraphic modeling.

This process of crustal thinning and strong structural subsidence 
controlled the distribution of sediments, as well as volcanic flows 
derived from supra-subduction magmatism during the Middle 
Jurassic in northern South America (Clavijo, et al. 2008, Cáceres, 
Cediel and Etayo-Serna 2003, INGEOMINAS 2009, Zuluaga, Pinilla 
and Mann 2015). Evidence of these processes are the varicolored 
conglomerates, arenites and mudstones, corresponding to the Girón 
Group, accumulated in continental depositional environments, 
unconformably overlain by conglomerates, arenites and gray 
mudstones of Lower Cretaceous age (Fig. 2), which make up 
formations such as Los Santos, Cumbre, Rosablanca, Paja and 
Tablazo, with thicknesses greater than 3 km (Sarmiento, L.F.; 
2002), accumulated in restricted marine depositional environments 
(Moreno 2019, Osorio-Afanador and Velandia 2021). During the 
Upper Cretaceous, structural subsidence decreases and the 
distribution of sediments is controlled mainly by global eustatic sea 
level changes, completely covering the sedimentary basins formed 
during the Jurassic, mainly by carbonates, dark shales and siliceous 
mudstones, corresponding to the Simití, Galembo Pujamana, Salada, 
La Renta and Umir formations (Fig. 2), accumulated in marine 
depositional environments, connected to the ocean (Etayo-Serna 
2019, Guerrero, et al. 2021). During the Paleocene, the central part of 
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Figure 3. Regional geoseismic profile converted in depth, across the central part of the MMV basin (see location in Fig. 1), illustrating 
the geometry of the regional faults and folds, the tops of the formations (see formation names in the legend on the left) and the 
behavior of the Gamma ray in some nearby wells.

the MMV basin was covered by varicolored arenites and mudstones, 
corresponding to the Fm. Lisama (Fig. 2), accumulated in continental 
depositional environments, partially connected to the sea, reflecting 
the onset of the emergence of the Northern Andes (Bayona 2018).

Strong tectonic activity is evidenced in sequences of conglomeratic 
arenites and varicolored arenites and mudstones, corresponding to 
the La Paz and Esmeraldas formations (target reservoirs for O&G 
in the area), which rest discordantly on Mesozoic and Paleocene 
sequences (Fig. 2), accumulated in fluvial depositional environments, 
during the Eocene (Caballero, Parra, et al. 2013, Caballero, 
Rodríguez, et al. 2019). During the Oligocene - Miocene, the central 
part of the MMV basin received sediments from the incipient uplift 
of the Central and Eastern cordilleras, mainly varicolored arenites 
and mudstones (Fig. 2), corresponding to the Mugrosa and Colorado 
formations (O&G reservoirs in the basin), accumulated in continental 
depositional environments with lacustrine influence (Cabello, et al. 
2018). The widespread uplift of the Eastern Cordillera from Miocene 
to Holocene, along faults such as La Salina, (Horton, Parra and Mora 
2019), increased sedimentation rates in the area, with increasing 
size sediments (Fig. 2), accumulated in high energy depositional 
environments, corresponding to the Real Gr. and Mesa Fm. (Mora, 
et al. 2013).

STRUCTURAL GEOLOGY

Regional geological mapping and seismic information show 
predominance of compressional structures along the central part 
of the MMV basin, with a general trend S – N to SSW – NNE (Figs. 1 
y 3). One of the faults with the greatest extension and displacement 
is the La Salina Fault, which delimits a large part of the western 
edge of the Eastern Cordillera (Fig. 3). This regional structure 
has been interpreted as the result of a tectonic inversion process, 
beginning in the Early Cretaceous as a normal fault, controlling the 
distribution and thickness of sediments along the western edge 
of the Eastern Cordillera, and subsequently reactivating during 
the Eocene - Miocene as a reverse fault by regional compression 
(Sarmiento, L.F.; 2002, Cooper, et al. 1995). In the hanging block 
of the La Salina Fault, the Nuevo Mundo Syncline is found (Fig. 3), 

whose folding begins at the end of the Oligocene (Caballero, V.; 
Parra, M.; Mora, A. 2010). During the time of regional compression, 
sedimentation along the central part of the MMV basin was affected 
by other reverse faults such as Arrugas and Infantas (Cabello, et 
al. 2018), with slight reactivation during the Neogene (Caballero, V.; 
Parra, M.; Mora, A. 2010, Reyes, Kley and et.al 2012). Others faults 
with a SW – NE trend such as Casabe, Cimitarra, Caña Braval and 
Pozo Azul (Figs. 1 and 3), affect the Meso – Cenozoic sedimentary 
sequence of the basin, control the distribution of hydrocarbons in 
fields such as Gala, Galan, Cardales, Llanito and Casabe, and guide 
in some sectors the current course of the Magdalena River (Gómez, 
et al. 2015, Vargas, M. L.; 2021, París, et al. 2000). Additionally, the 
analysis of regional earthquake activity suggests that these faults 
tend to accumulate strain at depths less than 10 km, especially 
towards the eastern flank of the Central Cordillera, decreasing as 
they deepen towards the east (Londono 2019, López 2004).

Large-scale Carbon Capture and Storage (CCS) projects began in 
1996 with the Sleipner project, followed four years later by the 
Weyburn project, together reaching around 55 MtonCO2 stored in 
geological formations by 2022 (Ma, et al. 2022). The requirement 
of reducing CO2 emissions into the atmosphere has led to over  
300 projects proposed globally to carry out CO2 storage, of which 
only 28 have come into commercial operation by 2020 (Rode, et 
al. 2023). CCS is a process that consists of separating CO2 from 
industrial and energy sources, transporting it to a site and isolating 
it from the atmosphere for a long period of time, in deep reservoirs 
(NETL;USDOE; 2007, IPCC 2005). In several sectors, extraction and 
transport of CO2 from process streams has been conducted for 
decades, and the technology is well-established and mature (Barlow, 
Shahi y and Kearns 2025). In the search for sites to store safely CO2, 
in stratigraphic or structural traps, from a static perspective, the 
techniques and methodologies used to reduce uncertainty are very 
similar to those used for O&G exploration (Bachu, S.; 2001), where 
a good knowledge of the regional storage capacity and the way it 
can evolve over time is critical (Bui, et al. 2018).

3. STATE OF THE TECHNIQUE
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Recently, some prefeasibility studies for CO2 storage in subsurface 
reservoirs have incorporated simulation tools into their activities. 
These tools (wireline logs with neural networks, Stratigraphic 
Forward Modelling), allow representing the heterogeneity and 
anisotropy of properties such as lithology, permeability, pressures, 
among others, which are basic to simulate the migration of fluids 
such as CO2, in sedimentary basins and on any time scale (Sheldon, 
et al. 2023, La Croix, et al. 2018). These simulation tools and 
techniques can be particularly useful in sedimentary basins with 
stratigraphically complex reservoirs, such as those  in the central 
part of the MMV basin. The results allow for a reduction of the time 
required to identify intervals and corridors with greater CO2 storage, 
containment and injection capacity, as well as identify elements with 
greater risk and uncertainty, and to support a plan of information 
acquisition activities that help to reduce them.

Estimating the CO2 storage capacity in sedimentary basins requires 
the construction of a static model of the subsurface that reproduces 
the properties of current reservoirs in three dimensions, such as 
Porosity, Permeability, Formation Pressure and Temperature. Taken 
into account the regional scale of this study, the development of 
deterministic model by geostatistical methods (imaging training, 
multiple points, etc) is not useful in the study area, due to the 
high variability in sedimentary environments recorded through 
Meso – Cenozoic time, variable coverage of information and data 
quality. The Forward Stratigraphic Modeling tools such as Dionisos 
(Beicip Openflow), GPM (Schlumberger), SedSimple (WSOFTC) 
among others, provide the opportunity to use algorithms capable of 
deterministically reproducing sediments distribution, constrained by 
well log and seismic interpretation data, and useful in large areas 
with sediments accumulated in variable sedimentary environments. 
The Dionisos tool was used herein to develop the FSM, considering 
the wide spectrum of sedimentary process that can be reproduced 
(turbidites, carbonate built up, siliciclastic, etc). A list of the 
information and procedures used to build the static subsurface 
model for the central part of the MMV basin is described below.

AVAILABLE INFORMATION

The study area is in the central part of the Middle Magdalena Valley 
(MMV) basin, covering an area of approximately 6,000 km2, where 
the Barrancabermeja Refinery and numerous O&G producing fields 
such as Yariguí – Cantagallo, La Cira – Infantas, Casabe, Llanito and 
Gala – Galán are located. For study purposes, about 650 km2 of 3D 
seismic and 12,800 km of 2D seismic were interpreted, controlling 
the interpretation with 119 wells, from which information on 
porosities, permeabilities, pressure tests, vitrinite reflectance and 
salinities was extracted (Fig. 1). Thirty wells were also selected 
to construct VSh and lithofacies logs from the GR log, used for 
calibrating the results of the Forward Stratigraphic Modeling. 
Information from oil seeps was also integrated (Aguilera, et al. 
2010), as well as spectra - radiometric anomalies indicative of gas 
or oil (Fig. 1), useful to evaluate possible areas of fluid migration to 
the surface (Asadzadeh, Plata y de Souza 2022). 

DATA INTEGRATION TO BUILD GROSS DEPOSITIONAL AND 
PALEOBATHYMETRIC MAPS

In the central part of the MMV basin, 13 regional horizons were 

4. EXPERIMENTAL 
DEVELOPMENT

interpreted in time domain along 2D and 3D seismic surveys. These 
regional horizons correspond to the tops of the Pre-Rosablanca 
(Jurassic?), Rosablanca, Paja, Tablazo, Simití, Galembo, Umir, 
Lisama, La Paz Esmeraldas, Mugrosa, Colorado and Real formations, 
accumulated from the Early Cretaceous to the Quaternary, covering 
a time interval of approximately 140 M.y. The interpretation of 
these horizons was controlled by incorporating tops interpreted in 
119 wells (most of them are exploratory), of which only 12 were 
used to control the tops of the formations accumulated during the 
Cretaceous. Fault plane mapping was performed by integrating 
information from existing interpretations in areas covered with 3D 
seismic surveys, interpolating the regional fault planes in other 
sectors with 2D seismic surveys. The interpreted horizons were 
interpolated by the Kriging method, generating structural surfaces, 
with a cell size of 250 m, controlling their interpolation to avoid 
crossings in areas of discordance through operations between them 
(Fig. 4). To convert the seismic interpretations to the depth domain, a 
velocity model controlled by the structural surfaces was built, from 
the base of the Cretaceous to the Quaternary, recovering interval 
velocity values from check shot logs of 20 wells.

For each structural surface, a Gross Depositional Environment Map 
(GDEM) was constructed, using published regional maps, through 
which the macroenvironments were defined, at scales between 
1:1'000,000 and 1:2'500,000 (Caballero, Rodríguez, et al. 2019, 
Caballero, Parra, et al. 2013, Horton, et al. 2015, Cáceres, Cediel 
and Etayo-Serna 2003, Sarmiento, L.F.; 2002, Villamil 1998, Rolon 
2004, Osorio-Afanador and Velandia 2021). In some formations, 
it was possible to integrate maps of depositional areas at scales 
between 1:500,000 and 1:50,000, providing details of environments 
and sub environments (Beltran 2012, Cabello, et al. 2018, Madero, 
et al. 2010, Avila 2010). Paleoenvironmental interpretations derived 
from descriptions of stratigraphic columns were also integrated 
(Etayo-Serna 2019, Etayo-Serna, F. 2019, Nie, et al. 2012) and wells 
(Morales, L. G.; The Colombian Petroleum Industry 1958, INGRAIN 
2012, Pastor-Chacón, et al. 2023, Suarez 2016).

The resulting GDEMs (Fig. 4), reflect the depositional environments 
for each formation and are useful to guide the construction of Paleo 
Deep Water Maps (PDWMs). The construction of PDWMs starts with 
the compilation and placement on each GDEM of paleobathymetric 
interpretations derived from published facies analysis (Cabello, et 
al. 2018; Etayo-Serna 2019; Villamil 1998; Sarmiento, L.F.; 2002). 
Paleobathymetric interpretations were compared with analogues 
from modern sedimentary environments, to obtain a range of 
elevation or depth at which sedimentation probably occurred in 
each paleoenvironment. These values were incorporated into each 
GDEMs to draw level or bathymetric curves, which were interpolated 
to create paleobathymetric grids.

FORWARD STRATIGRAPHIC MODELING (FSM)

The constructed GDEMs and PDWMs are a qualitative approximation 
of the physical mechanism that controlled the sediment distribution 
in the central part of the MMV basin (Fig. 4). However, thanks to 
the use of equations that simulate physical processes sediment 
transport processes, it is possible to validate their spatial and 
temporal distribution and properties, under the technique called 
“Forward Stratigraphic Modeling” (FSM). This type of modeling 
is based on the iterative use of the sediment transport equation 
(Sheldon, et al. 2023, Granjeon y Joseph 1999) based on 
paleotopography, sediment supply rates, sea level variations and 
subsidence, among others, which is described below:
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Figure 4. Examples of information integration to build GDEMs and PDWMs, key inputs for the Forward Stratigraphic Modeling: A) Block 
diagram of selected structural surfaces resulting from regional seismic interpretation; B) Gross Depositional Environmental Maps 
and Paleo Deep Water grids at selected tops of Meso – Cenozoic formations (Jurassic Girón Fm, Cretaceous Simití Fm and Miocene 
Colorado Fm), constructed from the integration of isopach maps obtained from the seismic interpretation, paleoenvironmental 
interpretations from well and stratigraphic columns descriptions, published regional paleogeographic maps and analogues from 
modern sedimentary environments.

= − ∗ ∇ℎ + ∗ ∗  
Where

QSi 	 = Sediment flow for class i sediment (km2/year)
KSi-KWi = Slope boundaries of the progressive transport and diffusion 
coefficients for class i sediments (km2/year)
h	 = Height (m)
Qw 	 = Water flow (km2/year)
S 	 = Terrain slope 
m y n 	 = Empirical constants

The iterations are carried out in the DionisosFlow® software, a tool 
developed by the IFPen, which allows simulating the deposition of 
sediments in the basin, considering the diffusion of multiple classes 
of sediments, varying the magnitude of the transport process. At 
each iteration, subsidence/uplift rates, sea level, location of sediment 
input, amount of sediment, carbonate precipitation and compaction 
can be modified. The results of the iterations were calibrated with 
the thickness maps (resulting from the structural maps introduced 
to the model) and VSh log of the wells, until correlations close to 
90% were achieved (Fig. 5). As a result, a 4D model of distribution 
of fractions of sediment classes (wackestone, calcareous mudstone, 
arenite, mudstone, and shale) was obtained for the central sector 
of the MMV basin, which reflects: the architecture of sedimentary 
sequences (including their boundaries); the depositional areas and 
the properties of sediments, from late Jurassic to the Quaternary.

The constructed model consists of 93 cells in width and by 120 
cells in length, with a cell size of 1 km. It extends 15 km beyond 
the area of interest, to minimize edge effects, at variable time 
intervals between 0.5 and 0.25 Ma (348 intervals), increasing in 

periods with development of reservoirs and regional seals (Fig. 
2). Considering the lithologies described in wells and stratigraphic 
columns, five sedimentary classes were defined, three detrital 
(sandstone, mudstone and shale) and two calcareous (calcareous 
mud, wackestone), the latter predominating in the modeling of 
formations with pre-Eocene age (Fig. 2). During the Mesozoic, the 
carbonate production rate was restricted to depths less than 100 m 
for calcareous muds and 50 m for wackestone-type carbonates, and 
siliciclastic sediment supply coming from eastern side, consistent 
with regional paleoenvironmental interpretations carried out in 
outcrops to the east and west of the study area (Etayo-Serna 2019, 
INGEOMINAS; UIS 2006). During the Cenozoic, the distribution 
of detrital sedimentary classes (sandstones, mudstones, and 
mudstones) was modeled, with sedimentary sources coming from 
directions that reflect the progressive uplifts of the Eastern and 
Central cordilleras (Cabello, et al. 2018, Bayona 2018, Caballero, 
Rodríguez, et al. 2019, Horton, et al. 2015), as well as the formation 
of the Magdalena River hydrographic basin during the Pliocene 
(López-Ramos, Rincón-Martínez, et al. 2021, Caballero, Parra, et 
al. 2013, Montes, et al. 2021).

The sea level variation was simulated using a composite curve, 
formed by long-term eustatic changes, where cycles greater 
than 10 My and less than 2 Ma are discretized (Haq, Hardenbol 
and Vail 1988). To simulate diffusion in water of each of the five 
sedimentary classes, parameters in the wave action, the energy 
of the depositional environment and the grain size were iteratively 
modified. The current limitation of stratigraphic modeling using 
sediment transport equations is the impossibility to reproduce the 
evolution of faults, especially reverse faults; therefore, subsidence 
processes are associated with vertical movements in the basin, 
estimated from variations in sea level and thicknesses derived from 
structural maps.
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Figure 5. Results of FSM and its calibration. Top left, 3D model of sediment distribution for the mainly siliciclastic sedimentary 
sequences during the Cenozoic and below, carbonates during the Mesozoic. The upper right corner shows an example of thickness 
calibration due to differences between maps derived from seismic interpretation vs stratigraphic modeling for the Real Gr., while 
below an example of the results of the calibration between lithologies derived from Gamma Ray well logs (left column) vs VSh 
resulting from modeling (right column) is presented.

BASIN MODEL

To reproduce the physical, thermal, and chemical processes that 
occurred during the burial of the central part of the MMV basin, the 
TemisFlow TM platform, a tool developed by Beicip-Franlab, was 
used. Temperature estimates from the central part of the MMV 
basin were  derived from an apparent geothermal gradient map. The 
map was constructed using apparent geothermal gradient values 
from 2,164 wells that drilled Cenozoic formations (Alfaro, et al. 
2009) and 13 that drilled Mesozoic formations, using the following 
equation (Alfaro, C.; Alvarado, I.; Manrique, A.; 2015, Cardoso and 
Hamza 2014):

Where:

GGT	 = Geothermal Gradient (ºC/km)
TBHC	 = Corrected Temperature measured at the Bottom Hole (ºC)
TP	 = Temperature measured at ground level (ºC)
ZBH	 = Vertical Depth at the Bottom Hole temperature  
	     measurement (m)

The apparent geothermal gradient values obtained in each well 
were interpolated to construct a geothermal gradient cube for 
the central part of the MMV basin (Fig. 6). The resulting apparent 
geothermal gradient map was finally calibrated with available 
vitrinite reflectance values and regional geothermal gradient studies 
(González, et al. 2020, Alfaro, et al. 2009).

The geometry of the fault planes as well as the structural surfaces 
used to perform the FSM were incorporated into TemisFlow TM to 

= (( − )/ 1,000 

build the basin model structure. The fitted basin model structure 
was populated with the geothermal gradient cube, the FSM results 
(348 layers), with cells of 1 km side. The resulting basin model 
have approximately 3.2 million cells, each with properties such as 
porosity and sedimentary class (Fig. 7). The basin model area was 
restricted to the flat topography west of the La Salina Fault, avoiding 
areas affected by thrust faults. The properties of the sedimentary 
classes generated by the FSM are a continuous variable, and it 
is necessary to discretize them to populate the properties of the 
basin model cells. The discretization was performed based on the 
proportion of each class and its paleodepth, obtaining 7 lithofacies 
for the carbonate classes and 9 for the detrital classes (Fig. 7). The 
resulting model allows extracting current parameters of each cell, 
such as lithology density, porosity, pressures (lithostatic, formation, 
hydrostatic, capillary), temperature and diagenesis.

The calculation of porosity in each cell (Fig. 6) was based on an 
empirical relationship with specific stress (Rutqvist, et al. 2002), 
which is expressed by the following equation:

Where:

Ø(σ)	 =Porosity at calculated effective stress conditions (%)
Ø1	 =Minimum porosity at condit ions of maximum 
compressibility (%)
Øa	 =Porosity at first effective stress coefficient conditions (%)
Øb	 =Porosity at second effective stress coefficient conditions (%)
σ	 =Effective stress (Mpa)
σa	 = First effective stress coefficient (MPa)
σb	 = Second effective stress coefficient (MPa)

∅( ) = Ø1 + Ø ( ) + Ø ( ) 
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Figure 6. 3D models of properties incorporated into the basin model on the right such as apparent Geothermal Gradient (Top) and 
lithofacies discretized from FSM (Bottom). A detail on equivalence between the sedimentary classes of the FSM and discretized 
lithofacies (range of numbers between 10 and 61 observed in the legend), can be seen in Figure 7. On the right, 3D models of 
properties generated from basin modeling such as Porosity (Top) and Permeability (Bottom).

Figure 7. Explanatory legend of sedimentary classes (continuous properties) defined during the FSM (Above), considering the 
percentage of carbonates and sands vs the paleodepth water (PDW) in which the sediments accumulated and their equivalence in 
discretized lithofacies (Below), which was defined to populate the basin model. Numbers in a white circle indicate the sedimentary 
classes defined in the FSM, while the numbers in a white box indicate the corresponding discretized lithofacies in the basin model 
(these numbers refer to the lithofacies model shown in the 3D model of Fig. 6).



Vol .  1 5 Num . 1  June 2 0 2 5

14 Ec op e t r o l

The total porosity values of each lithofacies, once affected by 
compaction, were used to estimate theoretical permeability values 
(Fig. 6), using the Kozeny - Carman law (Kozeny 1927, Carman 1939), 
which is generally expressed under the following equation:

=  
∅3

(1 − ∅)2 2 

Where

K	 = Permeability (mD)
Ø	 = Porosity (%)
c	 = Kozeny constant (5 when Ø > 0.10K and 0.05 when  
	      Ø < 0.10K)
S	 = Specific surface area of a porous material (m2/m3)

Once the cells of the basin model were populated with the results 
of total porosity (affected by burial) and permeability, they were 
calibrated with pressures registered in 30 wells that drilled 
the Cenozoic sequence and six 1D models used in the Mesozoic 
sequence.

THEORETICAL AND EFFECTIVE STORAGE CAPACITY 
ESTIMATIONS 

From the basin model, properties such as porosity, pressure 
(lithostatic, hydrostatic, formation and capillary), irreducible water 
saturation and temperatures were extracted from each cell, from 
which the CO2 storage capacity was estimated. To obtain the 
density of CO2, graphs of its variation as a function of temperature 
and pressure were used (Bachu, S.; 2003), to construct a linear 
regression useful at temperatures above 80°C and pressures above 
18 MPa.: 

Where

ρCO2	 = CO2 density at reservoir P and T conditions (kg/m3)
P	 = Reservoir pressure (MPa)
T	 = Reservoir temperature (ºC)

The density of water (Fig. 8) was calculated as a function of pressure 
and temperature using the following equation, which was taken from 
TemisFlow TM water composition libraries:

Where

ρw	 = Water density at P and T conditions of the reservoir (kg/m3)
ρref	 = Reference water density (kg/m3) 
P	 = Reservoir pressure (MPa)
T	 = Reservoir temperature (ºC)

Knowing the density of CO2 in each model cell, parameters were 
extracted from the rock volume to initially calculate the Theoretical 
Storage Capacity – TSCCO2 (Fig. 8), using the following expression: 

 
 2 = 731.9∗ (1+0.01∗( −45)−0.0034

∗ ( − 100)) 

= ∗ (1 + 0.0004 ∗ ( − 0.1) − 0.0006
∗ ( − 15)) 

2 = 2− + 2− . 

2− =
∗ ∗ ∅ ∗ (1 − )∗ 2∗ 1 6

 

2− . =
2− ∗ ( ∗ ∅ ∗

100 ) ∗ 1 6

 

Where

TSCCO2	 = Theoretical Storage Capacity of CO2 (kg/m3)
CO2-Free= CO2 in free stage (kg/m3) modified from (Bachu, S.; 2008)
CO2-Diss.= CO2 dissolved in water (kg/m3)
V	 = Rock volume (m3)
NTG	 = Net to Gross (%)
Ø	 = Porosity (%)
Swirr	 = Irreducible water ratio (%)
A	 = Cell area (m2)
SolCO2-sw= Solubility of CO2 in salt water (kg/m3)
ρCO2	 = CO2 density at P and T reservoir conditions (kg/m3)
ρw	 = Water density at P and T reservoir conditions (kg/m3)

This estimated TSCCO2 value indicates the maximum storage 
potential within each cell of the model, disregarding the cap rock 
capillary pressure. It can be considered the storage potential with 
an ideal seal.

The maximum CO2 column that can be retained by the cells (Fig. 
8), related to the pressure exerted by the fluids in each cell, was 
deduced from the densities of water and CO2 against the capillary 
pressure difference between cells vertically, by using the following 
expression modified from (Busch and Müller 2011):

Where

Eff.C.H.CO2 = Effective column height of retained CO2 (m)
PcTOP	 = Capillary pressure at the top of each cell (MPa)
PcC	 = Capillary pressure in the center of the cell (MPa)
ρw	 = Water density at P and T reservoir conditions (kg/m3)
ρCO2	 = CO2 density at P and T reservoir conditions (kg/m3)

With the effective height of the CO2 column that can be retained 
by the seal, the Effective Storage Capacity (ESCCO2) that can be 
retained by each cell was estimated, to define cells corridors with 
best conditions to contain more CO2 than others, using the following 
expression:

in this work we have calculated the ESCCO2, incorporating the 
effective height of the CO2 column that can be retained (Eff.C.H.CO2), 
since it includes variables such as CO2 density, capillary pressures 
of the seal and the reservoir. Furthermore, capillary pressures 
depend on CO2 saturation and rock porosity, which in turn depend on 
the pressure regime. Estimating ESCCO2 using Eff.C.H.CO2 allows all 
conditions simulated by the basin model in each cell to be considered 
and avoids the use of an efficiency factor that can be subjective. 

. . . 2 =
( − )

(( − 2) ∗ 9.81)
 

 2 = . . . 2∗ ∗ ∅ ∗
∗ (1 − ) ∗ 2 ∗ 1 6 
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COMMON RISK SEGMENT ANALYSIS

Analysis using Common Risk Segment Maps (CRSM) has been a 
very useful tool in O&G exploration and applicable to the regional 
evaluation of any geological resource. Considering that CO2 capture, 
and sequestration (CCS) constitutes a geological resource that can 
be evaluated as commodities in terms of resources and reserves 
(Bachu, S.; 2008, Pale Blue Dot 2019), the use of CRSM analysis 
and uncertainty are conceptually valid for the screening of the 
best sites for storage. Thus, under the concept of CRSM analysis, 
it is possible to define corridors with better conditions for CCS 
activities, defining plays, mapping their distribution, identifying their 
variations, estimating their geological Chance of Succes (CoS) and 
creating a composite map by their combination (Bump, Hovorka 
y Meckel 2021). Some key factors in subsurface CO2 storage are 
storage capacity, injection (directly related with the permeability) 
and containment due to seal integrity (Bump, Hovorka and Meckel, 
2021), which can be derived from static models such as the one 
built for the MMV basin area.

Considering the number of layers contained in the MMV basin model 
(348), it is possible to perform the three-dimensional Common Risk 
Segments Analysis (3DCRSA), resulting in the production of cubes 
of properties, capacities, and CoS. Some properties were discretized, 
by assigning a value of 0 when it does not meet the conditions and 
1 when it does, to allow the CO2 storage in each cell of the model 
(See details in Fig. 9). The conditions of does not meet or meet 
applied to each property are described below:

•	 Depth: 0 for depths less than 1 km (storage is inefficient) and 
greater than 4 km (cost of operations increase), 1 for depths 
between them (optimum conditions for storage)

•	 Water pressure: 0 for pressure values greater than 100 MPas 

Figure 8. 3D views of properties extracted from regional basin modeling. On the left-hand side, CO2 density (Top) and formation 
water over pressure (Bottom), while on the right-hand side, maximum effective CO2 column that can be retained by the seals (Top) 
and Theoretical CO2 Storage Capacity – TSCCO2 (Bottom)

(high hydrostatic pressures), 1 for pressure values less than 
100 MPas

•	 CO2 phase: 0 for subcritical phase (< 9 Mpas and < 30°C), 1 for 
critical phase (> 9 Mpas and > 30°C)

•	 Total CO2 column: 0 for column values less than 50 m, 1 for 
column values greater than 50 m

•	 Effective CO2 column: 0 for column values less than 50 m, 1 
for column values greater than 50 m

•	 Permeability: 0 for values less than 0,001 mD (values close to 
seal lithologies), 1 for values greater than 0,001 mD (minimum 
value for injecting CO2 without reservoir stimulation)

•	 Distance to fault planes: 0 for distance less than 2 km to the 
fault plane (less to this value, the risk of leaking is very high), 
1 for distance grater than 2 km to the fault plane (more than 
this value, the risk of leaking through fault plane decrease)

Finally, two 3DCRSA were performed, one to identify corridors with 
the highest Total Column of CO2 (TSCCO2) and the other to identify 
corridors with the best Effective Column of CO2 that can be retained 
by the seal (ESCCO2), by estimating a sample mean, converted to a 
percentage (Fig. 9), as described below:

Where

CRSTotal	 = Percentage value of the Categorized Properties 
considering the TSCCO2 in each cell

= (
1
∑

=1

) ∗ 100 

= (
1
∑ )

=1

∗ 100 
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CRSEff	 = Percentage value of the Categorized Properties  
	     considering the ESCCO2 considering the effective column  
	    that can be retained by the seal in each cell
n	 = Number of Categorized Properties
CPt	 = Properties Categorized into values 0 or 1 according to  
	    their risk, considering the TSCCO2

CPEff	 = Properties Categorized into values 0 or 1 according to  
	    their risk, considering the effective column that can be  
	     retained by the seal

The results of the 3DCRSA are expressed in percentage terms, with 
values between 0 and 100, which can be discretized into intervals 
that reflect the extension of sectors with high (<33), moderate (33 
– 66) and low risk (>66) to carry out CO2 storage.

5. RESULTS 
TECTONOSTRATIGRAPHIC EVOLUTION OF THE CENTRAL 
AREA OF THE MMV BASIN

Subsidence, sedimentary budget (represented in fluvial discharge, 
sedimentary contribution, and carbonate growth) and changes in 
sea level are the dominant geological processes in the distribution 
of sediments in basins and continental margins, which can be 
quantified through the FSM. The curve obtained from the change in 
the mean depth of the basal FSM surface (base of the Rosablanca 
Fm.) with respect to time (140 Ma), shows five inflection points (110, 
100, 58, 42 and 34 Ma), which define six intervals of subsidence 
rate along the central part of the MMV. Average values of Paleo 
Deep Water (PDW), fluvial discharge rates, sediment supply and 

Figure 9. Explanatory diagram for identifying sectors with the greatest opportunity to store CO2 through 3DCRSA. On the left 
hand the properties used, and the categorization criteria are detailed (0 high risk, 1 low risk), while on the right, results obtained 
by combining the categorized properties, considering the maximum CO2 column retained by the seal (Top, CRSEff) and the TSCCO2 
(Bottom, CRSTOTAL) are presented.

carbonate growth have synchronous variations with the six intervals 
of subsidence rate (Fig. 10). During the first interval (145 to 110 Ma), 
the average subsidence rate reached 28.6 m/My and the average 
paleobathymetry varied from 100 meters above sea level (m.a.s.l.), 
to 5 m below sea level (m.b.s.l.), while the fluvial discharge increased 
from 210 to 270 m3/sec, the sediment supply increased from 330 
to 420 km3/My and carbonate growth from 20 to 50 m/My. In these 
conditions, the FSM results show an increase in the proportion 
of siliciclastic muds and shales (45% to 55% and 25% to 35% 
respectively), decrease in siliciclastic sands proportion (30% to 10%) 
and eventual maximums (25%) occur in the proportion of bioclastic 
carbonates (Fig. 10). Through the second interval (110 to 100 Ma), 
the average subsidence rate increases to 100 m/My, the average 
paleobathymetry varied from 5 to 10 m.b.s.l., the fluvial discharge 
decreases from 240 to 120 m3/sec, the sediment supply from 420 to 
210 km3/My and carbonate growth from 50 to 0 m/My. Considering 
the results of the FSM, the proportion of siliciclastic muds and shales 
decreased (55% to 25% and 35% to 20% respectively), siliciclastic 
sands proportion increased (10% to 15%) and eventual maxima 
(35%) occurred in the proportion of bioclastic carbonates (Fig. 10).

The third interval (100 to 58 Ma) is characterized by average 
subsidence rates near to 41.7 km/My, paleobathymetry between 
10 m.b.s.l. to 100 m.a.s.l., fluvial discharge decreases from 120 to 
0 m3/sec and sediment supply from 210 to 0 km3/My. Analysing the 
FSM results, the proportion of siliciclastic muds and shales increased 
(25% to 45% and 20% to 45% respectively), as did the proportion 
of siliciclastic sands from 15% to 20% (Fig. 10). During the fourth 
interval (58 to 42 Ma), the average subsidence rate decreases to 
218.75 m/My, and the average paleobathymetry varied from 100 to 
170 m.a.s.l., while the fluvial discharge decreased from 0 to 1250 
m3/sec and sediment supply from 0 to 450 km3/My. As a reflection 
of these conditions, a regional unconformity was developed 
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Figure 10. Curves of variation in magnitudes of the geological processes that controlled the distribution of sediments during the last 
145 My in the central part of the MMV basin and average proportions of resulting sedimentary classes (Sand, mud, shale, bioclastic 
carbonates, calcareous mud), values obtained from forward stratigraphic modeling (FSM). From top to bottom: A) Composite 
eustatic change curve (Haq, Hardenbol and Vail 1988); B) Subsidence or maximum exhumation (thick gray line), average (dashed 
black line), minimum (thick black line) and major inflections (black dots numbered 1 to 5); C) Average values of paleobathymetry - 
paleoelevation (positive and negative respectively on the right vertical axis); D) Total river discharge (solid black line) and average 
(dashed black line); E) Total fluvial sediment supply (solid black line) and average (dashed black line); F) Average growth rates of 
bioclastic carbonates (solid black line) and calcareous muds (dashed black line); G) Average proportion of bioclastic carbonates 
(solid black line) and calcareous muds (dashed); H) Average proportion of siliciclastic sediments (sands in black line, shale in gray 
line and muds in dotted black line). The acronym RU refers to the regional unconformity present in the basin from the end of the 
Paleocene to the beginning of the Eocene.
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between Cretaceous – Cenozoic rocks in high structural zones and 
late Cretaceous – Cenozoic rocks in structurally depressed zones 
(Fig. 2 and 3). In these conditions, the FSM shows a decrease in the 
proportion of siliciclastic muds (45% to 5%), increase the proportion 
of shales (45% to 65%), and increase in siliciclastic sands proportion 
(20% to 55%). Through the fifth interval (42 to 34 Ma), the average 
subsidence rate reached 37 m/My, paleobathymetry varied from 170 
to 100 meters above sea level (m.a.s.l.), fluvial discharge increased 
from 100 to 900 m3/sec and sediment supply from 450 to 650 
km3/My. In these conditions, the FSM shows a constant proportion 
of siliciclastic shales and sandstones (65% 45% respectively) and 
decrease in siliciclastic muds proportion (5% to 0%). The last 
interval (34 to 0 Ma), the average subsidence rate reaches 117 m/
My, paleobathymetry varies from 0 to 200 m.a.s.l., fluvial discharge 
remains constant near to 900 m3/sec and sediment supply near to 
650 km3/My. According to the FSM results the shales proportion 
increased (45 to 75%), muds proportion increased (0 to 5%) and 
sand proportion decreased (45 to 25%).

GEOTHERMAL STRUCTURE

Interpolation of apparent geothermal gradient data shows that the 
basin varies between 13 and 49ºC/km, with an average close to 
25ºC/km, presenting local anomalies with values higher than 35ºC/
km along regional faults such as Cimitarra, Casabe and Infantas, 
where isotherms tend to present a gap between isotherms and 
the structural contours (Fig. 11). This gap increases in the older 
and deeper sedimentary sequences, gradually decreasing towards 
the youngest and shallower sequences (Fig. 11). The depth map of 
the 75°C isotherm suggest the existence of a horst and grabens 
in echelon arrange, with clockwise rotation direction towards the 
northeast, limited by regional faults with northeast trend, of dextral 
type, such as Cimitarra, Casabe and Caña Braval (Fig. 11). Along 
the hanging block of reverse faults such as La Tigra, Arrugas and 
La Salina, the 75°C isotherm tends to be shallower (Fig. 11). These 
arrangements and trends are also present in the temperature maps 
interpolated at the tops of sedimentary sequences, especially the 
Mesozoic ones (Fig. 11). Regional geological sections, integrating 
the variation in temperature with depth, show that in the areas of 
apparent geothermal gradient anomalies (A, C and Cs), the isotherms 
tend to converge, in areas where the base of the Mesozoic exceeds 
3.5 km, while in areas of Neogene sediments with thicknesses 
greater than 2 km, the isotherms tend to separate from each other 
(Fig. 12). Towards the western edge of the basin (eastern flank of 
the Serranía de San Lucas), the isotherms tend to rise, following the 
regional trend of rise of the metamorphic igneous basement (Fig. 12).

STORAGE CAPACITY OF CO2 

Basin modeling shows that the Meso-Cenozoic formations analyzed 
in the central part of the MMV basin can reach a Theoretical Storage 
Capacity of CO2 (TSCCO2) close to 830 GTon CO2. It also shows that the 
Effective Storage Capacity of CO2 (ESCCO2), considering the effective 
column that can be retained by each layer, reaches 293 GTon CO2. 
The average values of the different input and output properties of 
the basin model in each of the 348 layers that compose it, show 
trends that allow them to be separated into 4 intervals (Fig. 13), 
namely: Interval A, composed by the Rosablanca, Paja and Tablazo 
formations; Interval B, constituted by the Simití, El Salto, Salada, 
Pujamana, Galembo, La Renta, Umir, Lisama formations; Interval C, 
composed by La Paz, Esmeraldas, Mugrosa, Colorado formations; 
Interval D formed by the Real and Mesa formations. Considering 

porosity values greater than 10%, permeabilities greater than 0.1 
mD and storage capacities greater than 10 MTonCO2 (theoretical 
and effective by retention), it is possible to identify 7 levels (1, 2, 3, 
4, 5a, 5b y 6) with better potential to store CO2 (Fig. 13).

INTERVAL A:
Basin modeling for the formations in zone A suggests that the TSCCO2 
does not exceed 200 MTon per layer, except for the Tablazo Fm., 
where it can reach 5,000 MTon (Fig. 13). A volumetric relationship, 
obtained by dividing the TSCCO2 by the volume of rock, allows us to 
observe that the layers of interval A tend to have values greater 
than 20 MTon/km3 in beach sand - carbonate lithofacies (Rosablanca 
and Tablazo formations), while in lithofacies dominated by muds 
and calcareous shales, the values tend to be less than 5 MTon/
km3 (Fig. 13). The ESCCO2, considering the effective column that 
can be retained by each layer of interval A, tends to be less than 
20 MTon, except for layers with beach sand – carbonate lithofacies. 
(Rosablanca and Tablazo formations, corresponding to levels 1 and 
2 with the highest storage capacity), where it reaches 200 MTon/
CO2 and even exceeds 3,000 MTon/CO2 in some intervals (Fig. 13).

The volumetric relationship, obtained by dividing the ESCCO2 by the 
rock volume, shows that the layers of zone A tend to present values 
lower than 2 MTonCO2/km3, except for two-layer levels (levels 1 and 
2) composed predominantly by beach sand – carbonate lithofacies, 
in which it can reach average values between 15 and 20 MTon/km3 
(Fig. 13). The average distance between fault planes that affect 
interval A is close to 8 km (Fig. 14), tending to be much smaller in 
the vicinity of regional faults such as Casabe, Cimitarra and Infantas, 
where more complex structural frameworks are developed. The map 
layer for the level 1 with the highest ESCCO2 suggests 3 restricted 
corridors, with capacities greater than 0.5 MTon per cell, two located 
between the Gala-1K, Llanito-1, Quebrada Roja-1 and Infantas-1613 
wells (corridors 1 and 2) and one to the north (corridor 3), near the 
Caguí-1 well (Fig. 15). The layer map of the level 2 with higher ESCCO2 
shows a broader distribution of areas with capacities greater than 
0.5 MTon per cell, along a corridor with a general N-S trend (corridor 
1), which covers the western half of the work area, between the San 
Rafael-1, Sogamoso-1, Cristalina-1, Yariguí-1 and Peñas Blancas-4 
wells (Fig. 15). A second and more restricted corridor (corridor 2) is 
located between the Cagüi-1 and Aullador-1 wells (Fig. 15).

INTERVAL B:
The formations that constitute this interval are characterized by 
porosities close to 20%, but permeabilities close to 0mD, with 
storage capacities less than 10 MTonCO2/km3 and can be considered 
a regional seal. Some calcareous-sandy intervals in the Simití Fm. 
have potential to store CO2 amounts near to 8 MtonCO2/km3 (Fig. 13).

INTERVAL C:
This interval is composed of the La Paz, Esmeraldas, Mugrosa 
and Colorado formations, accumulated from the middle Eocene 
to middle Oligocene, currently reaching average depths that vary 
between 2.8 and 1 km, total porosities that increase from 18% to 
35% and temperatures that decrease from 90 to 50°C (Fig. 13). 
The rock volume ranges between 80 and 150 km3, with a minimum 
represented in the La Paz Fm. with less than 10 km3. Permeability 
values are on average close to 0.1 mD, increasing towards the top to 
values close to 2 mD. The values of lithostatic pressure and water 
pressure under reservoir conditions in the Paleogene and early 
Neogene formations tend to decrease towards the top, from 60 to 
25 MPa and 28 to 15 MPa respectively. In this range, the density of 
CO2 can reach average values of 650 Kg/m3 and average capillary 
pressures of 0.40 to 0.27 MPa (Fig. 13). The TSCCO2 obtained from 
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Figure 11. Apparent geothermal gradient maps for the central part of the MMV basin (Top left), depth of the 75ºC isotherm (Top 
right), projected temperatures at the top of the Rosablanca (Bottom left) and Lisama (Bottom right) formations. In the apparent 
geothermal gradient map, three anomalies (identified with letters A, C and Cs) are observed, adjacent to regional faults. These 
anomalies coincide with areas where the temperature extrapolated to the top of Cretaceous and Paleocene formations is not 
consistent with the structural contours (zones A and C delimited with white lines and arrows with red filling that indicate the 
direction of the gap between structural contour and temperatures at the top of the formations). Note the arrangement of depressed 
and elevated areas in a staggered manner at the depth of the 75ºC isotherm, between regional strike-slip faults, as well as the 
apparent geothermal gradient anomalies (A, C and Cs).
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Figure 12. Schematic geological sections showing the depth of Meso and Cenozoic formations (white lines) and isotherms (black 
lines). Note the location of anomalies A and C identified on the geothermal gradient map (See location in Fig. 11), consistent with 
regions where isotherms tend to converge vertically. On the other hand, it is observed that in areas where the thicknesses of the 
Real and Mesa formations approach 2 km thick, the isotherms tend to separate.
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Figure 13. Average curves of values of depth, porosity, temperature, rock volume, permeability, lithostatic pressure, water pressure 
under reservoir conditions, CO2 density values, capillary pressure, Theoretical Storage Capacity of CO2 (TSCCO2) total and per 
volumetric unit (km3 of rock), Effective Storage Capacity of CO2 (ESCCO2) total and per volumetric unit (km3 of rock), extracted from 
the results obtained from basin modeling of properties in the central part of the MMV basin. The column titled INT refers to the 4 
intervals of properties with distinctive trends in their values, while the thick black lines in the right column, numbered from 1 to 6, 
show the levels with the highest ESCCO2 per km3 (except for the level 5a, selected intended for presenting distant corridors from the 
fields to the base of the Mugrosa Fm. with good ESCCO2) levels that were selected for the construction of maps with greater storage 
potential (Figs. 15, 16, 17 and 18).

Figure 14. Average curves of closeness to planes in each layer of the model (curve on the left), percentage of the area that has each 
range of Chance of Successful (CoS), for the Theoretical Storage Capacity scenario (second curve of left to right called CoS-TSC) and 
for the Effective Storage Capacity scenario (third curve from left to right called CoS-ESC). Note the difference between the areas in 
each CoS range (curve on the right), whose positive values suggest that the CoS-TSC analysis tends to present greater extension in 
areas of the same CoS range than the CoS-ESC analysis, while negative values suggest the opposite. The column titled INT refers 
to the 4 intervals of properties with distinctive trends in their values, while the black lines, numbered from 1 to 6, show the levels 
with the highest ESC-CO2 per km3, selected for the construction of maps with the greatest potential. storage (Figs. 15, 16 and 17).
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basin modeling for the formations of interval C reaches values close 
to 6,000 MTon per layer in the Colorado Fm., 4,500 MTon in the 
Mugrosa Fm. and less than 50 Mton in the La Paz Fm. (Fig. 13). A 
volumetric relationship, obtained by dividing the TSCCO2 by the rock 
volume, shows that the layers of the C interval tend to have values 
greater than 25 MTon/km3 and even reach 60 MTon/km3 towards 
the top (Fig. 13). The ESCCO2, considering the effective column that 
each layer can retain in interval C, tends to increase from 100 to 
4,500 MTon/km3 (Fig. 13).

The volumetric relationship, obtained by dividing the ESCCO2 by the 
volume of rock, shows that the layers of interval C tend to register 
values close to 10 MTonCO2/km3, highlighting 5 levels of layers (3, 
4, 5a, 5b and 6), which exceed 15 MTonCO2/km3 and towards the 
top, they can reach 40 MTonCO2/km3 (Fig. 13). The mean distance 
between fault planes affecting interval C increases gradually from 
base to top, from 6.6 to 7.9 km (Fig. 14). The layer map of level 3 with 
the highest ESCCO2, (pre-Esmeraldas Fm.), shows a discontinuous 
corridor with capacities greater than 0.5 MTon per cell, along the 
western edge of the study area (corridor 1), located east of the 
Yarigui-1, Cantagallo-8 and Cristalina-1 wells (Fig. 16). The layer 
map of level 4 with the highest ESCCO2, (Esmeraldas Fm.), shows 
two corridors arranged on the edges of the study area, parallel to 
the flanks of the Eastern and Western cordilleras (corridors 1 and 
2), with capacities greater than 1 MTon per cell (Fig. 17). At the 
base of the Mugrosa Fm. (level 5a), the ESCCO2 map, shows two 
corridors with effective storage capacities greater than 1 MTon, 
one western (corridor 1), very close to the direction of the Casabe 
Fault, and another eastern (corridor 2), between the Infantas and 
Arrugas faults (Fig. 17).

Figure 15. Maps of Effective CO2 Storage Capacity (ESCCO2) in formations of interval A (levels 1 at left and 2 at rigth referred to in 
Figs. 14 and 15). Delimited in a thick white line, the corridors with capacities greater than 0.5 MTonCO2 per cell in layers of levels 
1 and 2 are identified (numbers in a white circle refer to the corridors described in the text) considering the effective column 
retained by the seal.

At the top of the Mugrosa Fm. (level 5b), the ESCCO2 map shows 3 
corridors with storage capacities greater than 1.5 MTon per cell. 
One of these corridors, the westernmost one (corridor 1), is located 
between the Casabe and Cimitarra faults, tending to have storage 
capacities close to 3 MTon towards the north, near the Cristalina-7 
well (Fig. 17). A second corridor (corridor 2) is located in the central 
part of the study area, along the course of the Infantas Fault, 
reaching storage capacities of 4 MTon per cell, between the La 
Luna-1 and La Cira-1891 wells (Fig. 17). A third corridor (corridor 3) 
is located along the western flank of the Eastern Cordillera, limited 
by the Arrugas and La Tigra faults, reaching values close to 4 MTon 
between the Peroles-1, Lisama-125 and Santos– 111 wells (Fig. 
17). Finally, to the base of the Colorado Fm., several Level 6 layers 
show storage capacities greater than 1.5 MTon along three major 
corridors (Fig. 18). One to the west (corridor 1), along the Cimitarra 
Fault, with storage capacities close to 2 MTon per cell, near to 
the Cantagallo - 8, Yariguí - 1 and Cristalina - 1 wells. A second 
corridor defined between the Casabe and Arrugas faults (corridor 
2), segmented by the Arrugas Fault, reaching storage capacities 
close to 2.5 MTon per cell between the La Luna-1, Infantas – 1613 
and La Cira-1891 wells. A third corridor is located along the La Tigra 
Fault, with capacities close to 2.5 MTon south of the Payoa-25 well 
and north of Liebre Deep-1 (Fig. 18).

INTERVAL D:
The Real and Mesa formations comprise this interval, accumulated 
from the mid-Miocene to the Holocene, currently reaching average 
depths that vary between 1 and 0 km, total porosities that increase 
from 22% to 55%, temperatures that decrease from 55 to 25°C 
(average ambient temperature) and rock volume close to 140 
km3 (Fig. 13). Despite the good porosity and permeability values 
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Figure 16. Maps of Effective Storage Capacity of CO2 (ESCCO2) in formations of the C interval (levels 3 at left and 4 at rigth referred 
to in Figs. 14 and 15). Delimited by a thick white line, corridors with capacities greater than 0.5 MTonCO2 per cell in level 3 layers 
and greater than 1 MTonCO2 per cell in level 4 layers are identified (numbers in white circles refer to the corridors described in the 
text) considering the effective column retained by the seal.

Figure 17. Maps of Effective CO2 Storage Capacity (ESCCO2) in formations of interval C (levels 5a at left and b at rigth referred to in 
Figs. 14 and 15). Delimited by a thick white line, the corridors with capacities greater than 1 MTonCO2 per cell in layers of levels 
5a and 5b are identified (numbers in a white circle refer to the corridors described in the text) considering the effective column 
retained by the seal.
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Figure 18. Map of Effective CO2 Storage Capacity (ESCCO2) in 
formations of interval C (level 6 referred to in Figs. 14 and 15). 
Delimited in a thick white line, the corridors with capacities 
greater than 1 MTonCO2 per cell in layers of level 6 are identified 
(numbers in a white circle refer to the corridors described in 
the text) considering the effective column retained by the seal.

6. RESULTS ANALYSIS

BASIN HISTORY SUBSIDENCE 

The FSM constructed in the central part of the MMV basin suggests 
that the average subsidence has been variable during the las 140 
Ma, enabling the identification of 5 inflection points, which limit 6 
periods, of which, five record rates of variable subsidence and one 
of exhumation (Fig. 10). Through the first period (145 – 110 Ma), 
average subsidence rates reach 28.6 m/My, values close to those 
estimated in regional works, thus suggesting, for this part of the 
MMV basin, processes associated to the extension of the lithosphere 
of the “passive rifting” type (Sarmiento, L.F.; 2002). The lithofacies 
obtained from the FSM suggest a mixed siliciclastic - carbonate 
sedimentation, which tends to be more carbonate - mudstone 
at the end of this time (Fig. 10). The decrease in siliciclastic and 
the increase in mudstones at the end of this period may suggest 
a gradual distancing of the sediment source areas or a general 
decrease in the height of the reliefs adjacent to the basin. The second 
period (110 – 100 Ma) is characterized by a strong increase in its 
average of subsidence rate, average paleodepth close to sea level, 
increase in the proportion of calcareous mudstones - carbonates and 
a very low proportion of shales, muds and siliciclastics sediments 
(Fig. 10). The decrease in the growth rate carbonates and the 
increase in muds of terrigenous origin suggest the flooding of the 
central sector of the MMV basin and the discharge of fine sediments 
from the east (Etayo-Serna 2019). Through the third period (100 
- 58 Ma), subsidence rate reached 41.7 km/My and paleodepths 
that gradually increased from 15 to 50 m.b.s.l. (Fig. 10). During this 
period, the accumulation of calcareous mudstones predominates, 
with a gradual increase in siliciclastic contributions, mainly shales 
and mudstones, coming mainly from the east (Cáceres, Cediel and 
Etayo-Serna 2003, Bayona 2018).

From the middle Paleocene to the middle Eocene (58 to 42 Ma), 
exhumation predominates (Fig. 10), with average rates of -218 m/
My, which allows us to propose an average uplift for the central 
part of the MMV basin of 1.7 km (fourth interval). This uplift gives 
rise to a regional stratigraphic hiatus, which has been reported in 
numerous papers, associated with large structures that involving 
basement, due to tectonic inversion, thrust and folding, which 
affected the Magdalena Valley (Cooper, et al. 1995, Caballero, Parra, 
et al. 2013, Silva, et al. 2013). Erosion removed a large part of the 
Mesozoic stratigraphic record in some structures, such as Alto de 
La Cira and south of Campo Casabe, and partially to the north of 
the Llanito field structure (Reyes, Kley and et.al 2012, Vargas 2021, 
Caballero, Rodríguez, et al. 2019). During the fifth interval (42 – 34 
Ma), subsidence rates move to 28 m/My, average paleobathymetry 
of 150 m.a.s.l., conditions in which the area developed in a dispersed 
manner between regional highs, accumulating predominantly 
sandy-clayey sediments (Fig. 10). The FSM suggests that the 
sources of sedimentary contribution during this period (42 to 34 
Ma) are close to the area, the most important being those located 
to the west and east, resulting from the emergence of the western 
flank of the Eastern Cordillera (Srr. of San Lucas) and eastern 
flank of the Central Cordillera (Srr. Los Cobardes and Macizo de 
Santander), distributed by major drainages with a general South – 
North course, consistent with published regional works (Caballero, 
Parra, et al. 2013, Cabello, et al. 2018, Clavijo, et al. 2008, Cáceres, 
Cediel and Etayo-Serna 2003). During the last 34 Ma, subsidence 
rates varied between 42.7 and 52.1 m/My, decreasing during the 

in this interval, the formations that comprise it behave as free or 
semi-confined aquifers, making CO2 storage impossible (Fig. 13).

STRATIGRAPHIC LEVELS WITH BEST GEOLOGICAL COS 
FOR CCS 

The properties obtained from the 3D regional basin modeling were 
weighted as a percentage and discretized into favorability ranges, 
which, evaluated with the 3D Common Risk Segment Analysis 
method (3DCRSA), allowed identifying stratigraphic intervals and 
corridors with greater CoS to store CO2. The 3DCRSA was performed 
on the entire static model, for two scenarios: one assuming the 
total CO2 column that each cell can store (CRS Total); and other 
considering the effective column of CO2 that the seal can retain in 
each cell (CRS Eff). The average CoS values extracted from each 
layer of the model for the CRS Total scenario present high values 
(between 84 and 99%), in intervals A (Rosablanca and Tablazo 
formations) and C (La Paz, Esmeraldas, Mugrosa and Colorado 
formations), where in some stratigraphic levels (levels 1 to 6, 
previously defined in the results of basin modeling), they cover 
between 30 and 60% of study area (Figs. 13 to 18). The average CoS 
values for the CRS Eff scenario show that in addition to intervals A 
(stratigraphic levels 1 and 2) and C (stratigraphic levels 3 to 6), some 
stratigraphic levels between the Galembo and La Renta formations 
(Figs. 13 and 14), presents high values (between 84 and 99%) in 30 
to 40% of their area.
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last 16 Ma to 49 m/Ma and paleobathymetries between 120 and 
170 m.a.s.l. (Fig. 10), period during which the FSM mainly shows the 
sedimentary contribution of claystones, followed by arenites (Fig. 
10). During this period, major river currents distributed sediments 
throughout the area, varying their orientation according to the uplift 
of the eastern and western mountain range flanks.  Additionally, 
there was also influence from lake systems slightly connected to 
the sea, especially at the beginning of the Miocene (Cabello, et al. 
2018, Caballero, Rodríguez, et al. 2019, Montes, et al. 2021, López-
Ramos, Rincón-Martínez, et al. 2021).

THERMAL STRUCTURE

The average apparent geothermal gradient estimated through 
corrected bottomhole temperatures for the central sector of the 
MMV basin reaches an average of 25ºC/km, close to the values 
estimated in previous works (Matiz 2018, González, et al. 2020). At 
the national scale, this average is lower than those of most basins, 
surpassing only those with predominantly Cenozoic sedimentary 
fills such as Chocó, Urabá, the lower Magdalena Valley and Guajira 
(Alfaro, et al. 2009). The structural map at the base of the basin 
model (Rosablanca Fm.) shows strong similarities with both the 
apparent geothermal gradient map and the depth map of the 
50°C isotherm, suggesting in the central part a structural fabric 
characterized by stepped blocks, whereas towards the eastern 
edge, it indicates areas of hanging blocks on reverse faults involving 
basement (Fig. 11). It has been proposed that this similarity is a 
consequence of thermal effects associated with heat refraction 
from the basement (González, et al. 2020), therefore, it can be 
suggested that the patterns observed in the apparent geothermal 
gradient map, the 50°C isotherm and temperature interpolations 
to structural maps of Mesozoic formations, have been the result 
of a segmentation of the basement (translated into thermal 
segmentation), by SW - NE strike-slip fault systems and thrust 
(Fig. 11). Along these regional faults such as Cimitarra, Casabe and 
Infantas, a gap occurs between isotherms and structural contours 
in basal sequences such as Rosablanca and Lisama, a gap that 
gradually decreases in the Cenozoic sequences (Figs. 11 and 12). 
Thermochronology and geothermal works suggest fault zones that 
involve basement, present areas with high permeability, where fluids 
circulate and control the distribution of temperature anomalies 
(Milesi, et al. 2020, Duwiquet, et al. 2019). The above allows us to 
postulate that, along the fault planes such as Cimitarra, Casabe 
and Infantas, the basement presents zones with high permeability, 
improving the circulation of fluids and concentrating heat locally 
(Fig. 11). Finally, both the segmentation of the thermal structure 
and the anomaly areas lose expression in the Cenozoic sequences, 
especially in areas where the Neogene (Real Fm.) exceeds 2 km 
in thickness (Fig. 12). Given the possibility that regional strike-slip 
faults are areas of high permeability, they should be considered 
as corridors where CO2 storage represents moderate to high risk.

POTENTIAL FOR CO2 STORAGE IN THE MMV

The layer-by-layer analysis of the static model allowed us to separate 
the Meso-Cenozoic sequence studied in the central part of the MMV 
basin into 4 intervals (Fig. 13), called A, B, C and D, distinguishing 
7 levels. (1, 2, 3, 4, 5a, 5b and 6), due to its greater ESCCO2 (Figs. 13 
and 14). Levels 1 and 2 are the most basal levels of the model, with 
average volumetric ratios (ESCCO2 /rock volume) between 15 and 
20 MTon/km3 (Fig. 14). These levels are characterized by being the 
deepest in the area (4 km on average), presenting low permeabilities 

(<<1 mD) and lithostatic and hydrostatic pressures above 100 and 
60 MPa respectively (Fig. 13). The permeability ranges obtained 
by the model for levels 1 and 2 are very low compared to those 
observed in operating geological storage sites such as Sleipner, 
Weyburn or Snøhvit, where injection rates exceed 0.3 MTonCO2 
per year (Xie, et al. 2016). On the other hand, high pressures mean 
a higher injection pressure in the formation, which may be close 
to its fracture pressure. The foregoing allows us to suggest that, 
despite the important storage potential in Mesozoic pore spaces 
in the central part of the MMV basin, the low permeabilities, high 
pressures and great depths are not optimal for their use to store 
CO2 at injection rates comparable to industrial projects. Levels 3 to 6 
(segment C) have depths less than 2.5 km, permeabilities that tend 
to increase up to 4 mD on average, with lithostatic and hydrostatic 
pressures reduced to one third of those estimated for interval A (Fig. 
13). These conditions led us to consider that levels 3 to 6 present 
better conditions for CO2 injection, requiring lower compression 
pressures and higher injection rates than those of interval A. The 
ESCCO2 layer maps from levels 3 to 6 (Figs. 16 to 18) show corridors 
with volume to develop storage projects. However, the maps suggest 
that the areas of these corridors with higher ESCCO2 are preferentially 
found in areas of mature fields such as the La Cira – Infantas, 
Casabe, Llanito – Gala – Galán and Yariguí – Cantagallo trains (Figs. 
16 to 18). The above must be considered when selecting sites to 
store CO2 at these levels, looking for those that are far from areas 
of mature field and avoiding flooding and leaks through their O&G 
production or through abandoned wells. To avoid site selection along 
high sites with high TSCCO2 or ESCCO2 near to leaking zones like old 
O&G fields, oil seeps or active faults, it is necessary to include CoS 
analysis, which will be further discussed later.

GEOLOGICAL COS ALONG CORRIDORS WITH BEST ESC-CO2

The average values obtained layer by layer from the analysis by CRS 
Total and CRS Eff scenarios show that the high geological CoS levels 
(>67%) coincide with the levels of high TSCCO2 and ESCCO2 values (Fig. 
14, levels 1 to 6). Based on the previous analysis, the Cretaceous 
levels (1 and 2) were rejected to evaluate CCS projects, given their 
low permeability, high pressures and high costs of drilling wells 
at such depths (close to 4 km), so they were concentrated on the 
Cenozoic levels (3, 4, 5a, 5b y 6). The best corridors for CCS in basal 
Cenozoic reservoirs (level 3) are restricted in the northwest part 
of the study area, between Cristalina-7 and Cantagallo-8 and with 
high geological CoS ranges (Fig. 19). However, the most prospective 
corridors of level 3 are located near to regional faults that eventually 
act as high permeability zones, as suggested by the presence of 
anomalies in the thermal structure. This may present a risk of 
CO2 leakage that needs to be assessed, taking advantage of the 
permeability linked to regional faults that serve as fluid migration 
systems from the surface to the subsurface and vice versa.

The Esmeraldas Fm. (level 4) shows two wide corridors (corridors 
1 and 2) with high ESCCO2, but with variable values from high to 
low geological CoS (Fig. 19). The corridor 1 (western corridor) is 
divided into segments, with its northern segment (north of the 
Cristalina-1 and Cristalina-7 wells) which is an area with high 
geological CoS values, while the southern segment (area of the 
wells Yarigui-1, Cantagallo-8), extends from areas with high to 
low values of geological CoS (Fig. 19). Corridor 2 (central-eastern 
corridor) is widely extended, although with numerous branches, 
some of which occupy low geological CoS sectors, especially in 
areas such as Infantas-1613 and La Rompida-7 wells, to moderate in 
SW areas such as Guane-1, Llanito-1, Gala-1K and Casabe-1K wells 
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Figure 19. Maps resulting from the superimposition of the distribution of corridors with higher ESCCO2 and CoS – TSC of levels 
3 (left map, Pre Esmeraldas-Fm.) and 4 (right map, Esmeraldas Fm.) of C interval. The colors refer to the three CoS ranges (red 
corresponds to low values, yellow to moderate values and green to high values) while the numbers in a white circle refer to the 
corridors described for each level (see Fig. 17 to observe the corridor delimitation considering the ESCCO2).

Figure 20. Maps resulting from the superimposition of the distribution of corridors with higher ESCCO2 of levels 5a (left map, base of 
the Mugrosa Fm.) and 5b (right map, top of the Mugrosa Fm.) of c interval and CoS – TSC. The colors refer to the three CoS ranges 
(red corresponds to low values, yellow to moderate values and green to high values) while the numbers in a white circle refer to the 
corridors described for each level (see Fig. 18 to observe the corridors delimitation considering the ESCCO2).
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or between the Liebre Deep-1, Payoa-25, Lisama-126 and Peroles-1 
wells in the eastern part (Fig. 19). Despite the wide extension of high 
ESCCO2 along the corridors of the level 4, regional fault activity during 
the Neogene and the large number of wells in old O&G fields affect 
the retention capacity of the seals, reducing the geological CoS of 
CO2 storage. Thus, the integrated maps of corridors with higher 
ESCCO2 and geological CoS values suggest that storage should be 
oriented in areas far from O&G fields with extensive production 
histories and active faults. Some of the areas recommended for 
CCS at level 4 are located between the Quebrada Roja- 1 and San 
Rafael-1 or north of the Cristallina-1 and Cristalina-7 wells (Fig. 19).

The Mugrosa Fm. has two prospective CCS levels (5a and 5b). Level 
5a (lower Mugrosa Fm.) shows that corridors with higher ESCCO2 
(corridors 1 and 2) tend to be restricted to the south and east of the 
study area (Fig. 20). The corridor 1 (southernmost corridor) occupies 
sectors with low to moderate geological CoS values, especially 
between the La Luna-1 and La Cira-1891 wells, while between the 
Guane-1 and Bosques-1 wells, high geological CoS values tend to 
occur (Fig. 20). The corridor 2 (easternmost corridor) suggest that 
areas with high geological CoS for CCS are located between the 
San Rafael-1 and Quebrada Roja-1 wells (Fig. 20). When integrating 
the polygons of the level 4 with higher ESCCO2 and its corresponding 
geological CoS, it is noted that the areas of O&G producing fields 
present low values, due to the presence of numerous D&P wells 
can compromise the retention capacity. Accordingly, CCS activities 
should be located away from old O&G producing fields and active 
faults, such as the areas between the San Rafael-1 and Gala-1K 
wells or north of the Llanito-1 and Bosques-1 wells (Fig. 20).

Level 5b (upper Mugrosa Fm.) has a greater extension and better 
storage capacities (double) than those identified in level 5a (Fig. 
20). At level 5b, three corridors can be identified (Fig. 20), one to 
the west, between the Cristallina-7 and Casabe-1K wells (corridor 
1), another towards the center, between the Sogamoso-1 and La 
Luna-1 wells (corridor 2) and one to the east, between the Liebre 
Deep-1 and Peroles-1 wells (corridor 3). The central corridor 
presents variable geological CoS ranges, from low towards the 
south, around La Luna-1 well area to high geological CoS values in 
the north, in the Sogamoso-1 well area (Fig. 20). The eastern corridor 
occupies areas with moderate to low geological CoS, while along the 
western corridor the geological CoS varies from moderate to high 
(Fig. 20). Cross-analysis of the corridors with the highest ESCCO2 and 
geological CoS suggests that the best areas for CCS projects are 
located south of the Cristalina-1 well and between the Quebrada 
Roja-1 and San Rafael-1 wells (Fig. 20).

Level 6 is present near the top of Colorado Fm where three wide 
corridors are defined (Fig. 18), with intermediate ESCCO2 values 
with respect to levels 5a and 5b. The cross-analysis between the 
location of the polygons of the three corridors with the highest 
ESCCO2 and geological CoS allows us to observe that corridors 1 
(most western) and 3 (most eastern) cover areas with moderate to 
low geological CoS (Fig. 21). Corridor 2, located in the central part 
of the study area, covers to the south, between the La Luna-1 and 
Llanito-1 wells, areas with moderate to low geological CoS, while 
between the Guane-1 and Bosques-1 wells, they are high (Fig. 21). 
Thus, cross-analysis suggests that a prospective area for storing 
high geological CoS CO2 at level 6 is the northern part of corridor 
2 (Fig. 21).

Figure 21. Map resulting from the superimposition of the 
distribution of corridors with higher ESCCO2 of level 6 (Colorado 
Fm. base) of C interval and CoS – TSC. The colors refer to the 
three CoS ranges (red corresponds to low values, yellow to 
moderate values and green to high values) while the numbers 
in a white circle refer to the corridors described for each level 
(see Fig. 19 to observe the corridors delimitation considering 
the ESCCO2). 

CONCLUSIONs
This work successfully represents the regional evolution of the 
central part of the MMV basin in Colombia using FSM, generating 
a three-dimensional sediment distribution model calibrated 
with wells and seismic interpretation, which captured the great 
variability of depositional areas recorded during the last 140 Ma, 
despite the heterogeneity of the available information. Such results 
allowed to populate a static model with 16 lithofacies, maintaining 
the horizontal and vertical variability obtained in the FSM and 
assigning them properties such as porosity and permeability. The 
populated model is quite robust in terms of the number of layers 
and cells used in a basin simulator (3.2 million cells) and is a 
powerful tool for identifying corridors for CCS activities, allowing 
for the calculation of properties such as temperature, pressures, 
and fluid densities, among others, in each cell. By incorporating 
CRSA into the basin simulation results, the geological CoS three-
dimensionally (conventionally performed in 2D) were assessed 
to define the best areas for storing CO2. Such a workflow allows 
a quick selection of areas and mature prospects, and exploration 
plays for any subsurface resource (including CO2 storage), within 
short timeframes and minimal costs.
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Considering the processes of subsidence and sedimentary filling, it 
becomes apparent that the first three periods of subsidence (145 
to 110, 110 to 100 and 100 to 58 Ma), reflect a general process of 
crustal thinning, which initially formed an intracontinental basin at 
the beginning of the Cretaceous and evolved into a passive margin 
that received fine-granular clastic contributions from the east, 
during the Upper Cretaceous – Lower Paleocene. During the Upper 
Paleocene, the area was subjected to extensive exhumation, forming 
a landscape composed of plateaus of variable relief, extensive 
zones of laterization and regional incision. Once the exhumation 
was completed, a fourth period of subsidence develop, linked to 
the tectonic load exerted by the flanks of the Eastern and Western 
cordilleras in the uplift process. This process increases during the 
last 34 Ma (fifth period of subsidence), especially due to bending 
linked to thrust along faults such as La Salina.

Thermally, the central part of the MMV basin is segmented, with 
local anomalies of greater geothermal gradient, controlled by 
regional faults, while other sectors present lower geothermal 
gradients (dilation of the thermal structure). The segmentation of the 
thermal structure seems to reflect the basement structure involved 
in regional strike-slip and thrust faults movements, along which the 
geothermal gradient is greater, due to the active migration of fluids 
in areas of greater permeability, increasing the heat flow. Therefore, 
in these areas it is necessary to assess the risk of fluid leakage to 

the surface, especially in CO2 storage projects. Furthermore, the 
expansion of the thermal structure seems to be linked to areas with 
high sedimentary rate during the Neogene.

The results of the basin model suggest 7 levels (1, 2, 3, 4, 5a, 5b and 
6), with higher ESCCO2. Levels 1 and 2 are the most basal levels of 
the model (Mesozoic formations), while levels 3 to 6 are found at a 
shallower depth (Paleogene formations). Given the low permeability 
ranges, great depths and high pressures (lithostatic and hydrostatic), 
the feasibility of carrying out high CO2 injection rates in levels 1 and 
2 (Mesozoic formations) is ruled out. On the other hand, the lower 
depth, the higher permeability and the low pressures enable us 
to propose that CO2 injection rates may be higher in levels 3 to 6 
(Paleogene formations).

Cross-analysis of the corridors with the best ESCCO2 (identified 
in levels 3 to 6 of the C interval) and high geological CoS, can 
be considered areas where it is possible to store CO2, which are 
summarized below: a) Level 3 - Northwest part of the study area, 
between Cristalina-7 and Cantagallo-8; b) Level 4 - Between the 
Quebrada Roja- 1 and San Rafael-1 and north of the Cristallina-1 and 
Cristalina-7 wells; c) Level 5 a: Between the Quebrada Roja- 1 and 
San Rafael-1 or north of the Llanito-1 and Bosques-1 wells; d) Level 
5 b - South of the Cristalina-1 well and between the Gala-1K and San 
Rafael-1 wells; e) Level 6 - Between Llanito-1 and Bosques-1 well.
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